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Abstract 

Research in the Physics Department covers the field of condensed matter physics. The 
principal activities of the department are presented in this Progress Report covering the 
period from 1 January to 31 December 1990. 

The condensed matter physics research is predominantly experimental utilising diffrac
tion of neutrons and X-rays. The research topics range from studies of two- and three-
dimensional structures, magnetic ordering, heavy fermions, phase transitions in model 
systems to studies of texture and recrystallization kinetics and with a more applied na
ture. The discovery of the high Te superconductors in 1986 has opened an important 
new research area, where neutron and X-ray diffraction are used to elucidate the basic 
mechanism responsible for the superconductivity and in the analysis of the solid stale 
syntheses used when producing the materials. 
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ANNI AL PROGRESS REPORT 

1 INTRODUCTION 
The condensed matters physics research is predominantly experimental utilising diffrac
tion of neutrons and X-rays. The neutron scattering experiments are carried out at the 
DR3 reactor, where the Physics Department operates seven spectrometers, including a 
small angle neutron scattering facility. The experiments using synchrotron X-ray radia
tion take place at H ASY-laboratory, at DESY in Hamburg, Germany. 

Neutron and X-ray diffraction are complementary techniques. The neutron has several 
unique properties. It can penetrate matter: the energies of neutrons are comparable to 
that of typical excitations in condensed matter, and so the neutron can probe such exci
tations. In scattering experiments, the neutron is sensitive to the magnetic moments of 
atoms and to nuclear isotopes and at ultralow temperatures the neutron can even be used 
to determine the orientation of nuclear spins. The main advantage of X-ray diffraction 
in our research program stems from the astounding X-ray intensity one can obtain from 
synchrotron sources. This allows an improvement of resolution in diffraction experiments 
by several orders of magnitude over possibilities with neutron scattering, and/or a minute 
volume of i he diffracting sample such as a single atomic or molecular layer on a surface. 

The research topics described in this report cover studies of two- and three-dimensional 
structures, magnetic ordering, heavy fermions. phase transitions in model systems, studies 
of high Tc superconductivity and studies of inorganic and biological materials by small 
angle scattering. 
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1.1 Nuclear Order in Copper: N e w Type of Antiferromagnetism in an Ideal 
fee System 

(A.J. Annib. O.V. Lounasmaa. A.S. Oja and J.T. Tuorinietiii. Lor Temperature Labora
tory. Helsinki I'nirersity of Technology. t\*poo. Finland. K.X. Clausen and P.-A. Lindgard. 
Phystcf Department. Risa National Laboratory. Denmark. K. Siemcnsnieyer, M. Steiner. 
Johannes Gutenberg I'nirersitit. Mainz. Germany, and H. Weinfurler. Hahn-Meitner In
stitute. Berlin. Germany) 

In the first neutron diffraction experiment;') on copper, the nuclear an»»ferromagnetic 
(100) Bragg peak. X (see Fig. 1). was observed in two regions »"' the external magnetic 
field, applied along the [Oil] crystalline direct ton: near zero field at* i around 0.15 mT. 
It was puzzling that no neutron intensity was found at intermediate fields around B = 
0.10 mT, even though the simultaneously measured longitudinal susceptibility indicated 
order. The interpretation is that the spin structure at intermediate fields is characterized 
by a yet unknown propagation vector. 

On the basis of first principles calculations2' it has been shown that the fundamental 
ordering vector is expected at X corresponding to the observed (100) reflection. Another 
vector along I*K, [Orm) (see Fig. 1). is very close in energy, in particular if the strength of 
the Rudermann-Kittel interaction relative to the dipolar force is slightly reduced from the 
experimental value. Fluctuations could stabilize a TK st -ucture at the boundary between 
the two (100) phases. 

We attempted to find this possible new refection. The extremely low nuclear ordering 
temperature (5S nl\) in copper imposes severe experimental restrictions which make it 
difficult to use conventional ui — 20 scans, traditionally employed in similar investiga
tions of electronic magnetism at higher temperatures. Only scans along small sections 
of selected lines in reciprocal space, could be performed during the warm-up of the sample. 

Fig. 1. Left: Neutron intensity vs. position along YK, [Inrj], showing the discovery of 
the ( l | § ) Bragg reflection. Right: The scattering plane, in the Brillouin zone of an fee 
lattice. The search scans are marked with thick lines, the observed ±(0§§) , ( l££) and 
(1 — | — | ) reflections by • and the (lOO)-type reflections by o. No intensity was observed 
at the commensurate positions indicated by m. 
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The intervals of the high symmetry li^es and some additional commensurate points which 
were investigated are shown in Fig. I: the search scans were performed at B = 0 and 
B ft OS mT. 

Our search for a new reflection was rewarded when a very clear Bragg peak was found at 
(li??), with 17 = 033 ±0.01. in the external field B = 0.0T mT (see Fig. 1). The order 
is, within the experimenta1 accuracy, commensurate with the lattice structure. Later the 
equivalent ± ( 0 * | ) and (1 — | — \) reflections were observed as well. 

The commensurate ordering vector ( 0 | | ) T has not previously been observed in any elec
tronic fee antilerromagnet. 

') T.A. Jyrkkio. M.T. Huiku. O.V. Lounasmaa, K. Siemensmeyer, K. Kakurai, M. Steiner. 
K.N. Clausen, and J.K. Kjems. (19SS). Phvs. Rev. Lett. 60,"2418. 
2> P A Lindgird. X.-W. Wang, and B.N. Harmon. (19S6). J. Magn L Magn.Mater. 
54-57. 1052. 
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1.2 Neutron Diffraction on K3PdD2 

(W. Bronger. G. Auffermann. and P. Muller, Institut fir Anorgmnischt Chtmit der RWTH 
Amchtn. Germany and K.N. Clausen Physics Department. Risø Xmtiomml Laboratory. 
Dcnmrnrk) 

The ternary hydride KjPdHj has been synthesized by the reaction of potassium hydride 
with a palladium sponge in • pure hydrogen atmosphere *t a temperature of 6*20 K. The 
reaction product is yellow and extremely sensitive to moisture and -'.. 

The structure was derived from X-ray investigations on powdered samples and from a 
neutron diffraction experiment on the deuterated compound1'. Investigations led to a 
tetragonal unit cell (space group P42/mnm, Z=S). The structure contains two differently 
bonded types of hydrogen atoms, the one forming isolated linear [PdDjJ2- - groups similiar 
to those we found in NajPdHj 2>. whereas the other hydrogen atoms are octahedrally 
surrounded by six poUssiuoi atoms in the same manner as in poUssium hyd>ide. The 
structure of K3PdI>j is shown in Fig. 1. 

Table: K3PiDj : atomic parameters of the 
tetragonal low temperature modification at 295 K. 
a=10.700(«) A c=10.535(9) A 

Pdl(2a) 
Pd2(2b) 
Pd3(4c) 
Kl(4f) 
K2(4g) 
K3(16k) 
Dl(8j) 
D2(4f) 
D3(4e) 
D4(Si) 

x=0.300(T) 
x=O.30O(7) 
x=0 y=0.£50(3) 
* = * 
x=0 111(3) 
2=0.340(5) 
x=0.843(4) y=f 

x=0.197(3) 

Fig. 1. K3PdDi; the struc
ture of the tetragonal low temper
ature modification, representation 
of the linear [PdDtf--dumbbells 
and the corner-sharing potassium 
octahedra centered by deuttrium 
ions. 

B^,,,« = 3.0 A2
T R-value: 0.14 
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X-ray investigalions at higher temperatures show a reversible phase transition. Above 
500 K K3Pdll3 becomes cubic (»pace group Pm3m: a=5.410(l) Å: Z=\\. The transition 
is caused by the movements of the [PdH.!]2- gioups. which cancel the tilts of the hydride 
ion centered potassium octahedra in the low temperature modification (Fig. ?). 

Fif. S Å'jPrfDj: alcmic arrangement of the potassium octmhedrm mni the palladium 
mtoms in the tetragonal lo*r temperature modification (left) mnd in the cmhic high temper
ature modification (right). 

1) VV. Bronger, and G. Auffermann, (1390). Journal Less Common Met. 158, 163. 
2) D. Noreus, K. Tornroo«. A. Borje. T. Szabo, W. Bronger. H. Spittank. G. AufTermann. 
and P. Muller, (19SS). Journal Less Common Met. 139, 233. 
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1.3 The Magnetic Structure of CsCo.S? and TOCo^S? 

(C\ Bomb*. \\". Bronger. P. Miiller. h.fiittt fir Anoiymmiscke Cktmu 4c r RUTH. Amcken. 
Germmny. and K- N. Clausen. Physic? Dtpmrtmemt. Risø Xmtionml Lmkormtory. Dtnmtri) 

The series of compounds ACe-jXj with A = K.Rb or Cs and X = S or Se has been pre
pared by reacting alkali metal carbonate with a cobalt sponge and sulphur in % hydrogen 
atmosphere at 950 K l). TICOJSJ was synthezised by the reaction of TI2S with a cobalt 
sponge and sulphur at 600 K. The structure of these compounds is characterized by sheets 
of edge-sharing [C0S4] - tetrahedra. The alkaline or thallium atoms are separat irg these 
layers (c/. Fig. 1). Measurements 01 the conductivity of CsCojSj showed that it is 
metallic (resistivity at room temperature 3x I0~2 flcm). Susceptibility data revealed fer-
romagnetbm below 70 K. The paramagnetic moment was determined to be 2-21 pø-

©A 

• 1 

Fig. I: Atomic arrangement of ACoiXj. 

Neutron diffraction experiments on CsCojS? and TIC02S2 at room temperature and 9.5 K 
(16 K) showed weak magnetic intensities in some reflections due to ferromagnetic order
ing. The results of the Riet veld refinements are shown iii table 1. The magnetic moments 
are aligned in the a - b— plane. Due to the tetragonal symmetry the direction can not 
be determined using powdevd samples. 
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Table 1: Results of Rietveld rtfinement on CSC02S2 and TIC02S2 (Space group 14/m 

A in 2c, Co in 4d, S in 4e). 

Compound 
Temperature [K] 

A [A] 
a [A] 
c [A] 
^s 
BA [A2] 
Bco [A2] 
Bs [A2] 
Bovcrall [ A 2 ] 

r1 [/*fl] 
K-nxic 

Umag 

" p r o / 

CsCo2S2 
295 

2.0094 
3.796(1) 
14.042(5) 
0.338(1) 
3.5(5) 
2.1(5) 
1.2(4) 

5.1 

27.5 

9.5 
2.0094 

3.782(1) 
13.948(5) 
0.341(1) 

2.2(5) 
0.3(5) 
0.7(4) 

0.62(5) 
5.1 
13.2 
28.9 

TICOJSJ 

2C5 
2.395 

3.7480(3) 
12.982(2) 
0.3463(8) 

2.4(3) 
0.2(3) 
1.8(3) 

2.4 

7.1 

16 
2.395 

3.7425(6) 
12.895(3) 
0.348(1) 

1.2(3) 
0.3(1) 

4.7 
16.2 
11.6 

J> C. Bomba, Thesis, RWTH Aachen, (1989). 
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1.4 Neutron Powder Diffraction in Rare Earth Jimer Compounds Cs3R2X9 

(X = Ci, Br, I) 

(L. Keller, A. Donni, P. Fischer, Laboratory for Neutron Scattering, ETH Zurich, Switzer
land, and B. Lebech Physics Department, Risp National Laboratory, Denmark) 

Compounds of the general composition CS3R2X9 (R = rare earth, X = CI, Br) have 
only recently become available for investigations. The compounds crystallize in the trig
onal space group R3c with Z = 61*. The structure contains 'he dimeric units R2X3,-, 
which are built up of two face-sharing RXg" octahedra as illustrated in the figure below. 
Powder neutron diffraction data were collected at room temperature for Cs3Yb2Br9 and 
Cs3Yb2Cl9, and at 4.8 K for the highly neutron absorbing Cs3D\'2Br9 compound using 
incident neutrons of wavelength 1.113 Å. The diffraction patterns were analyzed using 
a modified version of the computer programme (DBW3.2S)2' and the results have been 
summarized by Keller3'. 

For Cs3R2Br9 (R = Tb, Ho, Er) the resulting rare earth - rare earth («?R_R) and rare 
earth - bromide (</R_X) intra dimeric distances confirmed the empirical law4': 

<*R-R = 2 • h and <fR_x = /R + h, 

where /R and I* refer to the ionic radii of the rare earth and the bromide, respectively. 

Cs3Dy2l9 crystallizes in the hexagonal space group P63/mmc and is expected to order 
magnetically below 1.6 K. Using a triple-axis diffractometer in the elastic mode and inci
dent neutrons of 4 or 2 Å, an attempt was made to detect magnetic ordering in Cs3Dy2l9-
No magnetic Bragg peaks were observed when comparing the spectra observed at 1.6 and 
0.6 K indicating that Cs3Dy2l9 remains paramagnetic down to 0.6 K. 

1J G. Meyer and A. Schonemund, (1980). Mat. Res. Bull. 15, 89. 
2> D.B. Wiles and R. A. Young, (1981). J. Appl. Cryst 14, 149. 
3) L. Keller, (1990). LNS report 153, Laboratory for Neutron scattering ETH Zurich. 
4> A. Donni, A. Furrer and H.U. Gudel, (1989). J. Solid State Chem. 81, 278. 

The structure of the dimeric unit R2X9 - The R-R direction is parallel to the c-axis of 
the hexagonal cell. 
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1.5 Crystal and Magnetic Structure of KMnCl3 

(P. Harris, S. Larsen, Chemistry Department, University of Copenhagen, Denmark, and 
B. Lebech, Physics Department, Risø National Laboratory, Denmark) 

At room-temperature KMnCl3 can exist in two different crystal forms: o-KMnCla and 
/?-KMnCl3. Both crystallize in the space group Pnma1* with cell dimensions a = 7.08 Å, 
6 = 9.97 Å and c = 6.98 Å in the o-phase and a = 8.77 Å, b = 3.88 Å and c = 14.42 Å 
in the /?-phase. There is no simple transformation between the two structures. 

Based on measurements of optical luminescence on a large, almost cylindrical (diameter 
~ 5.6 mm, length ~5.2 mm) single crystal of KMnCl3, Pawlowska et al.2) suggested that 
in the single crystal, the structure might be a mixture of a- and /?-KMnCl3 in an in
commensurate composite structure instead of just one of the two Pnma forms. Such a 
composite structure would give rise to nuclear satellite Bragg reflections in a diffraction 
experiment. Furthermore, it is known from neutron powder diffraction experiments3) that 
a-KMnCl3 orders magnetically at 102 K into a simple antiferromagnetic structure. The 
magnetic moment determined from the powder data is 4.6(5) p&, but the direction of the 
moment was not determined. /?-KMnCl3 orders magnetically at 2.1 K. In this case, the 
magnetic structure is a spiral propagating along the b-axis with a repeat distance of 3.17 
6. The magnetic moment in the /?-phase is 3.8(2) ps-

In order to search for evidence for the possible incommensurate composite structure and 
its magnetic structure, a neutron diffraction study was performed on the same crystal as 
used for the optical measurements. Neutron diffraction data were collected at three tem
peratures (300, 110 and 10 K) using a four-circle diffractometer. All three data sets show 
reflections from o-KMnCl3 only. No trace of either /3-KMnCl3 or an incommensurate 
phase was found. 

The analysis of the diffraction data was complicated by two experimental observations: 
(1) many reflections were split and (2) several reflections, which are systematically absent 
in the Pnma space group, were present. In the Pnma space group, the (OH) (k+l = 2n+l) 
and (hkO) (h = In + 1) reflections should be systematically absent. However, only the 
(Okl) (k + / = In + 1, / = In + 1) and (hkO) (h = In + 1, h + k = In + 1) reflections were 
systematically absent. This is not in agreement with any space group. When combining 
the observation of split Bragfe peaks wit!« the fact that the a- and c-axes have almost 
equal lengths a possible interpretation of the data is that the crystal is twinned. There
fore, the data was analysed assuming a twinned model structure where the axes of the 
twin components were oriented as shown in Fig. 1. 

The iMactor, which compares the observed and calculated structure factors, was rather 
large before the twin description was incorporated in the crystal sti>rt.ure refinement. At 
110 K, R(\F\) = 22 % and i^( |F|) = 21 %. where, R(\F\) and RJ\F\) refer to the un
weighted and weighted Æ-factors, respectively. After incorporating the twin description 
the corresponding Æ-fa^ors were reduced to R{\F\) = 12 % and RW(\F\) = 8 %. This 
is a significant reduction, which strongly favours the assumption of a twinned crystal. 
As a result of the structure refinement we therefore conclude that the investigated single 
crystal is single phase cr-KMnCl3. From the structural refinement we find that the crystal 
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contained about 60 % of one twin component and 40 % of the other. The cell dimensions 
at 110 K are a = 7.05 A, 6 = 9.9S Å and c = 7.00 Å which agree well with the results of 
powder diffraction3*. 

As mentioned above, a-KMnCl3 undergoes a magnetic phase transition at 102 K. Below 
102 K it is antiferromagnetic. Conventional u; - 20 scans were collected at 10 K and 
110 K and the temperature dependencies of selected reflections were determined. The 
transition seems to be of second order and no hysteresis appears. Reflections caused by 
the magnetic scattering could be indexed as (hkl) (ft + / = 2n + 1, it = 2n + 1), which 
means that the magnetic structure is a simple antiferromagnetic structure in which each 
Mn2 + moment is antiferromagnetically coupled to its six nearest neighbours. This agrees 
with the conclusions from the powder data3*. The analysis of the single crystal data 
shows (using the magnetic form factor for Mn2+ of Watson and Freeman4') that the mag
netic moments on theMn sites are directed along thec-axis with a magnitude of 4.0(2) /ig-

l) A. Horowitz, M. Amit, J. Makovsky, L. Ben Dor, and Z. H. Kalman, (1982). J. 
State Chem. 43, 107. 
2> M. Pawlowska, W. Streck and I. Trabjerg, (1989), unpublished. 
3> E. Gurewitz, M. Melamud and A. Horowitz, (1982). Phys. Rev. B 25, 5220. 
<> R.E. Watson and A.J. Freeman, (1961). Acta Cryst. 14, 27. 

Solid 

4 b 

^K 
b ' 

Fig. 1. Possible orientation of the crystallographic axes of the twin components (marked 
and unmarked, respectively) in the model structure. Because the space group is centrosym-
metric, other orientations are equivalent. 
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1.6 Weak Ferromagnetism and Crystal Structure of Layered Perovskites 
Studied by Neutron Diffraction 

(N. Achiwa, Kyushu University, Fukuoka, Japan, S. Kawano, Kurri Restarch Reactor 
Institute, Kyoto University, Osaka, Japan and B. Lebech, Physict Department, Risø Na
tional Laboratory, Denmark) 

The layered perovskites (Clfci+iNHsfc-MnCU with n = 1 (MANC), n = 2 (EAMC) and 
n = 3 (PAMC) are known as good examples of quasi 2-d Heisenberg antiferromagnets 
with a Mn moment of ~ 5 /iB- In PAMC and EAMC weak ferromagnetism along the a-axis 
has been observed and this canting of the spins is known to be caused by antisymmetric 
Dzyaloshinskii-Moriya exchange interactions1'. As function of temperature, these family 
compounds exhibit several structural phase transitions which are related to reorientation 
of the alkylammonium group and tilting of MnCU octahedra which alternately rotate 
about the b-axis. In order to understand the mechanisms leading to the experimentally 
observed weak ferromagnetism it is important to study the symmetry relation between 
the magnetic and the monoclinic crystal structure. It is therefore important to note that 
in the lowest temperature phase, the antiferromagnetic spin arrangement in all the three 
compounds is consistent with the chemical cell of the MnCl^ octahedra, i.e. the antiferro-
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(a) shows the temperature dependence of the mononoclinic angle a in the v-phase of 
PAMC. • and o indicate data collected at the Kyoto University research reactor and the 
DR3 reactor at Risø, respectively, (b) shows the temperature dependence of two weak 
satellites (o (0 l + § 5 - | ) and • (0 1+J 3 - | ) ) . 
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magnetic spin arrangement and the crystal structure have the same unit cell. If the tilting 
of the MnCle octahedron and the direction of the spin can couple through an antisymmet
ric exchange interaction, the above mentioned symmetry relation allows the appearance 
of weak ferromagnetism caused by the spin canting1 *. 

Among the compounds, PAM C shows a commensurately modulated crystal structure in 
the n-phase which appears below 112.5 K. The modulation vector is q = j-(b* - c*) and 
the structure belongs to the super space group P P 2 l / b ( l l ) 2 ) . In this phase, the positional 
modulation of the Mn ion and the rotational modulation of the MnCLj octahedron are 
expected to be the same as in the incommensurately modulated f-phase of PANIC3'. If a 
positional modulation of the Mn ion exits in the ?/-phase and magnetic ordering occurs, 
the magnetic Bragg reflections should be accompanied by magnetic satellites coinciding 
with the lattice satellites. In order to study the coupling of the magnetic and the lattice 
systems in the n-phase of PAMC we have initiated neutron diffraction measurements on 
a single crystal of PAMC. Examples of these measurements are shown in the figures; (a) 
shows the monoclinic angle as function of temperature and (b) the intensity variations 
of two weak satellites, one with a magnetic contribution (•) and one without (o). Above 
the Néel temperature (7V; ~ 40 K) the monoclinic angle a decreases with temperature, 
whereas the temperature dependency is less pronounced below 7V (a). In fact, there 
seems to be a tendency of lock-in of the monoclinic angle which could be caused by the 
magnetic order. The data in (b) was used to estimate the modulated part (weak ferro
magnetism) of the ordered magnetic moment. It was found to be (0.5 ±0.2) /ie- In order 
to make this estimate, the difference between the intensity in the (0 1 + | 5-j) satellite at 
4.2 K and 45 K was assumed to be of magnetic origin and scaled to the intensity at 4.2 
K of the purely magnetic (Oil) reflection. 

') N. Achiwa, T. Matsuyama and T. Yoshinari, (1990). In: Phase Transitions (in the 
press). 
2> W. Depmeier and S.A. Majon, (1983). Solid State Commun. 46, 409. 
3) W. Steurer and W. Depmeier, (1988). Acta Cryst. B45, 555. 
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1.7 The Vortex Lattice of Superconducting UPt 3 Studied by SANS 

(C. Broholm. R.N. Kleimann. G. Aeppli, E. Bucher, N. Stucheli. D.J. Bishop, AT&T Bill 
Laboratoriet, Murray Hill, Lr.S.A., K.N. Clausen, B. Howard, K. Mortensen and J. Skov 
Pedersen, Physics Dtpoimeni, Risø National Laboratory, Dinmark) 

The superconducting state of UPt3 develops from a heavy Fermion metal with renormal-
ized electron masses, weak antiferromagnetic order and strong antiferromagnetic fluctua
tions. Each of these properties inhibits conventional phonon-mediated 5-wave supercon
ductivity. An alternative mechanism is the exhange of antiferromagnetic spin-fluctuations 
which can promote <f-wave superconductivity. Two classes of experiments have shown that 
the superconductivity of UPt3 indeed is different from conventional s-wave superconduc
tivity. Firstly the temperature dependence of bulk properties in the superconducting 
state are not exponentially activated as is the case of 5-wave superconductors. Instead, 
power-law temperature dependences are found which indicate the existence of nodes in 
the superconducting gap, as expected for </-wave superconductors. Secondly, anomalies 
have been identified in the field and temperature dependence of several bulk properties 
below TC(B) which have been interpreted as phase transitions within the superconducting 
state not previously found in any (s-wave) superconductors. UPt3 is a type II supercon
ductor, so to understand the nature of the phase transitions which occur at finite field it 
is important to characterize the vortex lattice in the different phases. 

We have used SANS to study the vortex lattice of UPt3 as a function of applied field, in 
the basal plane at T = 50 mK. Neutrons are Bragg scattered by the vortex lattice due 
to the interaction of the dipolar moment of the neutron with the inhomogeneous internal 
field. The cross-section is proportional to < AB2 >oc (9A)"4 for A-1 << q « £ _ I , where 
q is the momentum-transfer, A the magnetic penetration depth, and (, the superconduct
ing coherence length. For UPt3, as a concequence of the large effective electron mass, A is 
two orders of magnitude larger and the cross-section therefore four orders of magnitude 
smaller than in conventional superconductors where SANS previously has been used to 
probe the vortex lattice. The key elements which made this first measurement of the 
vortex lattice in a heavy Fermion system possible were the use of a large and perfect 
single crystalline sample and choice of the optimal compromise between incident neutron 
flux and ^-resolution. The experiment was performed in the newly commissioned AT&T 
dilution refrigerator with fields applied along the incident neutron beam. 

Figure 1 shows difference between data taken at H — 3 kG and H = 0 which has been 
radially averaged in two 45° wedges. The resolution limited peak at q a 0.0090 Å - 1 is the 
result of diffraction from the vortex lattice. Figure 2 shows the azimuthal dependence of 
the intensity in a ring centered at the peak of Fig. 1. Four of the six peaks are clearly 
distinguished in Fig. 2 and prove the existense of an epitaxial, distorted hexagonal vortex 
lattice with a characteristic angle a = 38 ± 2°. 
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Fig. I. Radially averaged 
difference data I(3kG)-I(0). 
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From the data we deduce the area of the unit-cell A = (7.7 ± 0.3) x 10"" cm2 and the flux 
which passes through each unit cell, $ = BA = (1.1 ± 0.05) $ 0 where $0 = 2.068 x 10"7 

Gem2 is the flux quantum. We conclude that the vortex lattice is singly quantized. Sim
ilar data have been obtained for several applied fields 1.25 kG< B < 10 kG. We found 
no indications of a change in the vortex lattice at the 6 kG phase transition previously 
reported. More specifically a single crystalline and singly quantized disorted hexagonal 
vortex-lattice with a = 42° ± 10° was observed at all fields. This result is not at odds 
with the existence of a phase transition but indicates that in contrast to theoretical sug
gestions this transition is not driven by, nor does it give rise to changes in the structure 
of, or quantization of flux in the vortex lattice. 
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1.8 Commensurate-Incommensurate Magnetic Phase Transitions in dhcp 
Neodymium Metal and Nd-Pr Metal Alloys 

(B. Lebech, Physics Department. Riso National Laboratory, Denmark and J. Wolny. Insti
tute of Physics and Nuclear Techniques, Academy Mining and Metallurgy Mining Cracou: 
Poland) 

The light rare elements Nd and Pr crystallizes in the double hexagonal close packed 
structure (dhcp). They form a complete rang* of solid solutions with the dhcp crystal 
structure. However, their magnetic ordering properties differ. Pure Pr has a singlet 
magnetic ground state and orders magnetically at very low temperature (50 mK1'). In 
contrast pure Nd and the Nd-rich Nd-Pr alloys orders at relatively high temperatures (20 
to 10 K2,3)) and pass through a sequence of multi-t/ modulated magnetic structures below 
TN4\ The modulation vectors describing the magnetic structures lie in the basal plane 
of the dhcp structure and may in general be described by components {qxlqv,0), where qx 

and </, are components parallel and perpendicular, respectively, to the three equivalent 
[100] reciprocal lattice vectors a". 
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Fig. 1. Components of the modulation vector describing the magnetic structure in pure Nd 
metal. The qy component is shown as function of the qz component in Nd metal. Temper
ature is an implicit parameter for both axes and 7V corresponds to (qx,qy) = (\qo,0). The 
numbers n above the arrows indicate the commensurate and higher order commensurate 
values of qx in terms of the natural length scale qo = S/y/Z used to describe the magnetic 
structure*^. 

We have examined the temperature dependence of the modulation vectors in Nd and the 
Nd-rich Nd-Pr alloys in detail. In general, the modulation vectors are incommensurate, 
i.e. both qx and qy have finite values. However, when qx (as a function of tempera
ture) pass through a commensurate value qx — qo/n, qy = 0, i.e. the magnetic structure 
tends to become commensurate with the modulation vectors parallel to the three equiv
alent symmetry directions (a*), where q0 = 2/\/3 is a natural length scale for describing 
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the modulation vector in the dhcp structure5'. This is illustrated in the figure which 
shows the qy component of the modulation vector as function of the qx component in 
Xd metal. Temperature is an implicit parameter for both axes and Ty corresponds to 
(9xi<7») = (r^>-0)- The numbers n above the arrows indicate the commensurate and 
higher-order commensurate values of qz. It seems that the tendency to lock-in at higher 
order commensurate values of the modulation vector increases with decreasing tempera
ture. Similar behaviors are observed in the Nd-rich Nd-Pr alloys although the number of 
commensurate-incommensurate transitions are considerably reduced. The data shown in 
Fig. 1 was obtained during cooling. However, there is pronounced temperature tempera
ture hysteresis in both qx and q9, and although it is not evident from the data in Fig. 1, 
we do haw a somewhat less complete data set during heating, which lend support to the 
postulated commensurability for tøx,?*) = (g9o,0) (see Fig. 1). 

We may understand the commensuribility by considering the symmetry of the dhcp struc
ture. This structure has a four layer stacking sequence ABAC along the c-axis. The atoms 
in the A-layers have a nearly face centered arrangement of nearest neighbour atoms (cubic 
sites) whereas the »toms in the B and C layers have a hexagonal close-packed arrangement 
of nearest neighbours (hexagonal sites). From a symmetry point of view the most impor
tant difference between these two sites is the lack of inversion symmetry for the hexagonal 
sites. Therefore, the directions of highest symmetry in the basal plane are perpendicular 
to the real space a-axes, i.e. the symmetry directions are along the reciprocal cell a*-axes. 
Thus, it is not surprising that the modulation vectors describing the magnetic structure 
lie preferably close to these directions. At high temperatures only the hexagonal sites 
order2', and close to Ty the magnetic interaction is relatively weak. Therefore we expect 
the modulation vectors of the magnetic phase to lock-in along the symmetry directions as 
observed in pure Nd with qz = qo/n, n = l and qy = 0. With decreasing temperature q de
creases and becomes incommensurate until the next commensurate value is reached {qt = 
0). It is worth noticing that the behavior described above is analogous to the one reported 
for monolayer films on solid surfaces6' (orientational epitaxy). Whenever the structure of 
adsorbed material on a homogeneous substrate becomes incorrmensurate with the lattice 
of the substrate, the lattice produced by the adsorbed atoms is twisted in relation to the 
super-lattice of the substrate. In the magnetic case considered, the spins are analogous 
to the adsorbed atoms. The ground state for these systems is an incommensurate solid 
with static distortion waves. 

'> K. A. McEwen and W.G. Stirling (1981). J. Phys. C: Solid State Physics 14, 157. 
2> B. Lebech, (1981). J. Appl. Phys. 52, 2019. 
3> B. Lebech, K.A. McEwen and P.-A. Lindgård,(1975). J. Phys. C: Solid State Physics 
8, 1684. 
A) E.M. Forgan, E.P. Gibbons, K.A. McEwen and D. Fort, (1989). Phys. Rev. Lett. 62, 
470. 
*' B. Lebech and J. Wolny (1991), in preparation. 
6) A.D. Novaco and J.P. McTague, (1977). Phys. Rev. Letters 38, 1286. 
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1.9 Neutron Diffraction Studies of the Magnetic Structure of Er - Y Alloys 
in Applied Magnetic Fields 

(S. Kawano. Kurri Research Reactor Institut:. Kyoto University. Osaka. Japan, B. Lebech, 
Physics Department. Risø .Xational Laboratory, Denmark, and N. Achiwa. Kyushu Uni
versity. Fukuoka, Japan) 

At low temperatures (7* < Tc = IS K), the magnetic structure of Er metal is a c-axis 
cone structure with a periodicity close to eight atomic c-axis layers (Qe ~ 0.24 A - 1). 
This structure is suppressed when alloying Er with Y, and instead the low temperature 
(X < 34 K) magnetic structure may be described as a c-axis modulated ellipsoidal cy
cloidal structure in which the moments are confined to the a-c plane of the hexagonal 
closed packed crystal structure1'. Both in the pure Er metal and in the alloys, a strong 
axial anisotropy exixts, causing a large c-axis -pin component. When applying a mag
netic field parallel to the easy c-axis in the cone phase, Er becomes ferromagnetic at 
a rather low critical field He

2K However, in the cycloidal phase, Hc i relatively large 
{He = 5 T at 30 K3>). In the Er-Y alloys it is similarly expected that the field will mod
ify and eventually destroy the cycloidal spin structure and align the spins along the c-axis. 
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Applied magnetic field dependence of the intensities in the (OilO) and the (Ollq) Bragg 
peaks (marked by (010) and (010)* for simplicity) in Er0.9Y0A at 4.2 K. The (OllO) 
peak is combined nuclear and magnetic Bragg peak which monitors the ferromagnetic spin 
component along the hexagonal axis and the (Ollq) peak monitors the modulated spin 
component in the cycloidal low-field low-temperature phase. 
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In zero applied field, lh+ magnetic phase diagram (x. 7*. H) has been extensively studied4' 
in the Ero^Ci-rLa* alloy system, but the influence of an applied magnetic field has not 
been studied experimentally in detail. In order to establish the magnetic phase diagram 
(T, T, //) of these alloys in sufficient detail to serve as a basis for theoretical studies, a neu
tron diffraction study of ETI_XYX was initiated. The single crystal sample was mounted 
in a vertical field (H < 4.5 T) cryo-magnet. The sample was oriented with the c-axis ver
tical, i.e., parallel to the applied magnetic field. The diffraction measurements were done 
on a two-axis diffractometer equipped with a detector arm which can be tilted somewhat 
out of the horizontal plane. Hereby, the instrument allows monitoring of magnetic and 
nuclear Bragg reflections in the a-b plane of the hexagonal closed packed s.mcture as well 
as monitoring of the magnetic satellite Bragg peaks (evidence of the cycloidal structure) 
close to the horizontal a—b plane. As an example, the figure shows the field dependence of 
the (OHO) and the (Olio) Bragg reflections in Ero,Y0, obtained at 4.2 K.With increas
ing applied field the (01 Iq) reflection decreases abruptly whereas the (0110) incrcreases 
abruptly at the critical field Ht = 0.7 T. As expected, there is a field induced transition 
from the cycloidal zero field structure to the ferromagnetic c-axis aligned structure at //,. 
The modulation vector Qt — 0-275 A -1 describing the cycloidal structure shows no field 
dependence at 4.2 K. 

'> S. Kawano and N. Achiwa, (19S9). Physica B 156 it 157, 771. 
2) J.J. Rhyne, S. Foner, EJ. McNiff, Jr. and R. Dolco, (1968). J. Appl. Phys. 39, 892. 
3) J.L. Fcron, (1969). Thesi: Grenoble 1969. 
4) 5. Kawano, (19S9). J. Magn. Magn. Mat. 79, 33S. 
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1.10 Neutron Diffraction Studies of the Magnetic Structure of Er under the 
Influence of Hydrostatic Pressure 

(S. Kawano. hurri Research Reactor Institute, Kyoto University, Osaka. Japan. B. Leberh. 
Physics Departmtnt. Risø National Laboratory. Denmark, and N. Achiwa. Kyushu Uni
versity. Fukuoka. Japan) 

Er metal crystallizes in the hexagonal closed packed structure. It orders magnetically at 
Tpt *~ 84 K into a c-axis modulated sinusoidal structure. Below Tt, ~ 54 K the moments 
are confined to an a-c plane and modulated to fen:: an cycbidal arrangement which can 
be described by a fundamental modulation vector Qe parallel to the hexagonal axis1-2'. 
With decreasing temperature, Qt increases between TK and 7"«,, whereas Qt decreases 
from ~ 0.29Å"1 to ~ 0.24A"1 between 7„ and Tt ~ 18 K. At Tc, the magnetic structure 
changes once more, this time to a conical phase with a large c-axis ferromagntic com
ponent and an almost temperature independent turn angle of the basal plane moment 
component. In the cyck>idalj>hase_a large number of higher hannonic magnetic satellite 
peaks are observed at (A,1T2A + 2k, I) ± (000 nq), n = 1, 3. 5 etc. These higher order 
harmonics are not observed in the conical phase. 

Er metal at 15 kbar and 4.3 K 
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The magnetic {//. 7") phase diagram of Er metal has been studied extensively by neu
tron diffraction and it is of interest to extend these studies to include pressure effects as 
well. Neutron diffraction studies of the magnetic structure of Er metal using a damp-
type high pressure cell haw therefore been intiated. The high-pressure rell was developed 
by Onodcra tt a/.3' under the auspices of the I'.S.-Japan Cooperative Program in Neu
tron Scattering supported by the l \ S . DOE and the Ministry of Education. Science and 
Culture. Japan. The cell is similar to the one developed by McVVhan ct «/."" and uses a 
N a d single crystal placed close to the single crystal sample as pressure-standard material. 
The position of the (200) Bragg peak from NaCl can be monitored during the diffraction 
measurement and used to determine the hydrostatic pressure applied to the sample. The 
Er single crystal sample was mounted in the pressure cell with the [TlOO] axis along the 
vertical cell axis. In the present investigation, the pressure was clamped at ~ 15 kbar. 
The cell was then mounted in a variable temperature 4He-eryostat placed on a neutron 
diffractometer. In order to determine the magnetic structure at 4.2 K and — 15 kbar. 
several neutron diffraction scans (parallel to symmetry axes) were made in the horizontal 
scattering plane defined by the [1120] and [0001] axes. 

The figure shows the result of such a scan parallel to the [0001 j axis through the (llSO) 
reciprocal lattice point. The data show the ( l l36) nuclear Bragg peak and a number 
of magnetic satellite peaks at (1120) ± (000 n«), n = 1. 3. 5 etc.. which are marked 
by (110)"' or (110)+" for simplicity. In addition several powder peaks from the inner 
part of the pressure cell are observed. This data set. obtained at 4.3 K and ~ 15 kbar, 
is tentatively interpreted in terms of a magnetic structurt similar to the zero pressure 
cycloid«! structure observed in Er above T€. although measurements of the temperature 
dependence of the (0002) ± (000 nq) and the (1120) peak and its satellites are needed in 
order to establish the magnetic structure at ~ 15 kbar and 4.3 K in ful' detail. 

'> M Habenschussr C Stassis. S K Sinha. H.W. Deckman and F.H. Spedding. (1974). 
Phys. Rev. B 10.1020 and references therein. 
*> J. Jensen. (1976). J. Phys. F 6. 1145. 
*> A. Onodera. Y. Nakai, N. Kunitomi. O.A. Pringle, H.G. Smith. R.M. Niclow, R.M. 
Moon. F. Amita, N. Yamamoto. S. Kawano, N. Achiwa and Y. Endoh. (1987). J. Appl. 
Phys. 26.152. 
4> D.B. McWhan. D. Bloch and G. Parisot. (1974). Rev. Sci. Instrum. 45. 643. 
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1.11 Magnetic Structures of the Rare Earth Alloy HoEr 

(B.K. Howard and J. Bohr, Physics Department, Risø National Laboratory, Denmark) 

The magnetic structures of a single crystal of a holmium-erbium random alloy have been 
investigated by means of elastic neutron diffraction measurements in the temperature 
range 120 K - 10 K, using tl.e triple axis spectrometer TASl. The system is found to 
order magnetically at a temperature of 104 K. Several magnetic reflections have been 
investigated as a function of temperature. The figure below shows the variation of the 
integrated intensity of the (0,0,2-?) and (1,0,q) satellites with temperature. Three dis
tinct phases can be identified below the ordering temperature, a high temperature phase 
between 104 K and 47.5 K, an intermediate temperature phase between 47.5 K and 35 
K and a low temperature phase. A study of the magnetic wavevector q as a function of 
temperature has also been performed. In the high temperature phase, q shows a steady 
decrease as the temperature is lowered. At the onset of the transition to the intermediate 
temperature phase, q appears to remain constant, at a value of 0.25 c" between 47.5 K 
and 44.5 K. A lock-in transition to q=0.2b c" is observed in pure Er between 24 K and 18 
K. At the transition to the low temperature phase, q i'alls rapidly to a low temperature 
value of 0.226 c". The three phases are interpreted as follows; the high temperature phase 
is a c-axis modulated basal plane spiral, the intermediate temperature phase is a basal 
plane spiral and the low temperature phase is a conical spiral. 
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1.12 Magne t ic X-ray Scat ter ing Studies of a HoEr Alloy 

(J. Bohr, R. Feidenhans'l, B.K. Howard, Physics Department, Risø National Laboratory, 
Denmark, and M. Wulff, European Synchrotron Radiation Facility, Grenoble, France) 

Anomalous magnetic X-ray scattering studies of a holmium-erbium random alloy has been 
carried out at the Wl wiggler beam line at HASYLAB. Resonance exchange scattering was 
observed at both the holmium and the erbium Lm absorption edge. The (004+) magnetic 
satellite was systematically studied as function of temperature through the temperature 
ranges corresponding to the three different magnetic structures of the sample; the high 
temperature structure is c-axis modulated, the intermediate temperature a basal plane 
spiral, and the low temperature a conical spiral. In all phases, it was found that the 
fcolmium and erbium magnetic moments order with the same wave vector. The figure 
shows the a to ir component resonance enhancement observed at the Lm edge of holmium 
in each of the three magnetic structures. For the two high temperature structures a 
double resonance enhancement is seen in the vicinity of the edge. This is consistent 
with what is observed for pure holmium where both dipole and quadrupole electronic 
transitions are observed. In the low temperature phase additional peaks are observed at 
about 30 eV below and at about 15 eV above the edge. We note that in this phase the 
centrosymmetry of the unit cell is broken allowing new transitions channels as well as 
interference scattering. The origin of these peaks is currently under investigation. 
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Anomalous magnetic scattering from a HoEr alloy. 
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1.13 Investigations of Systems Conta ining Very Shor* Hydrogen Bonds 

(N. Kalsbeek. S. Larsen, Chemistry Department, University of Copenhagen, Denmark, 
B. Lebech, Physics Department, Risø National Laboratory, Denmark, and R. G. Hazell, 
Dtpartment of Inorganic Chemistry, University of Aarhus, Denmark) 

In chemical compounds, very short hydrogen bonds (2.4-2.5 A) can either be symmetric 
with the hydrogen atom positioned exactly between the two oxygen atoms or asymme'ric 
with the hydrogen atom placed closer to one of the two oxygen atoms. Many symmetric 
hydrogen bonds are crystallographically symmetric, i.e., the two oxygen atoms are related 
by crystallographic symmetry. In this case three situations can occur: 

• The hydrogen atom is placed on the crystallographic symmetry element. 

• The hydrogen atom is statistically disordered, i.e., in half of the unit cells it is close 
to one oxygen atom and in the other half close to the other oxygen atom. 

• The hydrogen atom is dynamically disordered, i.e., moving between two positions on 
each side of the symmetry element. 

The first situation would indicate a single minimum potential function for the hydrogen 
atom whereas the second and third would indicate z. double minimum potential function. 

The investigations of systems containing very short O-H-0 hydrogen bonds have been 
continued. Of special interest is the position of the hydrogen atom in the short hy
drogen bond. The studied compounds are acid salts of malonic acid (H2C3H2O4) and 
succinic acid (H2C4H4O4). The cations are Na+ and K+ for malonic acid and Na+ , K+ , 
Cs+, CH3NH+, (CH3)2NHj, C2H5NHj and (C2H5)2NH:j- for succinic acid. To make the 
crystals more suitable for neutron diffraction studies some of the crystals were partially 
deuterated, e.g., the malonic acid K+ and the succinic acid Na+ salts. Normally, very 
short symmetric hydrogen bonds link the anions into infinite chains in all the salts. How
ever, for two of the salts asymmetric hydrogen bonds are found. These short asymmetric 
bonds also link the anions into i-finite chains. The length of the symmetric bonds are 
in the range 2.4295(5)-2.4612(4) Å. The length of the single asymmetric bond found in 
NaH-malonate is 2.5547(9) Å. In C2H5NH3H-succinate two asymmetric hydrogen bonds 
of lengths 2.456(4) and 2.483(4) Å, respectively, are found. 

Low temperature X-ray investigations show that the symmetric hydrogen bonds are best 
described by two half populated hydrogen atom positions placed on either side of the 
crystallographic symmetry element. However, because of the weak scattering power of 
hydrogen, X-ray diffraction experiments cannot distinguish between statistical and dy
namical hydrogen disorder. Therefore, four-circle neutron diffraction data have been 
collected at room temperature for Na(H,D)-succinate and CsH-succinate H 20. The crys
tal structure refinements of the X-ray data differ from the refinements of the neutron 
diffraction data. In the latter case, the short hydrogen bond is best described by placing 
the hydrogen atom on the symmetry element (for both salts an inversion center). The 
greatest thermal motion of the hydrogen atom is not in the direction of the short hydrogen 
bond, but perpendicular to it. However, the X-ray data are of better quality than the 
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neutron data. From the X-ray data for the structures containing symmetric hydrogen 
bonds, the /^-factor describing the agreement between the observed and calculated struc
ture factors (R(\ F \)) are in the range 2.1 % to 4.0 %, and the ratio between number 
of observed reflections used in the refinements and the number of refined variables in the 
range 21 to 69. The corresponding values from a preliminary analysis of the two neutron 
data sets are 6 % and 7. 

The contradiction between results from X-ray and neutron diffraction studies was also 
observed by Thomas and Liminga1* for the compound N2H5HC2O4. They point out that 
the difference may be an artifact because the centre of the electron distribution associ
ated with the H atom in an X-H bond is 0.1-0.2 Å closer to atom X than the centre of 
the corresponding proton distribution. A separation of 0.4 Å is resolvable in an X-ray 
diffraction experiment and will give rise to a double peak in the short hydrogen bond, 
whereas one peak at the centre of the bond is found in their neutron diffraction experiment. 

1} J.O. Thomas and R. Liminga, (1978). Acta Cryst. B 34, 3686. 

The unit cell ofmethylammonium hydrogen succinate monohydrate illustrating the infinite 
chains of anions. 
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1.14 NiAs Type Related Phases in the Ni-Ga-As System 

(J. Fjellstad Schjerven, H- Fjellvåg, Department of Chemistry, University of Oslo, Blin-
dern, Norway, and B. Lebech, Physics Department, Risø National Laboratory, Denmark) 

Integration of III—V semiconductor circuits involves metallization of e.g. GaAs by <f-metals 
(M). Therefore, the chemistry and structural properties of M/1II-V interface have become 
of interest. Frequently, ternary phases are formed as reaction products. Information about 
the phase diagrams are far from complete for such systems, and hence the phase diagram 
model calculations performed so far suffer from the lack of proper experimental data 
to compare to. The present study concerns NiAs type related phases in the Ni-Ga-As 
ternary system. 

Recent studies of thin films of Ni on GaAs show the presence of various ternary phases, 
most of which have crystal structures which are related to Ni As-type superstructures. 
Some of these phases cannot be obtained by standard preparation procedures (e.g. closed 
silica tube technique) and their stability and annealing features are rather confusing. At 
high temperatures there exist wide ranges of solid solubility which are strongly temper
ature dependent. The distribution of Ni, Ga and As in these phases are best studied by 
neutron diffraction because the similarity in the number of electrons for the actual atoms 
makes a structural determination from X-ray diffraction data difficult. 

Bulk - .mples (produced by reacting of the pure elements) of the high and low tempera
ture solid solution phases were studied by neutron powder diffraction. These studies were 
supplemented by powder X-ray diffraction measurements (using a Guinier Simon cam
era) of the *hermal expansion and of temperature induced order - disorder transitions in 
the ternary phases. Information on the electronic properties of the different phases was 
obtained from magnetic susceptibility measurements between 4 and 350 K. 

For samples belonging to the quenced high-temperature phase, Nij+tAsi^Gax (0.16 < 
t < 0.77), the neutron powder diffraction data proved that all the additional Ni atoms 
occupy trigonal bi-pyramidal holes whereas the Ga for As substitutions occur solely on the 
non-metal sublattice and do not introduce any long range order. For the low temperature 
phases, on the other hand, long range ordering of Ga, As and Ni occurs. In order to study 
this in detail, we have collected powder neutron data for Nii3Ga9_xAsx (0 < x < 3), but 
the data analyses are not yet finished. 
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1.15 Structural Investigation of NaCr 30 8 and LaMn0 3 Using Neutron Pow
der Diffraction 

(P. Norby. 3. Habekost, Chemistry Dipartment, University of Odtnse, Denmark, and B. 
Lebech, Physics Department, Risø National Laboratory, Denmark) 

Chromium oxides with composition MC^Os ( M = Li, Na, K) are of interest as poten
tial cathode materials in lithium batteries. The compounds contain chromium in oxida
tion states III and VI in a ratio of 1:2, i.e. Na(CrIII)(CrVI)208. The present study of 
NaCr 3 0 8 was done in continuation of earlier studies of structural, magnetic and electro
chemical properties of these materials. Magnetic measurements indicate antiferromagnetic 
ordering at low temperature in KCr308 , whereas the susceptibility data of NaCr 30 8 was 
not easily interpreted. In an attempt to clarify the magnetic behavior of NaCr 30 8 low-
temperature neutron powder diffraction data were collected and analysed. The MCr 3 0 8 

compounds (M = Na, K, Cs, Tl) have layered structures.The layers consist of octahe-
drally coordinated Cr(III) linked together by single chromate groups (Cr(VI)). The layers 
are held together by the cations, which control the interlayer distance and the symmetry 
of the structure. Although the potassium ions have ten-fold oxygen coordination, the 
sodium ions in NaCr308 have distorted octahedral coordination. Powder diffraction data 
were obtained for different temperatures between 12 and 325 K using incident neutrons 
of wavelength of 2.39 Å. However, no clear evidence of additional peaks associated with 
magnetic ordering was observed at low temperatures. Rietveld refinements, based on 
nuclear scattering only, have been performed for all the data, but the evaluation of the 
results are not yet completed. 

LaMn0 3 doped with e.g. Sr is interesting in connection with research concerning materials 
for high temperature solid oxide fuel cells. The present investigation is the first in a series 
which will include doped and undoped lanthanum manganites. Two undoped samples, 
prepared by different methods, were selected for the neutron diffraction experiments. 
The stoichiometry of the compounds, especially the oxygen content in LaMn03 , is of 
outmost importance for the ionic and electronic conductivity. The present study aims 
to determine the population of the oxygen atoms and the distribution of lanthanum and 
manganese in the structure by Rietveld refinement. LaMn03 has a distorted perovskite 
type structure at room temperature. The distortions from cubic symmetry may be of 
hexagonal (rhombohedral), orthorhombic or monoclinic nature. In order to have full 
advantage of the information from the neutron diffraction data, the samples were measured 
using incident neutrons of wavelength 2.39 and 1.11 Å. The larger wavelength makes a 
possible splitting of the Bragg peaks more visible, and may thus be advantageous in 
determining the correct symmetry of the unit cell. However, a reliable refinement of 
population parameters and temperature factors demands that data are also collected for 
reflections with small (f-values, which may be obtained using the shorter wavelength. 
Preliminary structure refinements by profile analyses have shown that crystal structure 
of the investigated samples can be described in the rhombohedral spacegroup R3c. 
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1.16 Superconducting Cuprates and Related Compounds 

(A. Nørlund Christensen, Department of Inorganic Chemistry. University of Aarhus, Den
mark. B. Lebech and N.H. Andersen, Physics Department, Risø National Laboratory. 
Denmark) 

A selection of rare earth cuprates has been synthesized by solid state reactions1' and 
models of their crystal structures have been tested by profile refinements of powder neu
tron diffraction data2 ' . The parent compounds are La2Cu04 or YBa2Oi307-x and the 
substituted compounds are formed by substituting La and Y by Nd and Ba by Ca or Sr. 

Furthermore, the solid state synthesis of YBa2Cu307_ r from reaction mixtures of (1) 
BaC0 3 - CuO - Y2BaCu05 and (2) BaCu0 2 - CuO - Y2BaCuOs have been investigated 
by time resolved in situ neutron powder diffraction in the temperature range from 810 -
850 °C. The samples :ere pellets of these mixtures. A well defined sample volume was 
kept at the reaction temperature during the collection of several diffraction patterns. For 
each mixture the time needed for collecting one pattern was an order of magnitude faster 
than the time needed for the chemical reaction to reach a state of equilibrium. This means 
that at any time, the intensity ratios of selected Bragg reflections from each of the phases 
present, are a direct measure of the volume of a particular phase in the reaction mixture. 

The formation of BaCu02 for the reaction (1) turned out to be faster than the formation of 
YBa2Cu307-x at tmperatures up to 850 °C. At 850 °C, the formation of YBa 2Cu 30 7- I 

for both reaction mixtures was found to be slow (less than 5 % of YBa2Cu307_x was 
formed in twelve hours). Preliminary X-ray powder diffraction investigations of the re
action mixtures (1) and (2) showed that at 930 °C, 100 % and 80 % of YBa2Cu307-x 
is formed within three and one hour, respectively. At 870 °C we found that 80 % of 
YBa2Cu307_x is formed within nine hours for reaction (2), and that the main reaction 
product from reaction (1), BaCu02 , is formed within nine hours. Thus, the time resolved 
neutron powder diffraction measurements confirm the preliminary X-ray diffraction re
sults that the yield of YBa2Cu307_i is decreasing drastically with decreasing reaction 
temperature. 

1J A. N. Christensen, (1990). Acta Chem. Scand. 44, 769. 
7) A. N. Christensen and B. Lebech, (1990). Acta Chem. Scand. 44, 902. 
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1.17 Incommensurate Inelastic Neutron Scattering from L^ 9Sr0 jCu04 

(T. Mason, G. Aeppli, S. Cheong, AT&T Bell Laboratories, Murray Hill, USA, Z. Fisk, Los 
Alamos National Laboratory, USA, S. Haydn, ILL, Grenoble, France, and K.N. Clausen, 
Physics Department, Risø National Laboratory, Denmark) 

The understanding of incommensurate 2D inelastic scattering first observed in the high 
Tc superconductor LaigsSro.isCuC ,̂ '* has been limited by the lack of experimental data 
on the momentum dependence in the (hOl) plane containing the Cu02 sheets. We have 
carried out measurements in this plane on TAS6 for a sample of Lai.gSro.iCuCv Figure 1 
shows a map of the intensity observed at 1 meV energy transfer at 12 K. Similar results 
w?re observed for E = 5 meV. The intensity is clearly peaked away from the commensurate 
(100) position where antiferromagnetic ordering occur for pure La2Cu04. 

ABOVE 150 
135 - 150 
120 - 135 
105 - 120 
90 - 105 
7 5 - 9 0 
60 - 75 
45 - 60 
30 - 45 
15 - 30 

Fig. 1. Observed grid of intensity for ] me V energy transfer, corrected for background. 
The counting time is approximately 30 minutes per dot. Dots are missing where spurious 
peaks were observed, or where no data were taken 

A resolution corrected fit to a (2Q0x2Q0) box with Gaussian profile centered on (100) 
(Fig. 2a) or four Gaussians at (100) ± {Q0,Q,±Qo). (Fig. 2b) describe the data equally 
well. What is remarkable is that in both cases the correlation length extracted from 
the fit is considerably larger than the mean spacing between holes (29 Å for a) and 21 
Å for b) vs. 12 Å for 0.1 hole per unit cell). This suggests that the incommensurate 
nature of the scattering is not simply an effect due to frustration of localized Cu2+ mo
ments in tht presence of mobile holes. One possible explanation is that the scattering 
arises due to a Fermi surface instability analogous to what occurs in Cr. In this case 
Q0 would correspond to kp (= 0.084 r.l.u. for a)) yielding a carrier density of n = 2 
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A£/ir2 % 0.002/Å2 vs. 0.1/(5.4Å)2 » 0.003/Å2 from the stoichiometry. Further exper
iments are required to determine the temperature dependence of the correlation length 
and whether or not this instability leads to incommensurate ordering at low temperatures. 

Fig. 2a. Best fit to a box 
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l) G. Shirane et a/., (1989). Phys. Rev. lett. 63, 330. 

Risø-R-582 35 



1.18 The Crystal Structure of Pb 2 Sr 2 HoCu 3 0 8 Studied by Neutron Powder 
Diffraction 

(J.-E. Jørgensen. Department of Chemistry. Aarhus. University, Denmark, and N.H. An
dersen, Physics Department, Risø National Laboratory. Denmark) 

High Tc superconductivity with critical temperatures up to 70 K has been observed in 
Pb2Sr2LnCu30s (PSLCO) by partial substitution of the lanthanide (Ln) by Ca or Sr. 
Early X-ray diffraction studies have shown that PSLCO has an orthorhombic unit cell 
(space group Cmmm) and a layered structure with a stacking sequence SrO — CuC>2 — 
La —CuOj —SrO —PbO —Cu —PbO— (see the figure;, giving a local structure around the 
double layers of superconducting Cu0 2 planes, which is similar to the —BaO — Cu02 — 
Y - C u 0 2 - B a O - stacking sequence in YBa2Cu306 + x (YBCO). However, the CuO chain 
structure, which act as necessary charge reservoirs in YBCO, is replaced by PbO-Cu-PbO 
layers in PSLCO. PSLCO may be oxidized, but the additional oxygen atoms, are consid
ered to enter and oxidize the PbO-Cu-PbO layers rather than creating holes in the O1O2 
planes. Orthorhombic symmetry is apparently necessary for high Tc superconductivity. 
The X-ray diffraction studies revealed orthorhombic symmetry but the symmetry break
ing structural component could not be satisfactorily identified. The goal of the present 
neutron powder diffration study of PbSr2HoCu308 was to determine the oxygen positions 
with higher accuracy and explain the origin of the orthorhombic distortion. 

Neutron powder diffraction measurements were performed at room temperature. Struc
tural analyses of the data were carried out by Rietveld refinements of several models. The 
main problem to solve was to establish the oxygen 0(2) positions in the structure (see the 
figure). Initial refinements were performed in the orthorhombic space group Cmmm, but 
the results showed that the 0(2) oxygens are displaced from the 4k (OOz) position. The 
final refinements were therefore done in space group Pi (a=5.378, 6=5.421, and c=15.688 
Å) with all atoms except the oxygen atoms in the PbO layer constrained to obey C-
centering. Satisfactory result were obtained with two oxygen atoms 0(2) and 0(2') at 
the 2i (xyz) sites of P i . The origin of the observed orthorhombic symmetry was in this 
way found to be the distortion of the oxygen atoms in the PbO layer. (More details of 
the study will appear in Acta Chemica Scandinavica 45,1991). 

Unit cell of F62Sr2 / /oCu308. Cations are 
marked with filled circles, oxygen atoms with 
open circles. The oxygen-oxygen connections 
are marked in the CuOi and PbO layers 
containing the 0(3), 0(2) and 0(2') atoms. 
All atoms except the 0(2) and 0(2') oxygen 
atoms in the PbO layer obey C-centering. 

H 

o g . 
1 

0 ^ ^ 

^ 

0 e 

p55 

0 

-v. 
ICrfn 

1 

0111 
vO 

1 0 ~ _ 

£ * ^ 

° ' o 

1 • 

• o m ^ -

0 
• 0 

1 

• 

• — £ 

psr* 
0 

1 

* * -

0 
< 

* 0 

1 

*Q 

1 

~ 3 0 

> 

36 Risø-R-582 



1.19 A S tudy of Structural Properties, Thermopowder and Superconductiv
ity of Ndi.85Ceo.j5Cu04+i 

(N.H. Andersen, B. Lebech, Physics Department, Risø National Laboratory, Denmark. 
C-S. Jacobsen, Physics Laboratory III, The Technical University of Denmark, Denmark. 
I. Mangelschots, IBM Research Laboratory, Zurich, Switzerland and A. Wisniewski, Pol
ish Academy of Sciences, Warszawa, Poland) 

The discovery of superconductivity in Nd2_rCexCu04+< (NCCO) (Tc = 23 K for x=0.15) 
has attracted considerable interest. The material is derived from the archetype high Tc su
perconductor La2_ rBaxCu04 (LBCO) by standard substitution on the La site. However, 
instead of Ba2+ , Ce*+ ions are introduced in the lattice, which should result in an increased 
electron carrier density in the superconducting Cu02 planes. Valence considerations as
suming 6 < 0, and Hall measurements suggest that NCCO is an electron conductor, and 
not as the other high Tc materials a hole conductor. Further support for this suggestion is 
the observation that oxidation of the material destroys superconductivity. Neutron pow
der diffraction studies have revealed that NCCO (x = 0.15) has essentially full occupation 
on the oxygen sites 0(1) and 0(2) for both superconducting and non-superconducting 
samples1^, whereas La2_xBaxCu04 has essentially full occupation on the sites 0(1) and 
0(3) (see Fig. 1). 

We have carried out a powder neutron diffraction study of NCCO (x = 0.15) with respect 
to possible occupation on the LBCO site 0(3), and the structural stability as a result 
of oxidation and reduction. We ve combined our structural measurements with a gas 
volumetric technique which allows for in-situ oxidation and reduction of the sample and 
accurate determination of the oxygen concentration changes. Minor structural changes 
may in this way be recorded from the difference between powder diffraction patterns ob
tained before and after well-defined sample treatments. The superconducting properties 
were studied by susceptibility measurements on samples prepared in a similar way as on 
the neutron powder diffractometer. The nature of the charge carriers were studied for 
two of the sample preparations by thermopower measurements. 

The sample was single phase and it was initially prepared to be superconducting with 
Tc = 23 K after reduction in N2 at 890 °C for 15 hours. Analyses of the structural data 
obtained from this sample resulted in the structure shown in Fig. 1 with occupancies 
on the oxygen sites: O(l)=1.000 (fixed), O(2)=1.00(3), and O(3)=0.03(l). This gives 
an oxygen content 6 = 0.06(8), which is close to the critical value (6C = 0.075) where 
transition from electron (6 < Sc) to hole (6 > 6C) conduction is expected. Oxidation of 
the sample at temperatures up to 800 °C did not change Tc, but gave a minor broadening 
of the susceptibility transition width. Oxidation at 890 °C resulted in a time evolving 
degredation of the superconducting properties as observed in the susceptibilty data shown 
in Fig. 2 (to the left). After oxidation for 60 hours superconductivity is considered to be 
destroyed. Reduction in N2 at 890 °C for 15 hours recovers superconductivity. The re
duction or oxidation treatments did not cause structural changes that could be observed 
within the statistical error of our diffraction measurements. From the gas volumetric 
data we determine that the absorption of oxygen after 60 hour of oxidation at 890 °C is 
AÆ = 0.02(2). Thermopower measurements carried out on the superconducting sample 
and after oxidation for 60 hours at 890 °C is shown in Fig. 2 (to the right). The result 
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is surprising because the superconducting sample has positive therinopower thoic domi
nated), and the non-superconducting negative thennopower at low tempera'.ures (electron 
dominated). However, the electronic structure is quite complicated and a traditional sin
gle band account is definitely inappropriate. The thermopower is very small, probably 
indicating that the electronic system is very close to cross-over from electron to hole con
duction. 

! ) F. lzumi. et al (19S9). Physica C 158. 433 (1989) 

T^=^t 

• 0(3) 

0(2) O 

0(1) © 0 ( 1 ) 

Ne/Ce £ Bo/La 

Cu • Cu 

Fig. 1. Crystal structures of Nd2_xCezCuOA (left) and La2-xBaxCuOA (right). 
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Ft'ø. 2. Susceptibility (left) and thermopower (right) of NdUKCe0AiCuO„f The sus
ceptibility data show the effect of oxidation it 890 °C for different reaction limes. The 
thermopower data have been obtained on tb< superconducting sample A and after oxida
tion for 60 hours at 890 °C (O, non-superc mducting). 
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1.20 Structural and Thermodynamic Properties of Oxygen Orderng in 
YBa^CujO^, 

(N.H. Andersen. B. Lebech and H.F. Poulsen. Physics Dtparimtnt. Risø Xational Labo
ratory. Denmark) 

The superconducting properties of YBa^CusO**, (YBCO) arc strongly dependent on the 
oxygen stoichiometry as manifested most significantly in the superconducting transition 
temperatures Tt versus x (0 < x < I). Superconductivity with 7*c = 6C A' is observed 
for 0.4 < x < 0-8 above which concentration range Tt raises to 90 K. This observation 
is interpreted to result from a charge transfer mechanism where the variable amount of 
oxygen in the basal plane structure creates the necessary number of holes in the super
conducting CuOj planes for x > 0.4. However, details in the 7*c versus x curve vary 
significantly on sample preparation methods, and recent results have clearly shown that 
the superconducting properties are directly correlated with the structural ordering of the 
basal plane oxygen atoms. It is therefore of significant interest to understand the oxygen 
defect ordering properties of YBCO. 

In the present work the structural and thermodynamic properties of basal plane oxy
gen ordering have been studied. An experimental technique, based on neutron powder 
diffraction in combination with gas volumetry, has been developed and used for in situ 
preparation of YBCO samples with well-defined oxygen stoichiometry under equilibrium 
conditions. Simultaneous by studies of structural properties, oxygen equilibrium pressure 
and bulk oxygen in-diffusion kinetics in an extended part of (x, 7*)—space (0.15 < x < 
0.92, 25*C < T < 725*C) are performed. 

From the structural data we have established the phase transition line separating tetrag
onal disordered T-phase from orthorhombic ordered 0-phases (see left hand figure). Our 
results are in close agreement with the recent theoretical predictions by Ceder et al. l) 

(bold curve in the left hand figure) from 2D anisotropic next-nearest-neighbour king 
model calculations (t1 socalled ASYNNNI model) using ab initio interaction parameters 
determined by Sterne and Wille2* . The 01-phase corresponds to the fundamental or
dered orthorhombic structure, the 01-phase is a predicted orthorhombic oxygen vacancy 
ordered phase, and the Oil-phase is the oxygen double-cell ordered structure. The dashed 
curves indicate the theoretical prediction of the phase lines separating the T- and Ce
phases and Oil- and OI-phases, but the presence of the 0 1 - and the OH-phases could 
not be identified from the powder diffraction data, for the Oil-phase probably because 
the ordering is two-dimensional and have a finite in-plane correlation length. Broaden
ing of the neutron powder diffraction peaks were identified to result from twin-domain 
formation in two different orthorhombic phases. However, the phase line separating the 
two orthorhombic phases were found to be at x = 0.51, and not as predicted theoreti
cally by the dashed curve in the left hand figure. The oxygen equilibrium pressure shown 
as isotherms in the right hand figure has significant features. Firstly, the close lying 
isotherms at oxygen stoichiometrics x ~ 0.9 and to some extend at x ~ 0.2 indicate that 
for pressures 1 Torr < P < 760 Torr the stability range of YBCO is 0.15 < x < 0.92. 
Secondly, the pressure jump in the low temperature isotherms around x = 0.5 proves 
the thermodynamic stability of the Oil-phase and may be used to determine one of the 
interaction parameters in the ASYNNNI model. Finally, the maxima or kinks in the 
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isothermal pressures around x = 0.2o are in close agreement with the recent ASYXNNI 
model prediction of the disorder line (dashed line in the right hand figure3') indicating 
formation of chain-like oxygen structures in the tetragonal phase. 

The relaxation time r of bulk oxygen in-diffusion has been de'erniined from the pressure 
decay rate in the gas volumetric setup. Despite a rather broad particle size distribution 
of the ceramic sample (between 2 and 100 pm) a simple exponential decay was observed 
throughout. This suggest that micro-cracks and twin-domain boundaries rather than ce
ramic grain size determine the effective diffusion pathway. At high temperatures r is 
activated with different activation energies in the tetragonal phase (0.55 eY) and the or-
thorhombic phase (0.25 eY). At lower temperatures r approaches a constant level with 
an x-dependence which indicates that oxygen chain formation limits the dinusivity. 

All our data give strong support to the validity of the ASYNNNI model description of 
the oxygen basal plane ordering .Uructure. but they indicate that the c i initio interaction 
parameters3* should be slightly modified. 

07 (U 06 0« 02 a* 06 01 
X X 

Structural phase diagram (left) and oxygen equilibrium pressure (right) of YBojCuzO*+x. 
Left:Thin curves are trajectories along which experimental data are collected. • is experi
mental data indicating the transition temperature from the tetragonal (T) to orthorhombic 
(0) structures. Q maris the temperature above which there is no neutron powder diffrac
tion peak broadening from twin-domains. The solid curves and the struetirnl O-phascs 
are explained in the text. 
Right: Full curves are isotherms (temperatures in *C), the dashed line if the disorder line 
predicted from ASYNNNI model calculations (see text). 

%)G. Ceder. M. Asta, W.v,'. Carter, M. Kraitrhman, D. deFontainr. ME. Mann and M. 
Sluiler. (1990). Phys. Rev. B 41. 8698. 
"P. Sterne and L.T. Wille, (1990). Physica C 162-164. 223. 
3)P.A. Rikvold, M.A. Novotny and T. Aukrust, to be published. 
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1.21 A Model of the Stat ic and Dynamic Relat ionships between Oxygen 
Ordering and Superconductivi ty in Y B a 2 C u 3 0 6 + r 

(H.F. Poulsen, N.H. Andersen Physics Department, Riso Na'ional Laboratory, Denmark, 
J.V. Andersen, H. Bohr and O.G. Mouritsen, Department of Structural Properties of 
Materials, The Technical University of Denmark, Denmark) 

A minimum model is proposed to explain the variation of the superconducting transi
tion temperature Tc with oxygen content x of the ceranvc superconductor YBa2Cu306+r 

(YBCO). The model is based on the simple assumption that only ordered clusters ex
ceeding a certain size, called A/inimal Size Clusters (MSC), can contribute to the charge 
transfer creating the holes in the necessary for superconductivity Cu02 planes. The clus
ters considered are the domains of coherent orthorhombic structures 01 and Oil, forming 
thermodynamically stable phases of the material (cf. contribution 1.20 of this annual 
report). The MSC giving rise to charge transfer are taken to consist of 4x4 and 8x& oxy
gen sites for the 01 and Oil clusters respectively. The cluster statistics needed as input 
to the model is calculated from Monte Carlo computer simulations on a 2D next-nearest-
nei^hbour lattice gas model of oxygen in the basal plane (the socalled ASYNNNI model). 
From the simulations the relative numbers of oxygen sites belonging to the MSC of the 
two structural types 01 and Oil are determined. Assuming that Tc increases linearly 
with the charge transfer and that the charge transfer from the two structural types lead 
to superconductivity with Tc equal to 90 K and 60 K, respectively, we have established the 
Tc versus i curve by weighting the relative numbers of oxygen sites belonging to the two 
MCS with the corresponding Tc values. The comparison between the model calculation 
and the experimental data obtained by Cava et al.1' is shown in Fig. 1. The agreement is 
striking. The result supports the conclusion of strong correlations between structural and 
superconducting relaxation phenomena ot.erved by Jorgensen et al. 2\ and suggests a 
simple and direct way of quantifying the influence of structural order on superconductivity. 

The relaxation phenomena observed by Jorgensen et al.2' on a sample of 
YBa,Cu306.4i after being quenched from high temperatures have been studied by Monte 
Carlo simulations based on the ASYNNNI model. We find that the ordering dynamics 
obey the algebraic growt!. law: L(t) oc tn, where L is the length scale of structurally 
ordered clusters and t is time. In the OI phase we find n ~ 1/2, while n ~ 1/4 in the 
Oil phase (see Fig. 2). The result from the OH phase is adequate for comparison with 
the experimental data obtained by Jorgensen et al?\ A reanalysis of their Tc data shows 
algebraic growth with ATC ~ t ~lf2, that is: ATC oc L(t)~2 (see Fig. 2). This obser
vation strongly support the basic idea of our minimum model, which suggests that the 
total number of oxygen sites belonging to the MSC determines the charge transfer and 
the superconducting transition temperature. The possibility that the basal plane oxygen 
atoms in YBa2Cu306+x form an ideal model system lor studies of ordering dynamics in 
2D is put forward. 

*) R.J. Cava et al., (1988). Physica C 156, 523, and (1990). Physica C 165, 419. 
2> J.D. Jorgensen et al., (1990). Physica C 167, 571. 
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Fig. 2. Dynamics of oxygen ordering and time evolution of the superconducting transi
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observed temporal variation of the superconducting transition temperature &TC obtained 
by quenching to 300 K 2J. The upper figure is the Monte Carlo result of the evolution of 
the cluster inverse length scale l~x with time t. The best fits to the growth law exponents 
are marked on the figures. 
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1.22 Magnetic Correlations in Superconducting YBa2Cu306+r 

(G. Shirane, J.M. Tranquada and H. Chou, Brookhavcn National Laboralolory, Upton, 
New York, USA. S. Shamoto and M. Sato, Institute for Molecular Science, Oka:aki, 
Japan, J. Als-Nielsen and M. Nielsen, Physics Department, Risp National Laboratory, 
Denmark) 

The spin correlations in high Tc superconducting YBa2Cu3064.x has been studied by inelas
tic neutron scattering. Three large single crystals were used with oxygen concentrations 
x between 0.4 and 0.5, giving superconducting transition temperatures at 25, 45, and 50 
K. In the x vs. temperature - phase diagram the three samples are represented by points 
in the superconducting phase region, but the points are close to the region of long range 
magnetic order. 
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The aim of the present measurements has been to study how the magnetic correlations, 
present in the magnetic ordered phase, extends into the nonmagnetic superconducting 
phase. 

Fig. lc shows inelastic neutron scattering groups for the crystal with Tc =45 K, and 
it demonstrate the existense of magnetic correlations in the superconducting phase. The 
scattering was found to depend strongly on temperature and oxygen concentration x. The 
neutron scattering groups are measured in constant energy scans along the Q-direction 
shown as scan A in Fig. lb . The magnetism in YBa2Cu306+x originates from unpaired 
spins in the Cu0 2 double layers, and the coupling between different double layers is very 
weak. Therefor scan A (Fig. lb) across the ( 2 2 ' ) ^ n e characterizes the two dimen
sional correlations within the CuOj double layers, whereas scan B (Fig. lb) along the 
ridge (5 5 0 perpendicular to the Cu0 2 layers only show the modulation given by the 
separation of the two Cu02 layers of a bilayer. Fig. la illustrate such a scan (scan B of 
Fig. lb). No long range magnetic order exists in these crystals, and the magnetic peaks 
referred to in Fig. l b indicate the Bragg peaks of the ordered magnetic phase at x < 0.4. 

44 Risø-R-582 



1.23 Preparation of High-Tc Superconductors by RF Sputtering 

(R. de Reus, R.F. Kromann and N.H. Andersen, Physics Department, Riso National Lab
oratory, Denmark) 

The program on preparation of thin-film high-Xc superconductors is concentrated on epi
taxial growth of YBa2Cu306+x- This compound exhibits a critical temperature greater 
than the boiling point of liquid nitrogen and is relatively easy to synthesize. For reli
able applications in microelectronics, superconducting thin films should not only be of 
submicron dimensions but also be able to carry high current densities of at least 1010 

A/m2. These requirements can be obtained by using single-crystalline superconducting 
thin films, which are grown epitaxially with respect to the preferably single crystalline 
silicon substrate. However, the high reactivity of the superconductor and the high pro
cessing temperatures of 700 to 900 °C make semiconductor substrates disadvantageous. 

An RF sputtering technique was developed at Risø to prepare superconducting 
YBa2Cu306+r thin films without the need of post-annealing at 900 °C in oxygen am
bient. This deposition method allows homogeneous deposition over relatively large areas 
(in our case 4x4 cm2) of films with a thickness as thin as one unit cell (<12 A). Stoichio
metric cylindrical targets are used. Experiments with this sputter configuration started 
this summer and resulted in films of significantly higher quality than those obtained by the 
standard planary target geometry. YBa2Cu306+x films with a thickness of approximately 
1 fim were grown epitaxially on (100) MgO substrates. As prepared the films showed 
an onset of superconductivity at 90 K. However, zero resistance was only obtained below 
72 K, which is about 15 K lower than the best values reported in literature for films 
deposited on the same substrate material. The obvious reason is that our films are not 
stoichiometric, but contain impurity phases such as Y2BaCuOs. Furthermore, a substrate 
heater has been developed which allows heating up to 900 °C in 1 atm oxygen pressure. 

Analysis techniques include X-ray diffraction (using both powder and four-circle diffrac-
tometry), scanning electron microscopy, and transmission electron microscopy for struc
tural analysis. Furthermore, energy dispersive X-ray absorption analysis and chemical 
methods are applied for compositional analysis. Electrical characterization is performed 
using a four-point probe technique. Occasionally, Rutherford backscattering spectrome
try is used for compositional depth profiling in collaboration with other laboratories. 

During the year the RF-sputter equipment has been moved from the Department of Ma
terials Science to the Physiscs Department to be integrated into the facilities for studies 
on thin films and surfaces. Recently the experiments were resumed. Future plans include 
firstly the preparation of high quality superconducting YBa2Cu306+x thin films (critical 
temperatures >85 K and critical currents of «1010 A/m2) on (100) MgO substrates. Sec
ondly, multilayer structures will be grown, consisting of alternating superconducting and 
electrically insulating layers of thicknesses down to unit cell dimensions. Also, epitaxial 
buffer layers will be deposited onto silicon substrates to minimize interdiffusion with su
perconducting YBa2Cu306+i overlayers. Studies of correlations between structure and 
electrical properties of films and multilayers are of primary interest in the program. 
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1.24 Measurement of Texture in YBCO Thin Films 

(R. Kromann, R. de Reus and N.H. Andersen, Physics Department, Risø National 
Laboratory, Denmark) 

In continuation of the activities reported last year we have performed X-ray diffraction 
experiments using a four-circle diffractometer on several YBa2Cu307 films fabricated by 
laser ablation at NKT Corporate Research Center. In one experiment four films on MgO 
substrates were investigated of which two have a critical current density J c <105 A/cm2 

and the other two have Jc >106 A/cm2. Although a longitudinal scan indicates that all 
four films grow with the c-axis perpendicular to the substrate the pole figure measurement 
reveals that the low- Jc films have regions where the a- and 6-axes are misaligned 45° with 
respect to the sulstrate. No misaligned regions were found in the high-Jc films. Other 
groups have observed this 45° misalignment also, but so far no theory exists to explain 
this phenomenon. Recent experiments done by NKT indicate that the problem is related 
to the quality of the substrate surface. 

In another experiment three films on SrTi03 , MgO and LaA103 substrates were investi
gated. The critical current densities are 2 x 106 A/cm2, 2 x 106 A/cm2 and 5 x 106 A/cm2, 
respectively. Generally, films on SrTi03 and LaA103 exhibit a greater «7c than films on 
MgO, but the film on SrTi03 in this case is not of the best quality. The pole figure 
indicates very small amounts of 45° misaligned material in the film on MgO, but not on 
SrTi0 3 and LaA103 substrates. A much larger difference between the films is found in 
a x-scan on the YBCO (102)-reflection (x is one of four variable angles in a four-circle 
diffractometer). This type of scan allows a determination of the relative abundance of 
film with the c-axis in the substrate plane because the (102)-reflection will show up at 
Xi=56.6° or X2=90°-Xi=33.4° depending on whether the >axis is perpendicular or paral
lel to the substrate. We find that 9%, 3% and 1% of the film grows with the c-axis in the 
plane in the three cases, respectively. We may thus conclude that true epitaxial growth of 
the film on the substrate is of paramount importance in obtaining a high Jc and that any 
deviations from this behaviour such as rotations in the a — b - plane and/or interchange 
of the c-axis with the a — b - axes seriously degrade this crucial transport property. 

2000 

1500 

É 
Z 1000 

900 

T T T" T" 

X-scon on YBCO (102)-reflection 
SrTiOj substrate 

uZ\. 

6000 

<£ 4000 

2000 

X-scon on YBCO (102)-reflection 
LoAlOj substrote 

30 40 SO 70 30 40 so 60 70 

Left: \-scan of a film with Jc = 2 x 106 A/cm2 and frequent occurence of the c-axis in the 
substrate plane. Right: \-scan of a film with Jc = 5 x 106 A/cm7 and containing almost 
no material with the c-axis in the plane of the substrate surface. 

46 Risø-R-582 

file:///-scan
file:///-scan


1.25 Melting, Growth and Faceting of Lead Precipitates in Aluminium 

(L. Gråbæk. J. Bohr. Physics Department, Riso National Laboratory, Denmark, 
H. H. Andersen, A. Johansen, E. Johnson, L. Sarholt-Kristensen. Physics Laboratory, 
H.C. Ørsted Ivstitute. Copenhagtn, Denmark and I. K. Robinson, AT & T Bell Labora
tories, Murray Hill, USA) 

Small precipitates of Pb in aluminium single crystals have been studied by X-ray diffrac
tion. We focusst^ our investigations on melting solidification and growth of the precipi
tates and on phenomena at the interface between lead and aluminium. 

Fig. 1 shows data from an X-ray diffraction experiment. The streak/rod of intensity orig
inates from the ( H i ) facets of the lead inclusions and such a streak/rod was also observed 
from the (100) facets. The integrated intensity in the (111) and (100) rods behave differ
ently as a function of temperature. The difference indicate that the (100) facets premelt 
or roughen at 605±3 K which is ~ 15 K below the temperature where the inclusions start 
to melt and also the signal from the (111) facets start to vanish. 

Fig. 1. Three-dimensional plot of the truncation rod originating from (HI) facets at the 
lead inclusions, at 303 K. The scans in the plot are across the [111] direction, away from 
the lead (111) peak, q is the distance from the center of the scan (PHI = 0) to the center 
of the lead (111) peak, PHI is the angle that the sample is turned away from the [TTl] 
direction. 

Superheating, is not normally observed for metal crystals with a free surface. However, 
in our study of small faceted, epitaxially oriented lead crystallites, which do not have a 
free surface, superheating as high as 67 K was observed. We also observed supercooling 
in this system, at least 18 K. The main contributions to the superheating are most likely 
to be the lack of a free surface and the epitaxial alignment between the inclusions and 
the host matrix. 
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To initiate melting it is necessary to create some disorder at the surface, e.g. by expelling 
an atom to the surface. In comparison to the normal situation with a free surface, a higher 
energy is needed to expell an atom to the surface here, since the surface is covered with 
aluminium. The crystallites gain some energy by the epitaxial alignment, this increases 
the energy barrier for melting by the same amount. Other effects may contribute to the 
higher melting point, e.g. the fact that the crystallite surfaces are primarily (111) sur
faces (facets), as such snrfaces do not exhibit premelting. Furthermore a pressure above 
ambient can not be completely ruled out, although, the measured lattice parameter is in 
agreement with the tabulated value for bulk lead. However, taking the worst case within 
the uncertainty of our data, the pressure would at most increase the melting temperature 
by 14 K. 

Analyzing the relation between the melting temperature for the inclusions (Tr) and their 
size r, we find that the superheating vanishes asymptotically as r —• oo. And the most 
likely relationship is TT oc 1/r, this indicates that the surface to volume ratio determine 
the melting temperature. The combined contribution from the lack of free surface, the 
epitaxial alignment, the extended (111) facets and a pressure above ambient stabilize the 
superheated state, so it may in fact be stable. However, we note that homogeneous nu
cleation of the melt in the superheated state would also lead to a 1/r relationship, and 
would imply that the superheated state is only metastable! 

The supercooling is due to the size of the inclusions, the critical grain size for nucleation of 
the solid at a given temperature first matches the actual inclusion size at the temperature 
where the inclusions start to solidify. 

With one sample we performed an isochronal annealing sequence to study the inclusion 
growth. Here a sample was heated to a given temperature, kept at that temperature for 
90 minutes, then cooled to room temperature where measurements were performed. This 
process was repeated for a series of temperatures in the range 300-688 K. At 688 K all 
the lead in the inclusions are melted. We found that the inclusion growth was closely 
connected with the lead being in the molten state. Figure 2 shows the FWHM for the 
lead (111) peak, the discontinuity at around 600 K, indicates that there is a discontinuity 
in the inclusion growth rate at this temperature, as FWHM oc 1/r. This indicates that 
the prime mechanism for inclusion growth is coalescence of inclusions. 

Fig. 2. Full- Width-at-Half-Maximum for the 
(111) lead peak (raw data), versus annealing 
temperature. The measurements were per
formed at room temperature, after cooling the 
sample from the temperature indicated. 
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1.26 Sputtering Yields and Energy Distributions from Ion-Bombarded Con
densed Gases 

(J. Schou, Physics Department, Risp National Laboratory, Denmark, B. Stenum and H. 
Sørensen, Optics and Fluid Dynamics Department, Risø National Laboratory, 
Denmark, 0 . Ellegaard, Odense University, Denmark, and R. Pedrys, Institute of Physics, 
Jagéllonian University, Crakow, Poland) 

The studies on sputtering of the solid hydrogens have been continued at the existing setup. 
The collection of data for the sputtering rate of solid deuterium by hydrogen ions from 5 
to 10 keV has been considerably extended. The data are important for the lifetime of fast 
fuel pellets of solid deuterium injected into the fusion devices. The fast hydrogen ions 
generated by the neutral beam heating are very efficient in eroding the deuterium pellets, 
since these high-energy ions in contrast to the thermal plasma particles easily penetrate 
the protecting gas cloud around the pellet. The sputtering yield for a 10 keV H+ is about 
150 Dj/H. This high yield is primarily caused by the low binding energy , 12 meV, of the 
deuterium molecules in the solid. 

The yield of solid deuterium is increasing with the energy of the primary ion, a proton, 
a diatomic or triatomic hydrogen ion. The key quantity is the electronic stopping power 
of the projectiles. The total yield is determined by the sum of the stopping powers of 
the individual atoms in the projectile. The reason is that the atoms in the molecule are 
so close to each other during the passage of the first layers in the surface that one may 
regard a molecule as one primary particle with a stopping power equal to the sum of the 
the stopping power of the atoms. Then, the yield turns out to behave like a power of the 
total stopping power with an exponent between two and three. Actually, this behaviour 
is similar to the yield of solid nitrogen, which is the most volatile molecule apart from the 
hydrogenic molecules. This scaling with the total electronic stopping power allows us to 
predict the sputtering yield of protons with energy up to about 50 keV, which actually is 
close to the energies of the stopping power maximum. 

The setup was modified by a special soldering point from the cryostat bottom to the 
electrode of the quartz crystal microbalance. Then the microbalance became so cold 
that it was possible even to erode films of solid hydrogen and deuterium hydride on it. 
Films of solid hydrogen have not been studied systematically before because of the ex
treme volatility. It turned out that it was possible to avoid beam-induced evaporation 
for beam currents below 4.5 nA. The sputtering yield for solid hydrogen and deuterium 
hydride shows the same energy dependence as solid deuterium does. The absolute value 
of the yield from solid hydrogen is about a factor of four larger than for solid deuterium 
because the binding energy of the molecules is somewhat smaller than that for deuterium. 
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1.27 Luminescence from P u r e and Impure Solid Hydrogens dur ing Electron 
Bombardment 

(J. Schou, Physics Department. Risø National Laboratory, Denmark. B. Stenum, H. 
Sørensen. Optics and Fluid Dynamics Department, Risp National Laboratory, Denmark, 
P. Gurtler, Hasyiab, DESY, Hamburg, Germany, and R. Brooks, Department of Physics, 
Guelph University, Guclph, Canada) 

The study of luminescence from particle-irradiated solid deuterium does not only yield 
information about how the electronic excitations relax in the solid, but provide also impor
tant data for the pellet-plasma interaction. A material that emits a strong luminescence 
is expected to have a larger lifetime in a plasma than one without luminescence, because a 
considerable fraction of the deposited energy is released from the solid. Unfortunately, it 
turned out that the luminescence per incident electron from solid deuterium and hydrogen 
is weaker than from any other known condensed gas. 

The previous setup was improved so that the photon detection in the VUV-regime was 
more efficient. The two LiF-lenses were replaced by specially coated VUV-mirrors with 
relatively high reflectivity around 150 nm. The photon detection was performed with 
a Mc Pherson VUV-monochromator equipped with a solarblind photomultiplier. Even 
though the setup was optimized to the regime close to Lyman-o, the detection was fairly 
good with a suitable photomultiplier up to about 900 nm. 

The studies were mainly concentrated on the possible detection of Lyman-a in elec'.non-
irradiated solid deuterium or deuterium-neon mixtures. It is a paradox that one of the 
most (if not the most) common lines in the Universe never has been observed in a environ
ment of solid hydrogen. A previous observation of Lyman-a induced by lower intensity 
than ours from the literature was apparently caused by an impurity rather than by an 
intrinsic deexcitation in pure deuterium or in deuterium-doped neon. No Lyman-a signal, 
which is expected to lie relatively closely to the gas value at 121.6 nm, was observed. The 
reason for this somewhat surprising result is that the active excited "Lyman-o"-atom is 
quenched by the large population of D3 ions and Dj-neutrals with low-lying electroni
cally excited states in a deuterium matrix. In solid neon doped with a low amount of 
deuterium D3-complexes are not generated. Unfortunately, the possible Lyman-a excita
tions are quenched by metastable neon-deuteride that emits a strong continuum around 
230 nm. One may not expect emission of Lyman-a light from deuterium in other regu
lar condensed gases since they all have (intrinsic) electronically excited states below the 
Lyman-a level. 

As a minor result this neon-deuteride continuum has been observed for the first time in a 
solid. This metastable molecule has so far only been observed in gas-phase experiments 
since the ground state of the molecule is not stable. 
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1.28 Two Dimensional Solids and Liquids Influenced by a Small Corrugation 
Potential: A Monte Carlo Simulation Study 

(P.-A. Lindgård, Physics Department, Riso National Laboratory, Denmark, and E. Vives. 
University of Barcelona, Spain) 

A general, continuous model for two dimensional solids and liquids on a substrate is de
veloped and studied by means of Monte Carlo simulation for 2700 particles, subject to 
a Lennard-Jones interaction and a substrate potential, the socalled corrugation potential 
V. The results can be applied to the case of adsorbed atoms or molecules on surfaces as 
well as intercalated compounds and several other surface problems. \Ve have focused on 
the study of the melting of a commensurate \ /3 x \ /3 structure on a triangular lattice 
with 1/3 coverage. As an example we show in Fig. la the melted phase and lb the solid
ified phase for the case of zero corrugation potential, (7 = 0. This demonstrates e.g. the 
isotropy of our simulation. In particular we have investigated the contribution from the 
two dimensional liquid to the Bragg peaks corresponding to the substrate structure. Re-
iter and Moss have demonstrated that this gives valuable information about the substrate 
potential. We have further studied this and found a new universal dependence between 
the intensity (Debye-Waller factor) and the particle fluctuations around the substrate 
potential wells. This dependence may be useful for an experimental determination of the 
magnitude of the substrate potential from scattering experiments, in particular for weak 
potentials and large atomic mean square displacements. 

'> G. Reiter and C. Moss,(1986). Phys. Rev. B 33 , 7209. 

Fig. 1. a) the melted phase for 2700 particles, b) the corresponding solidified phase. 
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1.29 Large Corrugation Potential Effect on Two Dimensional Solids and Liq
uids: A Continous Monte Carlo Simulation Study towards the Potts 
Model 

(P.-A. Lindgård. Physics Department. Riso Sational Laboratory. Denmark, and E. Vives. 
University of Barcelona, Spain) 

Two limiting cases have usually been discussed in order to characterize the substrate 
influence on an atomic monolayer. The first assumes that the corrugation potential U 
is large, so that the system can be considered as a lattice gas or liquid in which the 
motion of the particles is restricted to a jumping between neighbouring wells, while the 
motion within the substrate potential wells is not considered. In this limit several theories 
concerning modified Potts models have been developed, discussing mainly the symmetry 
change between the solid and liquid phase. The Potts model is a lattice gas model which 
just describes the presence of atoms at the minimum energy sites of the substrate. Some 
of the theories seem to be in agreement with the phase diagram for Kr adsorbed on 
graphite. Very few calculations of the structure factor S(q) have been performed for these 
models. Instead of the usually employed molecular dynamics method, we have developed 
a continuous Monte Carlo method, which allows the possibility of studying much larger 
systems up to 2700 atoms or more, thereby considerably reducing the finite size effects on 
S{q). Here this study is extended by considering very large corrugation potentials, as a 
step towards unifying the Potts lattice description and the continuous, perturbed liquid 
description, which is needeu in order to understand the influence of the substrate on the 
two dimensional solids and liquids. For large U a contracted, incommensurate liquid is 
found which is not at all resembling a centered Potts model. A calculation of thr frje 
energy shows that a relaxed liquid with the particles displaced in the potential wells is 
preferable due to the entropy gain. Nevertheless this liquid can in a cellular sense be 
described as a Potts lattice gas liquid. It is found that these features do show up in the 
structure factor S(q), but only detectable as small shifts of peak positions, and intensities. 

Fig. 1. Structure factor for: 
a) liquid with small corrugation po
tential U=l, T=4; 
b) liquid with very large corrugation 
potential U=200, T=35. 
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1.30 Pinning Effects on Domain Growth Kinetics 

(P.-A. Lindgard. Physics Department. Risø National Laboratory. Denmark, and T. 
Castan, University of Barcelona. Spain) 

By means of Monte Carlo computer simulation we study the domain growth kinetics after 
a quench across a first order line to very low and moderate temperatures in a multi-
degenerate system with non-conserved order parameter. The model is a continuous spin 
model with general applicability. It is relevant for martensitic transformations, surface 
reconstructions and magnetic transitions. Although by now very much is known about 
the ordering kinetics of simple models as the Ising -, the Potts - and the AXNNI model 
and also about the effect of quenched (immobile) impurities and random fields, the effects 
of annealed (mobile) defects on the time evolution has received relatively little attention. 
The latter are often more realistic and therefore important in experimental situations. 
Our model has a number of intrinsic, annealable pinning mechanisms, which strongly 
influences the growth kinetics. It allows a study of pinning effects of three kinds: a) 
pinning of domain walk by defects, b) temporary pinning by stacking faults or zero-
curvature domain walk and c) topological pinnings due to particular geometry of domain 
wall intersections. The pinning mechanisms and the depinning probability at higher 
temperatures are studied. A snapshot showing a number of pinning centers on domain 
walk is shown in Fig. 1. The excess energy of the domain walk is found to follow an 
algebraic decay £E(t) = EM + Arn, with EM = 0 for case b) and c) and decaying 
towards a metastable state with energy EM ± 0 for case a). The exponent is found to 
cross over from n = 1/4 at T ~ 0 to n = 1/2 with temperature for models with pinnings 
of type a) and b). For topological pinnings at T ~ 0, n is consistent with n = 1/8, a 
value conceivable for several levels of hierarchically interrelated domain wall movements. 
When the continuous spin model is reduced to a discrete Potts-like model, with the same 
parameters, the exponent is foi'nd to be consistent with the classical Allen-Cahn exponent 
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1.31 A Symmetry Principle for Epitaxial Rotation 

(F. Grey and J. Bohr. Physics Dtpmrtmtmt. Risø Sationml Ubontory. Dtnmari) 

We propose that a simple symmetry principlr underlies the phenomenon of epitaxial ro
tation, where a crystalline adsorbate is rotated through a low-symmetry angle relative to 
the crystal axes of the substrate. The principle is that the domain structure, produced by 
lb* beating of the incommensurate adsorbate and substrate lattices, tends to align along 
a high-symmetry direction of either the adsorbate or the substrate. 

Fig. la shows the domain structure formed by two incommensurate lattices superposed on 
each other with their principal axes aligned. In Fig. lb, one of the triangular lattices has 
been rotated a small angle • relative to the other. As a result, the domain structure has 
rotated by 30* - a high symmetry angle - relative to Fig. la. This effect is characteristic 
of moiré patterns, which magnify relative translations and rotations of the lattices that 
generate them. It is straightforward to derive an expression for 9 in terms of rji$ . the ratio 
of the adsorbate and substrate lattice parameters, and fA , the high-symmetry rotation 
angle of the domain lattice relative to the adsorbate lattice. 

« • ' = rAS $ i n l *A + cos v * ^1 - r ; | sin2 4rA (1) 

In Fig. 2. this dependence of $ on r ^ is shown for tA =30",60*, two high symmetry ro
tations of the domain lattice. Experimental data for Na/Ru(100) ,) and D2/graphite2> are 
seen to agree very closely with the high symmetry solutions, where r ^ =1 corresponds 
to the commensurate y/Z x y/ZKXT structure. 

l) D. L. Doering and S. Semancik. (I9S4). Phvs. Rev. Lett. 53.66. 
2> J. Cui and S. C Fain, (1969). Phys. Rev. B 39, 8628. 
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1.32 Numerical Simulations of Crystalline Epitaxy 

(F. Grey and J. Bohr, Physics Department, Ri$o National Laboratory, Denmark) 

We have employed a simple algorithm to study the effects of finite-size and adsorbate 
relaxation OR the energetics of crystalline interfaces. We have considered the cases of 
fcc(lll) (triangular) adsorbates on fcc(lll) and bcc(llO) substrates. 

The adsorbate energy is calculated by summing three sine functions at each adsorbate 
atom position, the sine functions representing the fundamental Fourier components of the 
substrate potential. The adsorbate consists of some 7350 atoms in a hexagonal array with 
dense-packed [11] facets. In simulations where the adsorbate was relaxed, the new atom 
positions were calculated according to 

(*i,Vi) = (xuVi) ~ M dx , dy ) (2) 

where A is typically a few percent of the interatomic distance. This form of relaxation 
avoids computationally cumbersome elastic coupling of atoms, but implicitly assumes an 
isotropic elastic restoring force on each atom. 

We find that having well-defined facets on the adsorbate results in energy minima along 
lines in the space spanned by adsorbate mismatch and rotation (see Fig. 1). These lines 
are the solutions predicted on the basis of the symmetry principle we have proposed (see 
previous contribution). This implies that finite-size effects can drive epitaxial rotation, a 
physical origin of the phenomenon that has not been considered before. 

Adsorbate relaxation is found to stabilize low-order commensurate structures. In partic
ular, in the case of fcc(lll)/bcc(110), we find that a low-order commensurate structure, 
recently observed experimentally for Ce(lll)/V(110)1\ forms an energy basin in our cal
culations. Several other similar energy basins are observed, suggesting novel epitaxial 
relationships which have not yet been observed. 

»> H. Homma, K. Y. Yang and I. K. Schuller, (1987). Phys. Rev. B 36 9435. 

Fig. 1. Contour plot oj calculated 
energy surface as a functions of 
mismatch and rotation of a trian
gular overlayer on on a triangular 
substrate. 
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1.33 C u / S i ( l l l ) 5.6x5.6: A Silicide Precursor 

(F. Grey, R. Feidenhans'l and M. Nielsen, Physics Department, Risø National Labora
tory, Denmark, R. L. Johnson, / / Institute frir Experimentalphysik, Universitet Hamburg, 
Germany and J. Zegenhagen, Max Planck Institut fiir Festkbrptrforschung, Stuttgart, 
Germany) 

We have investigated the incommensurate 5.6 x 5.6 structure of Cu on Si( l l l ) by surface 
X-ray diffraction. The main feature in the diffraction pattern is a pair of intense incom
mensurate reflections rotated ±3.1° relative to the bulk Si(220) reflection. This implies 
that, in units of the Si substrate, the surface has a domain structure, the domain spacing 
being 5.6 in units of the substrate lattice, and the domains being rotated ±3.1° relative 
to the substrate high symmetry axes. 

The internal structure of the domains must be simple, since one peak dominates the 
diffraction pattern of each domain type. Models for this internal structure were least-
squares fitted to the measured structure-factor intensities. The best-fit model involves 
domains with a triangular structure of Cu and Si atoms. The Cu-Si bond length and the 
degree of rotation varies within the iomain: at the center there is near-perfect registry 
with the substrate (quasi-1 x 1 structure). 

The resulting structure represents an interesting case of epitaxial rotation of an adsorbate. 
This phenomenon is well-documented in physisorbed gases on graphite and alkali atoms 
on metal surfaces, but is otherwise unknown on semiconductor surfaces. The CuSi layer 
is a two-dimensional precursor of the three dimensional silicide that forms when many 
monolayers of Cu are deposited. 
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1.34 Epi taxia l Rota t ions of M e t a s t a b l e Clus te rs of Pb on S i ( l l l ) and 
G e ( l l l ) 

(F. Grey, R. Feidenhans'I and M. Nielsen, Physics Department, Riso National Laboratory, 
Denmark, R. L. Johnson, / / Institute fur Erperimentalphysik, Unitersitdt Hamburg, Ger
many, H. Weitering and T. Hibma, University of Groningen, The Netherlands) 

X-ray diffraction and scanning electron microscopy were used to investigate metastable 
Pb clusters adsorbed on Ge( l l l ) and S i ( l l l ) at room temperature. The clusters were 
formed by deposition of Pb from a Knudsen cell on the clean semiconductor substrates, 
and the P b ( l l l ) planes were parallel to the substrate (111) planes. In previous studies 
at room temperature using electron diffraction it was found that the Pb(llO) planes are 
parallel with the substrate (110) planes. However, we observe by X-ray diffraction that 
a large fraction of the clusters are rotated, in the plane of the interface, through a small 
angle relative to the substrate [110]-equivalent directions. 

In the case of S i ( l l l ) , the epitaxial rotation angle is found to depend on the nature of 
the initial two-dimensional (2D) structure on which the clusters grow. Two different 2D 
structures can be formed, depending on whether or not the first deposited monolayer 
is annealed before further deposition of Pb to form the clusters. The unannealed 2D 
structure has a 7x7 unit cell, like clean S i ( l l l ) , whereas the annealed 2D structure has a 
y/Z x N/3Æ30° unit cell. For Ge( l l l ) , only the y/3 x y/3RZ0° structure exists. 

The epitaxial rotation angles are 4.5° for Ge( l l l ) , 6.1° for unannealed Si( l l l ) and 3<<" for 
annealed S i ( l l l ) . We have developed a quantitative explanation for the epitaxial rotation, 
in terms of the domain pattern generated by the overlapping Pb and Si or Ge lattices. 
A small rotation of the cluster will produce a large rotation of the domain pattern, a 
geometrical effect typical of moiré patterns. By considering small rotations of the clusters 
which produce large, high-symmetry rotations of the domain pattern, quantitative agree
ment with the measured epitaxial rotations is obtained. 

Azimuthal scan through the Pb(110) 
bulk reflection on Si(lll). The 
central peak is from those clusters 
aligned with the substrate, the two 
other peaks arc epitaxially rotated. 
The rotation angle is seen to depend 
on the surface structure on which the 
Pb clusters are grown. 
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1.35 P b / S i ( l l l ) : A Liquid Pb Monolayer at Room Temperature 

(F. Grey, R. Feidenhans'l and M. Nielsen, Physics Department, Riso National Laboratory. 
Denmark, R. L. Johnson, / / Institute fiir Eiperimentalphysik. Universitat, Harnburg. Ger
many) 

Pb/S i ( l l l ) is reported to have two phases with a y/3 x V^RSO" unit cell1). The low 
density phase has a simple structure with one Pb atom per \/3 x \/3R30o cell, and the 
high density phase is a close-packed Pb layer with four atoms per cell. Defining a mono
layer (ML) as one Pb atom per surface Si atom, these phases have coverages of 1/3 and 
4/3 ML. At intermediate coverages, no superstructure reflections are observed, and it has 
been suggested that Pb adopts a 1 x l solid phase. Our previous diffraction measurements 
showed that the high coverage y/Z x v^R30° phase is in fact slightly incommensurate2*. 
Also, for Pb/Ge(l 11), a similar system, no intermediate l x l phase was observed. Instead 
a coexistence of the two \ /3 x \/3R30o phases was seen, with a triple line at 180 °C, well 
below the bulk melting temperature of Pb3K 

Desorbing small amounts of Pb, we observe that the disordering temperature of the in
commensurate layer decreases as it becomes more dilute. Already at a coverage of 1.23 ML 
(as determined from the lattice parameter of the incommensurate layer), the main Bragg 
peak of the incommensurate phase is absent at room temperature. However, a broad, 
weak ring of scattering remains, similar to that seen for the liquid phase of Pb/Ge( l l l ) 3 ) . 
Cooling the sample below room temperature, the main reflection of the incommensurate 
phase reappears, as shown in the figure. This behaviour is fully reversible. We conclude 
that at intermediate coverages between the two \ /3 x -v/3R30° phases, the Pb layer is in 
fact liquid at room temperature. We suggest that the phase diagram of Pb /S i ( l l l ) is 
analogous to that of P b / G e ( l l l ) , but with a triple line below room temperature. 

V M. Saitoh et a/., (1985). Surf. Sci. 154, 395. 
2> F. Grey et ai, (1989). Journ. de Phys. Coll. 50, C7-181. 
3) F. Grey et a/., (1990). Phys. Rev. B. 41, 9519. 

Radial scans through the position 
of the fundamental Bragg peak 
of the incommensurate phase of 
Pb/Si(lll) at different tempera
tures for a coverage of 1.23 ML 
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1.36 Chemisorption of Oxygen on Cu(llO): The c6x2 Structure 

(R. Feidenhans'l, F. Grey and M. Nielsen, Physics Department, Risø National Labora
tory, Denmark, R.L. Johnson, / / Institute fiir Experimentalphysik, Universitat Hamburg, 
Germany) 

Oxidation of copper surfaces is presently of great interest. A very important aspect is 
the formation of C u - 0 rows as found on the (100) surface for the 2\/2 x >/2 structure 
and on the (110) surface for the 2 x 1 structure. On the (110) surfaces a 6 x 2 structure 
is formed at higher oxygen coverages. The relatively large unit cell makes a structural 
determination by conventional electron diffraction techniques untractable , so very little 
is known about the atomic structure and its relation to the C u - 0 rows. We have studied 
this surface by means of surface X-ray diffraction at the Wl beamline in HASYLAB. In 
total, we have measured a set of 56 fractional-order and eight integer-order inequivalent 
in-plane reflections together with seven fractional-order rods and three Crystal Truncation 
Rods. The in-plane atomic structure - the structure projected onto the surface plane -
was solved in a four step process. 

(1) First the structure of the copper atoms was found on basis of a contour plot of the 
Patterson function and Scanning Tunneling Microscopy (STM) images from the Institute 
of Physics in Århus1). 
(2) Because copper (Z = 29) is much heavier than oxygen (Z = 8) the copper atom will 
dominate the phases of the structure factors. The oxygen atoms can therefore be found in 
a Fourier difference plot, a plot of the electron density difference between the real struc
ture and the model structure. 
(3) The atomic positions of both copper and oxygen atoms are refined in a least-square 
fit to the in-plane fractional-order reflections. 
(4) The position of the surface layer relative to the bulk is found via the interference 
scattering of the surface layer and the bulk at the integer-order positions. 

The basic elements of the structure is still C u - 0 rows as found on the 2 x 1 surface, but 
they are more densely packed with a coverage of 2/3 monolayer compared to 1/2 for the 
2 x 1 structure. The C u - 0 rows has a 3 x 1 structure and are 'connected' by extra copper 
atoms. The latter atoms are responsible for the c6 x 2 structure. 5/6 monolayer of copper 
atoms are displaced more than 0.25 A away from ideal lattice sites. The oxygen coverage 
is 2/3 monolayer. The model is in very good agreement with the STM-measurements as 
well as effective medium calculations1*. Due to the large number of free parameters the 
out-of-plane structure could not be determined by the X-ray diffraction data, but was 
instead taken from the effective medium calculations1 \ 

*) R. Feidenhans'l, F. Grey, M. Nielsen, F. Besenbacher, F. Jensen, E. Lægsgaard, I. 
Stensgaard, K.W. Jakobsen, J.K. Nørskov and R.L. Johnson, (1990). Phys. Rev. Lett. 
65, 2027. 
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Perspective (a) and top (b) view of the Cu(110)c6 x 2-0 structure. The small black circles 
represent the 0 atoms, whereas the grey and white circles represents the topmost Cu-atoms 
and the Cu-atoms in the layers below. The c6 x 2 unit cell is indicated. 
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1.37 Chemisorption of Oxygen on C u ( l l l ) 

(F. Jensen, F. Besenbacher, Institute of Physics, University of Arhus, R.Feidenhans'l, 
Physics Department, Risp National Laboratory, Denmark, and I.K. Robinson AT&T Bell 
Laboratories, Murray Hill, USA) 

Oxygen reacts with Cu(100) and Cu(llO) by formation of highly stable Cu-0 chains 
parallel with the (001) directions in the surface. (001) rows are present on the (100) and 
(110) surfaces, but not on the (111) surface, which makes it more inert to oxygen. We have 
studied the C u ( l l l ) - 0 system with X-ray diffraction and Scanning Tunneling Microscopy 
(STM). The X-ray diffraction measurements were performed at the AT&T beamline X16A 
at the NSLS at Brookhaven National Laboratory. The Cu surfaces were cleaned by Ar+ 

sputtering and exposed to 300 L ( 1 Langmuir (L) = 10~6 Torr-s) oxygen. Depending 
on the postanneal temperature, 400 °C or 450 °C, two reconstructions appeared. The 
unit cells were determined by STM and can only be labeled by a matrix notation. The 
annealing to 400 °C gives a unit cell 29 times larger than a 1 x 1 cell, annealing to 
450 °C gives a cell 44 times as large. None of the structures have been correctly identified 
previously. Both unit cells have pi symmetry. Contours plots of the Patterson functions 
are shown in the figure, which also show the unit cell sizes. The data analysis proceeds 
along the steps indicatated in the Cu(110)c6 x 2 - 0 study, starting by comparing STM-
images and the contour plots of the Patterson functions. 

Contours plots of the Patterson function for the structure appearing after the 400 ° C an
neal (left) and after the 450 °C anneal (right). The unit cell sizes are indicated. Note the 
different scales. 
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1.38 The structure of Sulphur on C u ( l l l ) 

(R. Feidenhansl, Physics Department, Riso National Laboratory, Denmark. F. Jensen and 
F. Besenbacher, Institute of Physics, University of Århus, Denmark and I.K. Robinson, 
AT&T Bell Laboratories, Murray Hill USA) 

Sulphur is a well known poison for many catalytic reactions. Nevertheless, often the 
atomic structure of sulphur induced surface reconstructions are not known. Sulphur on 
Cu(Il 1) is such a case. The structure has a y/lx \/7Rl9.1° unit cell. We have performed a 
crystallographic analysis of this surface. The measuremnts were performed at the AT&T 
beamline X16A the NSLS, Brookhaven National Laboratory. The structure was prepared 
by exposing a clean Cu( l l l ) surface to 40 L H2S ( 1 Langmuir (L) = 10~6 Torrs) at 
100 °C. We obtained a set of 29 non-equivalent structure factor amplitudes. Rod-scans 
along the fractional-order rods showed that the structure is confined to the topmost layer. 
The structure has pS symmetry. A contour plot of the Patterson function is shown in 
the figure, indicating four inequivalent interatomic vectors, which must be included in an 
atomic model. 

Patterson plot of the Cu(ill)y/l x y/7Rl9.1°-S structure. The full lines show the unit 
cell, dotted lines indicate the underlying 1x1 unit cells of the Cu(lll) surface. 
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1.39 X-ray Reflectivity of Free-standing Smectic Films 

(P. Lambooy, S. Gierlotka, W.H. de Jeu, FOM-Institute for Atomic and Molecular 
Physics, Amsterdam, The Netherlands and R. Feidenhans'l, Physics Department, Risø 
National Laboratory, Denmark) 

In the smectic liquid crystalline phase it is possible to draw free-standing films over a hole 
in a substrate. In this situation the smectic layers (varying in number from two to very 
large numbers) are parallel to the surface of the film. Recently these films have been made 
large enough to allow for X-ray reflectivity measurements1,2). In this situation the usual 
Fresnel fall-off of the reflected signal3* is modulated by (i) fringes due to the reflections 
against the two parallel outer interfaces of the film, (ii) the signal from the finite-size 
limited Bragg peaks and its satellites due to the smectic layering. Due to the interference 
between these two effects a very sensitive measurements of the electron density perpen
dicular to the film can be obtained. 

The X-ray reflectivity of the free standing smectic films of various materials has been 
determined using the reflectometer at the beamline D4 of HASYLAB. In this situation 
the signal to noise ratio was about ten times larger than at a conventional rotating anode 
source, which allowed the reflected signal to be measured up to much higher wave-vector 
transfers. In particular, higher orders of the (00/) Bragg reflections could be accurately 
determined. This provides direct information about the deviations of the smectic layer 
structure from the sinusoidal density modulation which is usually assumed. This infor
mation cannot easily be obtained otherwise, as - in contrast to the present situation - in 
bulk samples higher-order Bragg reflections are hard to distinguish from multiple (001) 
reflections. 

Some typical reflection curves are shown in the figures. The data indicates that for the 
compound 40.8 ( the molecyle is shown in Fig. 1) the ratio of the (002) and (001) reflec
tions is in the smectic A phase about one order of magnitude smaller than in the smectic 
B phase. 

^ S . Gierlotka, P. Lambooy and W.H. de Jeu, (1990). Europhysics.Lett. 12, 341. 
2>D.J. Tweet, R. Holyst, B.D. Swanson, H. Stragier and L.B. Sorensen, (1990). 
Phys. Rev. Lett. 65, 2157 
3*See, for example, J. Als-Nielsen in Handbook of Synchrotron Radiation, Vol 3. 
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Fig. 1. Reflectivity of a 10 layer 40.8 film in the smectic B phase at 46 °C. The arrows 
indicate the (001) and (002) position. 
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Fig. 2. Reflectivity of a 37 layer 40.8film in the smectic A phase at 51 °C (left) around 
the (001) position and (right) around the (002) position, respectively. 
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1.40 Structural Properties of D P P C in a Monolayer at the Air/Water Inter
face: A Neutron Reflectivity Study 

(D. Vaknin, K. Kjær, J. Als-Nielsen, Physics Department, Risø National Laboratory, Den
mark and M. Losche, University Mainz, Germany) 

The structure of phosphatidylcholine monolayers in the highly condensed LC (liquid con
densed) phase on ultra pure H 2 0 and D 2 0 have been studied by the neutron reflection 
method. The refelctivity measuements were perfomed on a new liquid surface neutron 
reflectometer situated in the guide hall of the DR3 reactor. 

The neutron reflectivity method is by now a widely used technique for the investigation 
of surfaces and interfaces and has been described in detail by Penfold and Thomas1*. 
In contrast to X-ray, neutron reflectivities are rather limited in the momentum transfer 
range accessible, qz < 0.3Å-1, mainly due to the low incident beam intensity of neutron 
sources. However, this limitation can be compensated for by the possibility to collect 
different reflectivity data sets by isotopic substitution on the molecule composing the 
monolayer. Hence it is possible to concentrate on particular regions of the molecules at 
the surface. 

DPPC, 7T=42mN/m 

NEUTRON 

T=18°C 

H,0 X-RAY 

T=10°C T=23°C 

I 
0.0 0.4 0.0 0.4 0.0 0.4 0.0 0.4 

qz (A"
1) 

Fig. 1. Experimental reflectivities of DPPC monolayers in the highly condensed phase with 
calculated reflectivities (solid line) using one model (see text) for the four data sets. The 
data have been normalized to the calculated reflectivities, RF, of the pure water surfaces. 
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Reflectivities from DPPC-d62 monolayers on D 2 0 and H;0. taken at T = IS *C and at 
- = 42 mX/iii. are displayed in Fig. i. Also shown in Fig. I are the Fresiici-norinaiiiiwl 
reflectivities (R/Rf ) versus the momentum transfer, Q:. of X-ray data for a monolayer 
of DPPC at the same pressure and at temperatures as indicated on the Fig. 1 (the X-ray 
data were taken from Ref. 2). 

In a new approach to analyzing the data, it was demonstrated that both techniques are 
mutually complementing each other. \Ye have defined a general model based on the as
sumption that the underlying structure is the same irrespective of technique or isotope 
substitution and refined a combined data set composed of the four sets depicted in Fig. 
1. We have adopted the common two box model to calculate the reflectivities using the 
Parratt formalism3*. The scattering length densities used were obtained from standard 
values of the scattering lengths and the geometric parameters of the model. The unknown 
parameters in the model are (i) the cross section, J40- of a lipid molecule normal to the 
direction of the extended hydrocarbon chain; (ii) the tilt angle /? of the chains from the 
surface normal; (iii) the thickness, dktaj, of the lipid head group layer; and (iv) the num
ber, AV, of water molecules interpenetrating the lipid head group. A fifth parameter, the 
surface roughness, a, is assigned to each data set to account for the different temperatures 
and set-ups. The most important conclusion from our analysis is that for this particular 
monolayer, neither of the two techniques by itself is capable of modeling the interface 
structure and only the combination of both, X-ray and neutron, leads to a model with 
reasonable uncertainties for the adjustable parameters. We have in particular worked out 
the chain packing characteristics and have quantified the head group layer thickness and 
water interpcnetration into the lipid head group. Most of our findings are in quantitative 
agreement with results from structural investigations of DPPC in aqueous dispersions, 
and major differences are attributed to the head group arrangements and hydration4*. 

*> J. Penfold and R. K. Thomas, (1990). J. Phys. : Condens. Matter. 2, 1369. 
2> C. H. Helm, H. Mohwald, K. Kjær and J. Als-Nielsen, (1987). Europhys. Lett. 4, 697. 
3> L. G. Parratt, (1954). Phys. Rev., 95, 359. 
4' For details see D. Vaknin, K. Kjær. J. Als-Nielsen and M. Losche, submitted. 
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1.41 Grazing Incidence X-Ray Diffraction Measurements on Uncompressed 
Monolayers of Long Chain Alcohols and Carboxylic Acids Relevance to 
Ice Nucleation 

(D. Jacquemain. F. Levciller. S.P. VVeinbach. M. Lahav. L. Leiserowitz. Structural Chem
istry Department. Weizmann Institute of Science, Rtkorot. /.-erne/. K. Kjarr. J. Als-Nielsen. 
Physics Department. Risø Sational Laboratory, Denmark) 

Uncompressed monolayers of long chain alcohol G,H;n+iOH were found to inhibit super
cooling of water by inducing nucleation of ice1* at temperatures approaching 0 *C. (In 
contrast, water-soluble alcohols are effective anti-freeze agents which lower the equilibrium 
freezing point). The induced (non-equilibrium) freezing point was shown to be sensitive 
to chain length and parity as shown in Fig. 1. The higher freezing point induced by 
the alcohoi had been accounted for in terms of a spontaneous formation of ordered two-
dimensional (2D) clusters of alcohol molecules at the surface, with a lattice close in match 
with the ab lattice of hexagonal ice1*. The corresponding carboxylic acids monolayers 
(^ .H^-HCOOH do not nucleate ice as efficiently as the alcohol films, inducing freezing at 
temperatures as much as 12 *C lower (Fig. 1). It was suggested that the structural match 
between the ab lattice of hexagonal ice and the acid molecules lattice is not as good as 
with the alcohol lattice1*. 

We thus carried out grazing incidence X-ray diffraction measurements (GID) on uncom
pressed monolayers CHjn+iX (n = 23, 30. 31. X = OH; it = 29, X - COOH) at the 
air-water interface at 5 "C 7). The results indicate spontaneous molecular aggregation 
into large crystalline clusters at ~ zero surface pressure. The diffraction pattern for one 
alcohol (n = 30) and for the acid are shown in Fig. 2a and 2b respectively. The diffraction 
groups for the three alcohols were similar except for shifts in peak position. The results 
point to a centred rectangular cell for which the symmetry-related reflect•'»ns (1.1) and 
(1,1) coincide and the (2,0) reflection is distinct. The unit cell dimensions were computed 
for the rectangular cell {a'.br) and the distorted hexagonal cell (a = b = * | a' ± b' |,7) 
and are given in the table. The cell dimensions of the alcohols are closer than those of 
carboxylic acids ones to that of ice. 

In the self-organized crystalline clusters, the alcohol "lolecules are tilted by 8 to 11* to
wards next nearest neighbours, the tilt value being dependent on the chain length. The 
acid molecules are tilted by 26s towards nearest neighbours. The correlation lengths asso
ciated with the first order reflections show that the range of crystalline order is anisotropic, 
extending only over 35 to 95 spacings parallel to the tilt direction, but over 240 spacings 
perpendicular to it2*. The packing arrangements of the alcohol and acid amphiphiles are 
presently being determined with higher accuracy using the GID data (Fig. 2) and atom-
atom potential energy calculations. 

'* M. Gavish, R. Popovitz-Biro, M. Lahav and L. Leiserowitz. Science, in the press. 
2* D. Jacquemain, F. Leveillcr, S.P. Weinbach, M. Lahav. L. Leiserowitz. K. Kjær J. and 
Als-Nielsen, in preparation. 
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Fig. I. Freezing points of drops of supercooled rater covered by monolayers of alcohols 
C f f 2 - + i O / / (n even • . 11 odd O) and carborytic acids C«H2n+iCOOH (o). 
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Table: Centred rectangular (ar,br). and distorted hexagonal (a, b. i) unit cells. 

Compound 

n = 23, X = OH 
n = 30. X = OH 
n = 31.X = OH 

r> = 29. X = COOH 
Hexagonal ice 

a'(A) 
5.00 
4.99 
4.99 
5.53 
4.5 

*-(A) 
7.56 
7.49 
7.53 
7.44 
7.8 

a = 6(A) 

4.54 
4.50 
4.52 
4.64 
4.5 

-y(') 

113.0 
112.7 
113.0 
106.7 
120 

area (A2) 

1893 
18.67 
18.77 
20.58 
17.5 
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1.42 Grazing Incidence X-Ray Diffraction of C a d m i u m Arach ida te Monolay
ers at 9 CC over Wate r in t h e U n c o m p r e s s e d S t a t e . Evidence in Favour 
of an Ordered Cadmium Layer 

(F. Leveiller, D. Jacquemain, M. Lahav, L. Leiserowitz, Structural Chemistry Department, 
Weizmann Institute of Science, Rehovot, Israel, C. Bohm, R. M. Kenn, Universitet Mainz, 
Institut fiir physikalishe Chemie, Germany. M. Deutsch, Physics Department, Bar-Han 
University, Ramat-Gan, Israel, K. Kjaer and J. Als-Nielsen, Physics Department, Risp 
National Laboratory, Denmark) 

Induced crystallization of organic1* and inorganic2* systems under Langmuir monolayers 
suggests that ions are specifically bound to the monolayer. Thus we carried out Grazing-
Incidence X-ray Diffraction experiments at the wiggler beam line Wl in HASYLAB at 
DESY, Hamburg, on arachidic acid (CH3(CH2)i8COOH) monolayers spread over 10~3 M 
cadmium chloride solutions at a pH of 8.8 (adjusted by addition of ammonia), in order 
to determine whether the cadmium ions ar^ bound in an ordered manner, commensurate 
or incommensurate, with the arachidate monolayer. Although the monolayer surface cov
erage was 67 %, with zero surface pressure, an X-ray diffraction pattern (Fig. la) was 
observed at 9 °C displaying no less than 11 diffraction peaks. The width of the peaks 
around qx of 1.5 A"1 yield crystalline coherence lengths of ~ 1000 A. Over pure water 
under similar conditions, a relatively weak peak at qx = 1.44 A""1 was detected with a 
coherence length of ~ 500 A. Thus the cadmium ions promote the self-aggregation of the 
monolayer. 

The X-ray pattern was interpreted as follows: the three intense peaks in the range 
1.5A"1 < qx < 1.7 A - 1 , denoted as a "triplet", are due to ordering of the arachidate 
molecules. Their Bragg rod profiles indicate contribution from the hydrocarbon back
bone, whereas the profiles of the remaining reflections are flat, indicating contribution 
from a thin aorizontal layer of atoms, i.e., the Cd2 + ions. Assigning {h, k} indices {0,1}, 
{1,1} and {1,0} to the "triplet" (Fig. la), yields an oblique cell a = 4.60, b = 4.89 Å, 7 = 
121.3 °C, with an area of 19.2 Å2. We may index all the other peaks as fractional orders 
with indices {h/2, /r/3} as shown in Fig. la, yielding a cadmium unit cell which is a 2 x 3 
reconstruction of the arachidate cell. Since the molar ratio of the counter-ion Cd2+ to the 
carboxylate group CO2 is 1:2, there must be three Cd2 + ions per unit cell. A model using 
five parameters fits the intensity data set; the parameters varied are a scale factor and 
two Cd2+ ion positions fTable 1) with an assessed Debye-Waller factor. The calculated 
intensities are shown in Fig. lb. We shall need to address3 ' the question of interleaving 
ammonia and water molecules in the ionic layer, the structure of the arachidate moiety 
and the relative displacement of the arachidate and Cd2 + lattices. 

*' E.M. Landau, M. Levanon, L. Leiserowitz, M. Lahav and J. Sagiv, (1985). Nature, 
318, 353-356, E.M. Landau, S. Grayer Wolf, M. Levanon, L. Leiserowitz, M. Lahav and 
J. Sagiv, (1989). J. Am. Chem. Soc. I l l , 1436-1445. 
2) E.M. Landau, R. Popovitz-Biro, M. Levanon, L. Leiserowitz and M. Lahav, (1986). 
Mol. Cryst. Liq. Cryst., 134, 323-335, S. Mann, B.R. Heywood, S. Rajam and J.D. 
Birchall, (1988). Nature, 334, 692-695. 
3* F, Leveiller, D. Jacquemain, M, Lahav, L. Leiserowitz, M. Deutsch, K. Kjaer and J. 
Als-Nielsen, (1990), submitted to Science (1990) and Leveiller, F., in preparation. 
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Fig. 1. Uncompressed arachidic acid monolayer spread over a 10~3Af CdCli subphase; 
pH = 8.8 at 9 °C. The mean molecular area was 28 Å2 with zero surface pressure (un
compressed state), (a) The observed GID powder pattern. The assigned (h,k) indices are 
indicated above each peak, (b) The calculated powder diffraction pattern for the cadmium 
lattice. 

Cd* + 

1 
2 
3 

X 

0* 
0.264(23) 

-0.059(28) 

y 
0* 

0.405(21) 
0.637(25) 

Table 1: The fractional coordinates of 
the Cd++ ions in the unit cell a = 9.20 
Å, b = 14.68 Å,i = 121.32?. The esti
mated errors are given in parantheses. 
A: Fixed coordinates. 
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1.43 Effect of Solvent on Growth and Dissolution of Ordered Monolayers a t 
Air-Solutions Interfaces 

(S. P. Weinbach. D. Jacquemain, F. Leveiller, M. Lahav, L. Leiserowitz. Structural Chem
istry Department, The Weizmann Institute of Science, Rthovot. hmil, K. Kjær and 
J. Als-Nielsen, Physics Department, Risø National Laboratory, Deimarfc) 

The role played by solvent on the growth and dl. lution of three-dimensional (3D) 
crystals is still not a well understood phenomenon. For example, the central question 
as to how solvent-crystal surface interactions promote or inhibit growth of a particu
lar face is still, by and large, unanswered. Two-dimensional (2D) crystalline monolay
ers at the solution interface may be used as model systems for studying solvent-crystal 
surface interactions because the solvent is in contact with "one" face only. Hence we 
first studied the effect of solute molecule glycine NH^-Cr^-COj in aqueous solution on 
the growth of 2D crystallites of uncompressed monolayers of the fluorinated amphiphile 
CF3-(CF2)9-C2H4-0-CO-CH2-CH-(NH^)COj (PFA)1 ' . We had found by Grazing Inci
dence X-ray Diffraction (GID) that glycine in solution significantly retards the growth 
of crystallites of PFA; it took over 40 minutes for the CID peak to reach maximum 
intensity1*. This was interpreted as being due to hydrogen-bonding between solute glycine 
and NH^-CH-CO^ head-groups of neighbouring PFA molecules. The crystallites, once 
grown, are very stable by virtue of a hydrogen-bonded bilayer involving the PFA head-
group and the underlaying glycine laver. We performed the complementary experiment of 
monitoring growth and dissolution of PFA over an aqueous solution containing /3-alanine 
(NH3-CH2-CH2-CO2). This molecule cannot form a hydrogen-bonded layer underneath 
the PFA layer and so it retarded the PFA growth to some extent, and subsequently in
duced complete disruption of the PFA crystallites over a period of two hours (Fig. 1). 
We also monitored the growth of crystallites of uncompressed monolayers of arachidamide 
(CH3(CH2)i8-C0NH2) over pure water, formic acid (HCOOH) and formamide (HCONH2) 
water solutions. According to 3D crystal growth experiments of primary amides from 
formic acid or formamide solutions, it appears as if formic acid inhibits the formation of 
the crystal face exposing the amide group2). The GID results (Fig. 2) are in keeping with 
this deduction; uncompressed monolayers of arachidamide over pure water solutions form 
ordered aggregatee with a long correlation length. The same applies to arachidamide over 
a formamide-water solution, but over a formic acid-water solution the GID peak is so 
broad that we conclude that the acid solvent inhibits 2D crystal formation. 

^ D. Jacquemain, S. Grayer Wolf, F. Leveiller, M. Deutsch, M. Lahav, L. Leiserowitz, K. 
Kjær and J. Als-Nielsen, 81990). J. Am. Chem. Soc, 112, 7729-7736. 
2* S. P. Weinbach, L. J. W. Shimon, M. Lahav and L. Leiserowitz, work in progress. 
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1.44 Crystal l ine Phases in Fa t ty Acid Monolayers on W a t e r 

(R. M. Kenn, C. Bohm, A. M. Bibo, 1. R. Peterson. H. Mohwald, Main: University. 
Germany, K. Kjær and J. Als-Nielsen, Physics Department, Risø National Laboratory. 
Denmark) 

For monolayers of fatty acids. CH3(CH2)n_2COOH, surface pressure vs. molecular area 
isotherms exhibit anomalies at certain pressures, indicative of phase transitions. Figure 
1 shows the phase diagram thus derived for behenic acid, n = 22. This phase diagram 
is similar for all long chain fatty acids with one extra CH2 group being equivalent to an 
offset in the temperature scale of 5-10 °C. It is tempting to associate the different phases 
with different molecular packing configurations which may be revealed by Grazing Inci
dence Diffraction (GID) using Synchrotron X-rays, and the results derived from behenic 
acid may indeed be transferred to other fatty acids due to the generic nature of the phase 
diagram, c./.1*. 

Figure 2 shows the geometry of GID from a single crystal grain. The intensity distribu
tion along a Bragg rod, observable for Qz > 0, measures the intersection of the molecular 
formfactor with the Bragg rod at reciprocal lattice vector T^*, SO for tilted molecules the 
intensity may peak at a non-zero value of Qz = Q\. Denoting the polar angle from the 
surface normal to the molecular axis by t and the azimuthal angle from T^ to the projec
tion of the molecular axis on to the film plane by 4'h.k one finds tan t cos^/u = Qv

zlrh,k-

Fig. 1. Phase diagram of behenic acid obtained from isotherms. Inserts: Molec
ular conformations obtained from intensity distributions along (1,1) and (2,0) Bragg 
rods, c.f. Fig. 2. Structures: LS: Vertical, freely rotating molecules, area per molecule 
A — 20.0 Å2. S: Vertical molecules with hindered rotation, A = 19.3 Å2. CS: Ver
tical molecules, herring-bone structure of the C — C — C backbones, A — 18.6 A2. L2--
Molecules tilted towards nearest neighbours. L'7: Molecules tilted towards next-nearest 
neighbours. 
Fig. 2. The scattering geometry. 

By measuring two Bragg rod intensity distributions one can therefore unambiguously de
rive the magnitude of the molecular tilt as well as its azimuthal direction. Figure 3 shows 
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such sets of Bragg rods for the (2.0) and the (1,1) reflections in the I 2 phase (top), the L'2 

phase (middle) and the 5 phase /bottom). The corresponding molecular configurations 
are shown as inserts unit cell in Fig. 1. Data have also been obtained in the C S and the 
LS phases. In addition to the magnitude and symmetry of the molecular tilt through
out the phase diagram, the X-ray data also provide the size of unit cell and thereby the 
compressibility as well as the coherence length or crystallinity of the different phases. For 
details, see Ref. 2. 

1) A.M. Bibo and I.R. Peterson, (1990). Advan. Materials, 2, 309. 
2) R.M. Kenn, C. Bohm, A.M. Bibo, I.R. Peterson, H. Mdhwald, K. Kjær and J. Als-
Nielsen, (1990). J. Phys. Chem, in the press. 
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1.45 The Prediction of the 3-Dimensional Structure of Protein Backbones 
by Neural Network and a Novel Folding Routine 

(J. Bohr, Physics Department, Riso Rational Laboratory, Denmark, H. Bohr. L'nivtrsity 
of Illinois, Urbana-Champaign. USA. S- Brunak and R.M.J. Cotterill. The Technical Uni
versity of Denmark, H. Fredholm and S.B. Petersen. .\'ovo-.\'ordisk Rest arch Institute. 
Copenhagen, Denmark, and B. Lautrup. .Xiels Bohr Institute, Denmark) 

One current aim o* molecular biology is the determination of the three-dimensional (3D) 
tertiary structure of proteins from their sequences of amino acid residues. We deploy 
a method for predicting the 3D structure of a protein backbone from its amino acids 
sequences. A neural network was trained on matching sets of amino acid sequences and 
structural information of two types, one being the corresponding secondary structure and 
the other the binary distance constraints, in the form of diagonal bands of binary versions 
of the CQ distance matrices. In the case of a training set consisting of 13 proteases, 
the network was capable of learning to a level of 99.9 % on the distance matrix output 
and 100 % on the associated secondary structure assignment. The distance matrix for a 
protein unknown to the network was generated by the trained network. Subsequently, a 
novel minimization was used to fold the protein's backbone until a maximally attainable 
number of the distance constraints were satisfied. The 1TRM trypsin was used as a test 
case for the combined method, using a neural network and .a subsequent minimization, 
for predicting protein backbone structures. The homologous (75 %) protein 4PTP was 
included in the training set as well as used as a starting point for the minimization of the 
backbone structure. However, none of the 223 window configurations with 61 consecutive 
residues that could be generated from 1TRM, were represented in the training set. The 
result of the minimization is shown in the figure, and it agrees with the correct 3D 
structure of 1TRM, to within 3.0 A root mean square. 

ITRM ITRM 
STRUCTURE DERIVED FROM NEURAL NETWORK PREDICTION 

X-RAY DATA PLUS STEEPEST DESCENT 
n MINIMIZATION COMPARED WITH 

b X-RAV VERSION 

a) The crystal structure for ITRM, as known from X-ray data, b) The predicted structure 
of ITRM superimposed on the crystal structure. 
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1.46 Smal! Angle Scattering Studies on Coated Vesicles 

(R. Bauer. S. Hansen, Royal Veterinary and Agricultural I'nirtrsity, Denmark; M. Be-
han, G. Jones. Dairsbury Laboratory, U.K., K. Mortensen, and J. Skov Pedersen, Physics 
Department. Riso National Laboratory, Denmark) 

In a living cell, the protein clathrin1* is polymerised in the form of a poiygonic sphere 
enwrapping a small bilayer membrane vesicle. These coated vesicles serve the purpose of 
transporting specific macromolecules into the cell. Coated vesicle formation is initiated 
when ligands bind to their specific receptors on the surface membrane of a cell resulting 
in clustering of the receptors, invagination of the coated membrane and ultimately the 
formation of the coated vesicle. 

Structural information of clathrin coated vesicles has been achieved by small-angle X-
ray2) and neutron3* scattering, and dynamic light scattering4*. A characteristic peak at 
q = 0.025 A - 1 in both the X-ray and the neutron scattering profile (in D 20) from intact 
coated vesicles is consistent with a poiygonic structure of the clathrin coat. From the 
neutron and the dynamic light scattering data, the size of the coated vesicle is found to 
be 1000 A. Dynamic light scattering shows moreover a distribution of sizes for the coated 
vesicles demonstrating polydispersity of the samples. Quick freezing and slow thawing 
cause aggregation of the proteins. Simultaneously, the q = 0.025 A"'-peak is markedly 
reduced, indicating breakdown of the poiygonic structure. The figure demonstrates some 
of these properties, as observed using neutron scattering. 
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SANS'data on clathrin network: o: clathrin coated vesicles o: clathrin network without 
membrane x ; clathrin coated vesicLs previously frozen. 

'* B.M.F. Pearse, (1975). J. Mol. Biol. 97, 93-98. 
2) SAXS-Daresbury Synchrotron Facility. 
3> Risø-SANS Facility. 
A) Light Scattering Facility at the Royal Veterinary and Agricultural University. 
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1.47 Kinetics of Urea-Induced Dissociation of Human Plasma o,-
Macroglobulin 

(B. Sjoberg, S. Pap, University ofGoteborg. Sweden, and K. Mortensen . Physics Depart
ment. Riso National Laboratory. Denmark) 

Human plasma a-macroglobulin (o;M) is a glycoprotein with molecular weight about 
720000. It is generally assumed that the most important physiological role of a2M is to 
protect living materia from degradation by the presence of enzymes. The molecule has 
a complicated structure. It is a tetramer composed of identical subunits linked in pairs 
by disulfide bonds and two such disulfide bonded dimers are associated non-covalently to 
form the native tetramer. The strateg}- in our investigation of o2M is to dissociate the 
molecule by specific reagents, followed by characterization of the products by the SANS 
technique. As a result of these studies we obtain information about the quaternary struc
ture of 02M, as well as about the nature of the contact area between the subunits. The 
SANS technique is ideally suited for investigations of this kind, because, besides struc
tural information, it also offers a rapid an non-destructive determination of the average 
molecular mass of the solute. 

In the investigation we have studied the kinetics of the urea-induced dissociation of Q2M 
into two half-molecular fragments1'. Measurements have been made both by using deuter-
ated urea ((D]urea) in 99% D20, and normal urea ((H]urea) in H20. The change in relative 
mass, which occurs upon dissociation, has been followed by recording the forward scat
tering of neutrons as a function of time. All the kinetic data, recorded in the [H]urea 
concentration range from 2.44 to 5.15 M and (D]urea range from 2.70 to 6.24 M, can be 
explained by a reaction which is strictly first-order with respect to the concentration of 
un-dissociated cr2M. The velocity constant is a function of the urea concentration and it 
varies within wide limits. For instance, the half life-time of the reaction (at 21°C) at the 
lowest concentration of [Djurea studied (2.70 M) is 370 hours, whereas the same value at 
the highest concentration of [DJurea (6.24 M) is only 8 minutes. 

In this system there is also a pronounced kinetic isotope effect. That is, the dissociation 
is four times faster in H-medium as compared with D-medium, at the same urea concen
tration. From the angle dependence of the neutron scattering it can be concluded that 
the reaction is associated with a drastic change in structure; the scattering curve of urea-
dissociated o2M can best be explained by a Gaussian coil with a radius of gyration equal 
9.44 nm. We have also studied the temperature dependence upon the velocity constant. 
To our surprise, we found that the dissociation goes faster at +4°C, as compared to room 
'»mperature. This result indicates that entropy factors are involved and that hydropho
bic interactions probably are of importance in the non-covalent interaction between the 
subunits of Q 2 M . 

'* B. Sjoberg, S. Pap, S.E. Jam berg and K. Mortensen, submitttd. 
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1.48 Solution Structure and Interaction of Thiol-Ester Proteins 

(R. Osterberg. The Swedish University of Agricultural Science. Uppsala. Sweden. A. Ikai. 
Tokyo Institute of Technology. Japan, and K. Mortensen, Physics Dt part ment. Rise .Va-
tional Laboratory. Denmark) 

Within the family of native thiol-ester proteins there are monomers, dimrrs and tetramers 
with monomeric molecular masses ranging from 1S-5 to 200 kD. One kind of monomeric 
thiol-ester proteins is that involved initially in the cascade reaction by romplement pro
teins. For instance, activation of the classical or the alternative pathway occurs via a 
enzymatic cleavage of the proteins: C A or C3, respectively. The cleavage yields the small 
fragments CAa and C3o, and the large fragments CAb and CZb. As a result, the labile 
thiol ester bond is split and the 6-fragments (C4b or CZb) may become attached to the 
target particle, say a bacterium; thereby, the first building stone for the successive forma
tion of membrane attack complex is formed. Using a Kratky-small-angle X-ray (SAXS) 
camera in Uppsala, and the Risø small-angle neutron scattering (SANS) instrument, we 
have characterized the complement proteins C3, CA. C5 and some components within 
the so-called complement cascade1'. Also, protein-protein complexes, and dimers suppos
edly involved in the complement reaction have been characterized2'. More recently, using 
monoclonal antibodies as markers we have analyzed the conformation change which is 
induced by the thiol ester cleavage. The results indicate that the conformational change 
involves rotation of a large globular domain within the C3 protein3'. 

The facts that organs from pigs are now being used as sources for transplantation on hu
mans, has encouraged us to perform a pa. el study on human and porcine CZ and C A. 
The results from these studies show close similarities between the human and the porcine 
proteins. Also, the porcine proteins cross-react with monoclonal antibodies raised against 
the corresponding human proteins. Analysis of the solution structures of the antibody 
complexes indicate that the epitopes on the porcine proteins are situated on a similar 
surface area as those of the human proteins4 '. Another kind of monomeric thiol-ester 
protein is the proteinase inhibitor, Q1/3, present in the blood plasma of rats and mice. 
It can reach concentrations as high as 15 mg/ml. The SAXS and SANS data shows 
that 0113 has close similarity in size and shape with those of the CZ and C A monomers. 
The most recent study involves certain tetramers that show atypical reartions relative to 
methylamine or proteinase. Here, SAXS and SANS are the most powerful methods, since 
these reactions yield clear changes both in the correlation peak and the radius of gyration. 
Neutron scattering from solution of ovostatin (a protein obtained from hen ?.nd crocodile 
eggs) in the absence and presence of methylamine yields well resolved data for scattering 
vector q < 0.25 A - 1 . These data are now being analyzed. 

' ' R. Osterberg, B. Malmensteen, U. Nilsson, G. Eggertsen, and J. Kjems, (1988). Int. J. 
Biol. Macromol. 10.15-20. 
2» R. Osterberg, U. Nilsson, and G. Eggertsen. (1985). J. Biol. Chem. 260, 12970-12973. 
3 ' R. Osterberg, U- Nilsson, T. Stigbrand and J. Kjems, (1989). Eur. J. Biochem, 183, 
507-511. 
4 ' R. Osterberg, U. Nilsson, T. Stigbrand and K. Mortensen, (1990), submitted. 
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1.49 Studies on Humic Acid Structure and Metal Ion Binding under Various 
Environmental Conditions 

(R. Osterberg. I. Lindkvist. The Swedish l'nivtrsity of Agricultural Scie net. I'ppsala. Su-e-
dtn, Oluf Wahlberg. Department Inorganic Chemistry. KTH. Stockholm. Surtden, and K. 
Mortensen, Physics Department. Riso Xational Laboratory. Denmark) 

Humic acids are highly reactive organic poly-electrolytes that are present in all soils and 
natural water systems. They react with and bind not only metal ions, but also organic 
compounds of both low and high molecular weight. They are of great importance for the 
transport of nutrients and for making them available to the plani kingdom. Neverthe
less, as yet, the chemical structures of humic acids are not known, and therefore, studies 
intended to increase our knowledge of the humic acid struct -re would be an urgent re
quirement for a better understanding of the transport of nutrients as well as the transport 
of toxic metal ions and toxic organic compounds in nature. 

We have started a general program to study humic acids under various environmental 
conditions. These studies include small-angle neutron scattering (SANS) to analyze the 
size and the shape. Simultaneously, the metal ion binding and acid-base properties are 
being analyzed using a high-precision electromotive force method. One important factor, 
which is being studied, is the influence of the and rains on the humic acid structure, as 
well as on its reactivity and thermodynamic metal ion binding stability. Because it has 
been reported that humic acids from various sources show great variations in properties, 
we have studied three different samples. They are all carefully prepared standard samples. 
two from Europe and one from USA. The SANS measurements involved the full capacity 
of the new Risc-SANS instrument in order to reach sufficiently large range of scattering 
vectors, q. The results shows surprisingly good agreement among the three different sam
ples, as far as the radius of gyration R3 for the largest particles are concerned. However, 
the Æ,-values determined are about a factor of ten larger than those previously reported 
by other investigators. 

By measuring the humic-acid in solution of differnt H2O-D2O mixtures, one is able to 
change the contrasts and this yields data which reflect the internal structure of the hu
mus particles in solution. It is the aim, that these studies will result in a model which 
explains why humic acids bind both hydrophilic (such as metal ions, proteins and carbo
hydrates) and hydrophobic (such as various pesticides, herbicides, and lipids) compounds. 
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1.50 Evolution of the Structure of Bicontinous Microemulsion 

(S. H. Chen. LVM/DSM Research. Gelttn. th> \rthiHands. J. Samsoth. Institut for £.1-
ergittkntkk Kjtlltr. Sorway. and K. Mortensen. Physics Department. Rise Xational Lab
oratory. Denmark) 

In three-component microemulsions composed oil. water and surfactant, the microstruc-
ture can continuously vary from a collection of water droplets suspended in oil to a 
collection of oil droplets suspended in water each coated with a monolayer of surfac
tant. It is plausible to imagine that in the transition region of inverting form the water 
internal structure to water external structure, the microemulsions must adopt a bicon-
tinuous structure especially when there are equal volume fraction of oil and water and 
the surfactant is balanced in its hydrophilic and lipophilic tendencies. We investigate a 
model microemulsion system consisting of decane/water (0.6% NaCi added)/AOT in its 
one-phase microemulsion region, as a function of temperature. We used equal volume 
fraction of decane and water each at 45SE and the volume fraction of surfactant AOT kept 
a constant value of 10%. As the temperature varies from the lower phase boundary at 
T\ = 35 *C to the upper boundary at 7". = 55 *C the microemulsion is known to evolve 
from the water internal structure continuously to the water external structure1*. The 
phase diagram of the system in the T — •) plane, where 7 denotes the surfactant weight 
fraction, is shown in the first figure. We are particularly interested in searching for the 
inversion — temperature within the one-phase channel. We have performed SANS exper
iments using the bulk contrast between oil and water and an interface contrast between 
surfactant and oil in water. We have, by a careful examination of the set of data for the 
temperature variation at constant composition, located the inversion temperature to be 
at 40 *G2>. At this temperature the surfactant can be said to be completely balanced 
and the structure should be truely bi-continuous. The second figure shows an example of 
SANS scattering data, as obtained for sample with interface contrast. 

0,0/NoCI - n-OKon* - AOT 
66. 

u a m m i i ntcaMuvisiM M U cut 

1060 " 

1/1 

z 

10. eø. 
Gi-vre Cut .21 

30 . 0 .01 Ø.03 0 . 1 0 .3 

SCATTERING VECTOR t l / f t ) 

a) Phase diagram of AOT/D20/H-decane microemulsions at a = 100 vt.% oiljwt.% eril+ 
wt.% water = 0.40. b) SANS data of the system obtained at the 14-3^ (1-phase to 3-
phasr) transition. The full line represents fitting to a model 2\ 

1) S.H. Chen. S.L. Chang, and R. Strey. (1990). J. Chem. Phys. 93, 1907. 
2) S.H. Chen, S.L. Chang, R. Strey. J. Samscth, K. Mortensen, in the press. 
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1.51 Effect of Alcohols on t h e P r o p e r t i e s of Micellar Sys tems 

(Ci. Forland. Kjtmisk Institut. Btrgen I'nirtrsity, Xorway. J. Samseth. Institut for Entr-
aiteknikk. Kjtlltr. Xoruray. and K. Mortensen. Physic* Department. Hi.<c Xational Labo
ratory. Denmark) 

Alcohol solubilization effects on aqueous solutions of sodiunidodecyl-sulfate (SDS) mi-
cellar system has been investigated by means of quasielastic light scattering, viscosity 
measurements, and small-angle neutron scattering experiment*. 

Aquaous solutions of 0.4 molar SDS was used. For the neutron scattering experiments 
D 2 0 was used instead of normal H ; 0 in order to obtain good contrast. The investiga
tions includes the different alcohols: 1-butanol. I-pentanoI and 1-hexanol. The effect of 
different concentrations of these alcohols was studied. Moreover the effect of the ionic 
strength was investigated by changing the NaCl concentration (maximum 0.4 molar). 

Light scattering, neutron scattering and viscosity measurements on the pristine material 
show all spherical micelles. Upon the addition of butanol. which is a short chain alcohol, 
neither the size nor the shape of the micelles changes. It is therefore probably ".hat bu
tanol remains in the water rather than interpenetrating the SDS miceilses. Upon addition 
of pentanol, however, the micellar radius increased, reaching a maximum value at about 
0.15 molar pentanol. Hexanol. on the other hand, seems to change both the size and the 
shape of the micelles. The light scattering measurements were originally interpreted as 
indicating highly hexanol-swollen micelles. However, light scattering data are difficult to 
interpret and the data may rather indicate changes in shape and micellar interactions. 
New neutron scattering data indicates that changes in the shape are more important for 
the hexanoI/SDS micellar system. 
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1.52 Small-Angle Scattering of Poly( Vinylehloride) 

(R.L. Scherreulnrrg. II.R. Reynaers. h'atf.ahtkt C'pirersittit. Ltmrtn. Belgium. 
K. Mortensen. I*hysics Dtpartmtnt. Riso Sationat Laboratory. W.A.H.M. Vlak. Xtther-
lamds Energy Rtstarch Foundation. ECX. Pttttn. The Xethtrlnnds. and C. Gondard 
LYM/DSM Rt starch. Gtlten. The Xeikerhndf) 

The influence of the polymerization temperature on the internal morphology of poly {vinyl-
chloride) (PVC) powders has been examined with both small-angle X-ray and small-
angle neutron scattering Neutron scattering experiments were carried out at both the 
Petten-SANS facility and at the Ris*-SANS facility. The neutron scattering experiments 
were proven to be favorable relative to the X-ray scattering, partly because of the high 
absorption of X-rays by poly (vinylchloride) and partly because of the better resolution 
possible using long wavelength neutrons. The experiment showed that the PVC powders 
contain pores of about 'jcm. No indication were found for the presence of the proposed 
micro-porosity, with length scales much below 1 /im. The specific surface of the powders 
proved to be very dependent on the polymerization temperature, however. All powders 
studied showed a non-ideal Porod relation-ship. In stead of the intensity ~ {Q)*„ where 
Q is the scattering vector and with o=4 for a sharp interface, an exponent of o=4.5 was 
found, indicating a rather smooth surface of the powder. The figure shows the SANS data 
as obtained for PVC sample polymerized at different temperatures. Piasticized samples 
of PVC exhibit a prominent peak in the small-angle scattering experiment. This peak 
has been interpreted using a two-phase model where the two phases are assumed to be 
respectively amorphous piasticized material and unplasticized crystalline PVC1"2*- The 
position of the correlation peak therefore gives information on the penetration of solvent in 
P V C Preliminary small-angle neutron scattering experiments were carried out on three 
PVC samples for different plasticizer concentrations. The experiments shows that the 
correlation peak, and thereby the internal structure of plasticized/non-plasticized material 
is dependent on both the solve.it and the polymerization temperature. 

IO09Catl«ring v«ctor O) 

SAS'S data on PVC samples as polymerized at different temperatures: o; 86 "C<: 81 °C 
O: 74 'C A : 64 'CO: 44 *C +: 36 °C O; 26 °C. 
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1.53 Ordered Phases in Block-Co-Polymer Melts 

(K. Almdal. F. Bates, K. Koppi, University of Minntsote, Minneapolis, 
Mortensen, Physics Department, Risø National Laboratory, Denmark) 

USA, and K. 

The balance between entropic and energetic factors, and the corresponding phase be
haviour, is particularly delicate in soft materials, such as microemulsions, micellar solu
tions, and block copolymers. Lacking short range order, these mesomorphic substances 
can fill space through the formation of intriguing microstructures, including bicontinuous 
phases characterized by periodic area minimizing surfaces. Block copolymers are particu
larly suitable for the investigation of such phase behaviour since the molecular parameters 
which govern the overall entropy and energy can be independently and precisely controlled. 
By the application of a shear field, long range order can be obtained, resulting in well 
defined tlnee-dimensionally resolved Bragg reflections. By neutron small-angle scattering 
and shear modulus measurements, we are mapping the phase diagram of a model diblock 
copolymer, consisting of poly(ethylene-propylene) PEP a.id poly(ethyethylene) PEE1). 
For example, we have shown that the PEP0.65 PEE0.35 changes between three ordered 
phases: a low temperature discontinuous lamellar structure, a mono-continuous and a bi-
conlinuou.^ ordered phase at intermediat „• temperatures, and a disordered bi-continuous 
ph^se at high temperature2*. In other regions of the phase diagram, hexagonal structures 
develops, as shown in the figure. 
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SANS-data on PEP-PEE, showing hexagonal structure. 

11 F.S. Bates, J.H. Rosedale and G.H. Fredrickson, (1990). J. C.iem. Phys. 92, 6255-6270. 
2) K. Almdal, K. Koppi, F.S. Bates and K. Mortensen, submitted. 
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1.54 Structural Studies of the Aggregation of Co-Block-Copolymers in Aque
ous Solution 

(K. Mortensen, J. Skov Pedersen, Physics Department, Risø National Laboratory, Den-
nark, W. Brown, Lfniversity of Uppsala, Sweden, and S. Hvidt, Roskilde University Cen
ter, Denmark) 

Aqueous solutions of the low-molecular weight tri-block copolymer consisting of poly(oxy-
propylene) POP and poly(oxyethylene) POE exhibit interesting, unusual characteristics. 
While the solution of POP-POE-POP copolymer at low temperature forms a low viscous 
liquid, the high temperature properties reveal that of of a solid-like gel1,2'. 

The structural properties of the copolymer OP40OE25OP40 has been studied by small-
angle neutron scattering. Samples with different concentration ranging from 1% to 30% 
polymer has been studied as a function of temperature. The scattering data clearly reveal 
the correlated structure resulting in the gel-phase at high temperature. However, while 
viscosity measurements shows a transition to the gel state to occur within less than one 
degree1^, the neutron scattering data shows a gradually developing correlated structure, 
as given by the intensity of the correlation peak observed. In the figure is shown the 
development of the scattering function for the 20% POP-POE-POP sample. At low tem
peratures, both the intensity and the ^-dependence of the neutron scattering is rather 
weak. This is in contrast to dynamic light scattering experiments, whic1* indicates both 
well defined POP-POE-POP monomers and micelles at low temperatures1). At high 
temperature (not shown in the figure), the correlation peak vanish, and low-angle scatter
ing dominates the structure-factor in agreement with the cloud-point observed by static 
light scattering. 
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SANS data on aqueous solution of 23% OPWOEJSOPM as obtained at temperatures rang
ing from 8 to 61 °C. Above approximately 13 °C, a well defined correlation peak develops. 
There seems not to be any marked change in the correlation peak at the gel-transition tem
perature, Tg = 30 °C, as observed by viscosity measurements. 

V H.R. Brown, H. Kasakevich, and G.D. Wifcnall, (1986). Polymer 27, 1345. 
2> D.G.H. Ballard, A.N. Burgess, J.M. Dekoninck, and E.A. Roberts, (1987). Polymer 
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1.55 Small Angle Neutron Scattering Study of PDMS Gels Cross-linked by-
Electron Irradiation and Swollen to Equilibrium 

(A.N. Falcåo, J. Skov Pedersen, and K. Mortensen , Physics Department, Riso National 
Laboratory, Denmark) 

A polymer melt, randomly crosslinked, will reach the gel point at a certain crosslink 
density. A macroscopic cluster of connected polymers will then be formed extending the 
whole sample, and the elastical properties of the polymer will change from liquid-like be
haviour to solid-like behaviour. Although gelation processes and polymer networks have 
been, for many years, an active area of research, there <\re several questions lacking a 
proper answer. Seeking a better understanding of the microscopic properties of randomly 
crosslinked polymer gels, we address, in particular, the question of how a network acco
modates changes in volume on a local scale. 

Recently1-2*, it has been reported that the swelling process of randomly crosslinked gels 
disagrees with the classical picture of a regular network whose elementary strands expand 
upon swelling. This conclusion was drawn from the results of scattering experiments 
performed on swollen networks prepared by random crosslinking of the polymers in their 
reaction bath. A comparison between the signal produced by these swollen gels with the 
one produced by dissolved samples that have the same polymer concentration, showed 
that, for large scattering vector q (small length scales), both signals match almost per
fectly (no evidence of any deformation was observed"). On the other hand, in the small 
q region the signals are very different - a strong increase in the scattering intensity of 
the gel is observed, indicating important fluctuations of polymer concentration at large 
scales. To explain the very heterogeneous swelling of the gel, a model based on percolation 
theory was proposed. It introduces the notion of "frozen blobT' - a blob that is trapped 
by crosslinks produced in first neighbour contact points on the model lattice. The frozen 
blobs can form clusters whose mass distribution depends on the crosslink density. Even 
in the presence of a good solvent, the frozen blobs are not expected to swell, the solvent 
being absorbed in the medium in between the clusters. This model piedics two correlation 
lengths : & - associated with the typical size of the blob ; £c - associaied with the typical 
size of the clusters of frozen blobs. The small angle scattering curve of such a system 
will then show three different regions: q 3> 1/& where the inner structure of the blobs is 
probed, £c «C 7 <C 1/& where the inner structure of the clusters is probed, and q <& l/£c 

where the gel looks homogeneous. 

We have started studying the structural characterization of polidymeth} Isiloxane (PDMS) 
networks produced by electron irradiation. However, instead of performing the crosslink
ing in the reaction bath, we crosslinked the polymer melt. In order to determine the 
gel fraction dependance on the received dose, samples were irradiated at different doses 
(ranging from 30 kGy to 1 MGy). After irradiation the non-crosslinked fraction was ex
tracted in a bath of p-xylene under N2 atmosphere and a temperature of 60 °C for several 
days. The gel fraction was measured by the ratio between the masses after and before 
extraction. The equilibrium swelling dependence on the dose received was measured by 
the volume change produced by immersing the crosslinked networks in excess of p-xylene. 
The small angle scattered intensity was recorded for five samples (irradiated at doses 
100 kGy, 125 kGy, 150 kGy, 400 kGy and 800 kGy), after being swollen to equilibrium 
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in fully deuterated p-xylene. Also polymer solutions with the same volume fractions were 
measured. 

Although the analysis of the experimental data is at its beginning, some qualitative be
haviour can already be given: i) The samples show the characteristic increase in scattered 
intensity at very low q . The highest intensity at very small q was found in the 125 kGy 
sample. The increase in intensity is gradually less pronounced for increasing dose; ii) Fig.l 
shows a log-log plot of the absolute intensities for the sample crosslinked at 100 kGy and 
for the solution having the same polymer volume fraction. At very small q the signal falls 
off following a power law. Then it has an apparent small plateau before falling off again 
following another power law. This kink was observed for the samples crosslinked at 100, 
125 and 150 kGy, although the width of the apparent plateau decreases with increasing 
crosslinking degree. At 400 kGy it is hardly possible to identify it and at 800 kGy it 
is definitly not observed; iii) The £c crossover is not observed in the samples crosslinked 
at 100 and 125 kGy, presumably because they are shifted to values of q so small that 
it was not accessed in the experiment. However samples irradiated at 150 and 4C0 kGy 
show a tendency for the intensity to level off at very small q, and that effect is clear for 
the higher dose sample (800 kGy); iv) & is clearly present for all samples except for the 
800 kGy one, where an extended cross-over region is present; v) Although i)-iv) are in 
qualitative agreement with the model proposed, the power law dependence of intensity 
does not agree with the values predicted by the theory. In the intermediate regime they 
are systematically lower than the predicted ones, and they depend on the crosslinking 
degree. From 100 kGy to 125 kGy it increases, and for higher doses it decreases. At 
800 kGy the power law is completely shadowed by the crossover. In the high q regime, 
the slopes are not constant, but decrease with the dose. 

Fig. 1. Log-log plot of the ab
solute intensities for the sample 
crosslinked at 100 kGy, and for 
the solution having the same vol
ume fraction. 
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1] J. Bastide and L. Leibler, (1988). Macromolecules 2 1 , 2647. 
2) J. Bastide, L. Leibler and J, Prost, (1990). Macromolecules 23, 1821. 
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1.56 Structural and Thermal Studies of Silica Aerogel 

(D. Posselt, J. Kjems, J. Skov Pedersen. K. Mortensen. Physics Dejwrimfnt. Riso .\'a-
tional Laboratory, Denmark, A. Bernasconi. T. Sleator and H. R. Ott, Laboratorium fir 
Festkorperphysik, ETH-Honggerberg, Switzerland) 

The concept of self-similarity is an 'alternative' symmetry concept giving a key to system
atic descriptions of certain amorphous materials. A three year ph.d. project has focused 
on materials for which self-similarity is established through mass-fractal scaling: mass oc 
(distance)**'. where dy is the fractal dimension. Dried silica gels have become prototype 
model systems, showing mass-fractal scaling over up to two decades in lengthscale (10-
1000 A), depending on the detailed preparation conditions. 

Silica gels are made in the liquid state, i.e. as wet gels. After gelling the gels must be 
dried without destroying the gel network, which can be done by hypercritical drying or 
alternatively by freeze drying. The last method however, produces powders of mm-sized 
grains. Small-angle scattering with X-rays (SAXS) and neutrons (SANS) have been used 
to investigate changes in the dry gel structure, when reaction parameters such as pH and 
aging time of the wet gel are varied . The gel structure is characterized by four parameters: 
The fractal dimension <f/, the size of the building blocks R, the maximum length scale 
at which mass-fractal scaling applies, i.e. the correlation length £, and a surface fractal 
dimension characterizing the degree of roughness of the inner surface of the dried gel. 
These parameters are found for different types of gels by model fitting in reciprocal space, 
and the systematica found is explained in terms of reaction chemistry. 
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Fig. 1. SANS spectra of a homologous series of base-catalyzed silica aerogels. 
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A homoiogous series of three basr-oatalyzed aerogels with densities 0.145 g/cm3 (LD). 
0.190 g/cm3 (MD) and 0.275 g/cm3 (HD) have been characterized by SANS (Fig. 1). 
sound velocity measurements and Brillouin light scattering. The data are found to be 
consistent with a model where the gel is made by aggregation of amorphous silica units 
with a radial size of 20 A. The fractal dimension dj ~ 2. and the correlation length £ 
is found to increase systematically with decreasing density, the values lying between 200 
and 350 A. The longitudinal sound vebcitv is varying between 182 m/s (LD) and 423 
m/s (HD). 

A basic question is. whether a fractal structure is reflected in the vibrational behaviour of 
the system in question - theories predicting localized Tracton' modes to be the dominant 
excitations in the frequency regime corresponding to fractal structure. A rough estimate 
of the relevant frequencies for the aerogel series, using the measured sound velocity and 
correlation length, gives a cross .over from long wavelength phonon behaviour to the frac
ton regime at u,̂  ~ 0.1 K, which is consistent with estimates based on Brillouin light 
scattering. 

The low temperature specific heat Cp and thermal conductivity A of the above described 
gel series have been measured at Laboratorium fur Festkorperphysik, ETH, Zurich. Due 
to long relaxation times, a technique specifically designed for aerogels has been developed. 
The technique is based on a classical thermal relaxation method, and gives both Cp and 
A in the same run. The data cover the temperature interval 0.05-20 K. Specific heat 
data for aerogel of density 0.145 g/cm3 (LD) and 0.275 g/cm3 (HD) are shown on Fig. 
2, and thermal conductivity data for th*» same samples in Fig. 3. For comparison also 
data for amorphous silica is shown1 K The data confirm the existence of three different 
vibrational regimes, where crossovers in frequency correspond to the structural crossovers. 
The crossovers in frequency are observed at temperatures which roughly corresponds to 
huj/k-B ~ T. Below T^ phonons are dominating and above TR internal modes of the basic 
particles become excited. In-between these two crossover temperatures the fracton regime 
is found. We fit a model density of states, N(ui) ex J2 for u? < u/ ,̂ and N(u) oc ud~1 

for u; > u7<T to the specific heat, and find a 'bump' in the density of states around the 
crossover frequency u.̂  between phono'1 and fracton behaviour. From the fit we find u^ ~ 
0.10 K and the spectral dimension d ~< J.l for the LD sample and w^ ~0.37 K and d ~1.2 
for the HD sample. 0 « ' .'.»: • for trie MD sample do not reach below 1 K, which is why 
they are not included in the full analysis. In the particle regime however, the MD data 
are analysed consistently within the same model as the other samples. 

Individual contributions to the thermal conductivity from phonons, fractons and particle 
modes respectively are determined. We find a linear temperature dependence in the 
fracton regime as predicted theoretically (fracton hopping model). Further we observe 
that A is proportional to Cp in the regime where the thermal properties are dominated by 
particle modes. This is interpreted as a consequence of the mean free path of the particle 
modes being limited to the size of the building blocks. The proportionality constant 
characterizes the network connectivity which increases with the sample density in analogy 
with a percolation network. Our data cannot be explained in terms of two-level states, 
and further we conclude from comparing with amorphous quartz data, that application 
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of the fractal concept to dense glasses, where mass-fractal scaling does not apply, certainly 
can be questioned. 
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Fig. 2. Specific heat data for the homologous aerogel series. The data are shown as log 
Cp/T

3 vs. log T to emphasize the different regimes and deviate us from Debye behaviour. 
T^ and TR indicate crossover temperatures. Oxidation of the samples removes organic 
rest groups attached to the inner surface of the pel. thereby decreasing the specif- heat in 
the range corresponding to onset of particle modes. Dots: Amorphous silica da.a V 
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Fig. 3. Thermal conductivity data for the homologous aerogel series in double logarithmic 
representation. T^ and TR indicate crossover iemperatures. Oxidation do not influence 
the thermal conductivity (filled points correspond to oxidized samples). Dots: Amorphous 
silica data on a scale divided by hundred}^. 

" R.C. Zeller and R.O. PohL (1971). Phys. Rev. B 4, 2029. 
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1.57 A Comparison of Results from SANS, PAT and TEM for Bulk Cu Con
taining Krypton During Isochronal Annealing 

(J. Skov Pedersen. Physics Departmtnt. Htso Xational Laboratory. I)t nmark. M. Eldrup 
and A. Horsowell. \fat(rial$ Department. Riso Xational Laboratory. Denmark) 

It is generally recognized that in the studies of gases in solids no single experimental 
technique provides a full picture of the microscopical parameters (e.g. defect concentra
tions, size distribution, gas density). We have therefore combined Small Angle Neutron 
Scattering (SANS). Transmission Electron Microscopy (TEM) and the Positron Annihi
lation Techniques (PAT) to investigate bulk samples of Cu containing 3 at. % of Kr. The 
samples were obtained from Harwell, U.K.1', where they were produced by a combined 
sputtering and implantation method. In the present study we have given special attention 
to preparing identical samples used in the application of the three different techniques. 
The samples were studied as-prepared and annealed to 275 °C, 425 °C and 575 °C. 

The PAT investigations give information on the positron lifetimes which have a simple 
relation to the density of Kr in the gas bubbles2'. Assuming equilibrium Kr bubbles the 
density can be used to calculate the bubble radii r. These are given i.i the table (in A) 
together with the volume fraction 5 (in %) as derived from the Kr density in the bubbles 
and the value for the atomic percentage of Kr determined by high temperature outgasing. 
Also shown in the table are the results from SANS and TEM. The SANS results were de
rived from an indirect Fourier transformation3' of the scattering data. The transformation 
gives the correlation function of the bubbles which was interpret at ed in terms of a two 
shell model. The inner shell describes the bubbles and the outer shell describes a volume 
outside the bubble which is depleted of Kr. The volume fraction is found by determining 
the bubble concentrations using the Kr density determined by PAT to calculate the scat
tering contrast between the buSbles and the Cu matrix. The TE.M results are derived 
from the measured size distributions and estimates of the bubble densities. The results 
in the table are not in good agreement. When comparing radii, however, one should keep 
in mind the difference between the techniques in the weighting of small bubbles relative 
to large ones when calculating the average radii that are dispalyed in the table. For PAT 
the detection probability is roughly proportional to ra, where a is between one and two. 
For the SANS measurements the scattering power of a bubble is proportional to r6, and 
consequently the large bubbles are heaviiy weighted. For TEM, resolution problems for 
small bubbles also weight large bubbles. 
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The size distributions have also been determined from the SANS data. The bubbles were 
assumed to be spherical «.nd the bubble-bubble correlation effects were modelled by using 
the structure factor for hard spheres4'. It was assumed that the hard sphere radius is 
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proportional to the actual radius and that bubbles with a certain size are surrounded 
only by spheres of the same size (a local mono-disperse model). The determined volume 
distributions are shown in Fig. 1. The distribution is centered around 10 A for the two 
lowest annealing temperatures, whereas the center of the distribution moves to higher 
values for higher annealing temperatures. A small contribution of bubbles with small 
radii seems to persist even at the two highest temperatures. This is in disagreement with 
the size distributions determined by TEM. However, for all annealing temperatures there 
is a fair agreement between the size distributions determined by SANS and TEM for the 
bubbles with large radii. 
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Fig. 1. The volvmt distributions determined from the SANS data. 

'> D.S. Whitmell, R.S. Nelson, K.J.S. Smith and GJ. Bauer, (19S3). Eur. Appl. Res. 
Reports - Nuci. Sci. Techn. 4, 513. 
2> K.O. Jensen, M. Eldrup. N.J. Pedersen and J.K. Evans, (19SS). J. Phys. F: Met. Phys. 
18, 1703. 
3) O. Glatter. (1977). J. Appl. Cryst.10, 415. 
4) J.D. Kinning and E.L. Thomas, (1984). Macromolecules 17, 1712. 
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1.5£ Cavity Growth Rates in Fatigued Copper 

(J. G. Barker. J. R. Weertman. Sorthmstem University. Evanston. Illinois. l-SA and 
J. Skov Pedersen, Physics Department. Riso Sational Laboratory. Denmark) 

Materials stressed at high temperatures (0.4-0.7 times the melting temperature) fail by 
the nucleation. growth, and coalescence of grain boundary cavities. Diffusion«! growth 
of cavities in materials under static stress has been adequately described1', but predicts 
no net growth under fully reversed fatigue conditions. By including a second order stress 
dependence of the grain boundary diffusivity, a small net growth rate is expected2', but 
in practice, the cavity growth rate under fatigue matches or exceeds that under creep 
conditions. Other mechanisms involving plastic strain or gas stabilization have also been 
proposed3~4). 

In a previous study the dependence of the cavity growth rate on the fatigue frequency 
was determined*1. The present study determines the stress amplitude dependence of the 
cavity growth rate. A weighted average cavity size, Rp =< R3 >/< R2 >. is measured by 
combining precision density measurements (PDM) to determine the cavity volume frac
tion, K, with small angle neutron scattering (SANS) measurements in the Porod region 
{q~* behaviour of the intensity, where q is the modulus of the scattering vector) to de
termine the total cavity surface area. 5». A characteristic cavity volume is defined as: 
Vp = *xRp;Rp = 3VC/S»; a characteristic cavity number density as: Sr = V*fVp- Vp and 
Np will give estimates of the cavity growth and nuclcawou rates, • •' i very. 

Nominally 99.999% pure copper samples were fatiqued at temperature 67? K and fre
quency v = 17 s_ I . The stress amplitude ACT was varied f-om 7 to 48 MPa. The number 
of fatigue ycles was varied from 9 -106 at 7 MPa stress amplitude to 7 • 104 at 48 MPA. 
The measured cavity volume fractions V, varied from 3 • 10~4 to 3 • 10~3. The measured 
specific cavity surface areas varied from 2 to 15 mm -1. The characteristic cavity volumes 
V̂  varied from 0.3 to 4.0 øm3. 

The SANS data near the beam deviates from the Porod law as shown as solid symbols in 
Fig. 1, with the Porod law expressed as a horizontal line in the plot. The deviation has 
been attributed primarily to collimation smearing. To determine how smearing effects 
data, both the true scattering intensity dependence upon the scattering vector q and th< 
probability distribution of q measured at a fixed detector element position must be known 
or estimated. The distribution of q depends upon the dimensions of the apertures, flight 
paths, detector resolution function, and wavelength spread of the velocity selector. 

Assuming the data to actually follow the Porod law, the smearing effect was modeled. 
Using the method of Skov Pedersen et al.7\ the probability distribution of the scattering 
vector has been analytically modeled to fit Gaussian functions based upon the character
istics of the SANS instrument. The dashed curve in Fig. 1 represents the above smearing 
calculation. In addition, in the present work a numerical method has been developed that 
calculates the shape of the probability distribution of the scattering vector for the circu
lar aperture geometry, including beamstop shadowing. The analytical expressions in7' for 
the fitted Gaussian-like functions will be modified to include beamstop shadowing in the 
future. The solid curve in Fig. 1 represents the numerical calculations. The agreement 
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between the smearing calculations and the experimental data indicates that combined 
sntearing and heamstop shadowing effects cause the observed deviation from the Porod 
law. 

2 

CL 

^ 1 
cr 

0 

0 0.025 0.05 
q (A-1) 

Fig. 1. A Porod plot of tht observed scattering. Dashed curve: Porod scattering smtartd 
by the Gaussian-likt resolution function'*. Solid curvt: Smeared Porod scattring calcu-
'eted by the numerical method. 

The scattering measurements also showed a transition from circular to square scattering 
contours with increasing degree of cavitation. Cavities formed during the high tempera
ture fatigue of copper have been found to form on grain boundaries aligned preferentially 
30* to 60° to the stress axis$). Calculations indicate that the combination of the pre
ferred cavity orientation with cavity elongation with increasing degree of cavitation will 
cause the observed transition ftom circular to square scattering contours. The present 
measurements combined with previous ireasurements made on copper**, haw determined 
an empirical correlation of the cavity growth rate dVrjdt with stress amplitude Aa and 
frequency v : dVJdt = 4 • 1 0 - V 4 7 ( ' - W V ^ / s . 

From the frequency and stress amplitude dependence of the plastic strain amplitude At, , 
the above correlation can also be represented as: dYpfdt — 8 -10~3( A<p)°'\ In summary. 
by combining PDM and SANS measurements, a characteristic cavity size and number 
density can be estimated. Measurements on fatigued copper samples indicate: i) Smear
ing of the data near the beam c?uses the observed deviation from the Porod law. ii) The 
square-like intensity contours indicate oblate ellipsoid shaped cavities are aligned 45° to 
th? stress axis, iii) The cavity growth rate depends upon the stress amplitude squared, 
iv) The growth rate depends upon the plastic strain rate to the power 1/2. 

J> M.V. Speight and W.J. Beere, (1975). Met. Sci. 9, 190. 
2> J. Weertman, (1974). Met. Trans. 5, 1743. 
3> R.P. Skelton, (1966). Phil. Mag. 14, 563. 
4> A.J. Gittins, (1968). Met. Sci. 2, 51. 
*> H. Trinkai:-: (1981). Script Mel. 15r 825. 
6) J.G. Barker and J.R. Weertman, (1990). Scripta Met. 24, 227. 
7) J. Skov Pedersen, D. Posselt and K. Mortensen, (1990). J. Appl. Cryst. 23, 321. 
8> T. Saegusa and J.R. Weertman, (1978). Scripta Met. 12, 187. 
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1.59 Results of Flux and Resolution Function Calculation for SAXS Setups 
Using the Gaussian Formulation of Phase-Space Analysis 

{J. Skov Pedersen. Physics Dtpartmmt. Ri>o Xational Labomtory. Dttitnari: arul 
C. Kiekel. European Synchrotron Radiation Faciltty. Grrnoblr. Fntnct) 

We have recently developed a method for calculating the flux at the sample position and 
the width of the resolution function in reciprocal space for Small Angle X-ray Scattering 
(SAXS) setups1*. The method is a mathematical formulation of the general phase-spac-
description given by Matsushita and Kaminaga2>. In our method the intensity of the 
source, the acceptance windows of the slits and of the monochromator are decribed by-
Gaussian functions. We have further given formula for transforming these distributions 
"dong the beam line. When using Gaussian functions it is particularly simple to calcu
late total fluxes and beam sizes at any position along the beam line. We have further 
calculated the resolution function which describes the instrumental smearing of the ideal 
cross-sect ion. 

As an example we have performed calculations for the setup shown iu Fig. I. It consists 
of an elliptical mirror and a focusing monochromator crystal. The mirror focuses in the 
vertical plane and the crystal in the horizontal plane. In order to achieve ideal focusing 
the surface of the monochromator crystal makes an angle relative to the scattering crystal 
planes. Slits are situated in front of the mirror, after the monochromator and just before 
the sample. The first slit is the defining slit, whereas the two other slits only removes 
parasitic scattering from the optical elements and the slits closer to the source. Thus only 
the first defining slit need to be included in the calculations. A FORTRAN programme 
for calculating fluxes, beam sizes and resolution has been written making it very easy to 
describe several different setups of the type shown in Fig. 1 by changing only a set of 
input parameters. 

The first numerical example concerns the setup described by Hendrix et a/.3) using 
the storage ring DORIS at DESY in Hamburg as source. For the ring parameters 
4.7 GeV and 20 mA. • have extimated the brilliance of the source to be about 610 2 0 

photons/s/(rad)2/(mr ^ per unit wavelength band at a wavelength of 1.5 A. For these 
parameters we get a flux of 1- 10" photons/s compared to the value (5±2)- 10u photons/s 
as mesured by Hendrix et al. by an ionization chamber. The beam size at the detector 
is calculated to be 0.8 x 1.1 mm2 in the vertical and horizontal direction, respectively. 
The wavelength spread is very small and contributes marginally to the resolution, which 
is described by the variances 3.5-10-4 A - 1 in the vertical direction and 5.4-I0"4 A"1 in 
the horizontal direction. 

The second numerical example concerns a comparison with flux calculations by conven
tional phase-space analysis4' for a laboratory setup using a rotating anode as source. 
The source size is 0.1 x 0.1 mm2 and the brilliance at 40 keV and 40 mA is estimated 
to be 2.5-1017 photons/s/(rad)2/(mm)2 per unit wavelength band at a wavelength of 
1.54 Å. The table shows the values for the fiux found by conventional phase-space anal
ysis for several different combinations of mirrors and monochromalors compared to our 
method. The label 'mulii' refers to a setup in which a multilayer has been used instead 
of a mirror. In combination with the perfect crystal monochromator the multilayer eflec-
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tiwly works just as a mirror. From the values in the table it is seen th*t the Gaussian 
formulation of the phase-space analysis agrees very well with the conventional analysis. 

Tnble I. Huns in Hnifs Kf photons/s for the laboratory >#tup. 

Mirror/mono 
conv. 

Gauss. 

Glass/SiO_.(lO.I) | Pt/SiO2(l0.1) 
0.57 j 0.75 
0.55 ! 0.74 

Ni/Geflll)) i Multi/Ge(Ill) 
0.94 i 4.9 
1.49 j 5.5 

Fig. 1. The small angle X-ray scattering setup. 

** J. Skov Pedersen and C. liiekel. (1991), to appear in J. Appl. Cryst. (see also the 
Annual Progress Report (1989)). 
3> T. Matshushita and U. Kaminaga, (1980). J. Appl. Cryst. 13, 465 and 472. 
3) J. Hendrix, M.H.J. Koch and J. Bordas. (1979). J. Appl. Cryst. 12, 467. 
4) C Riekel, and P. Suortti, (1991), to appear in J. Appl. Cryst. 
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1.60 B e a m Deflection in L<?ue and Bragg Monochromator Geometries 

(J.Als-Nielsen and M. Wulff. Physics Department, Risø National Labomtory, Denmark) 

An X-ray beam incident on a liquid surface at glancing angles may be specularly reflected 
(XR), diffracted (GID) or yield fluorescent radiation (GIF), see Fig. 1. The three mecha
nisms, encompassing liquid surface X-ray spectrometry, give complementary information 
aboui the liquid surface structure. In common is the incident monochromatic beam: It 
has the shape of a downward sloping thin sheet with the sheet normal and the propaga
tion direction ideally spanning a vertical plane. In order to produce such a beam sheet 
one can utilize reflections fr m a synthetic multilayer crystal and an ordinary mirror as 
discussed in the next contribution. Here we compare the conventional method of Bragg 
scattering fro^ a crystal in reflection (Bragg) geometry with Bragg scattering from a 
crystal in transmission (Laue) geometry. 

The scattering geometry for both cases is shown in Fig. 2: The incident beam propagating 
along the unit vector ki with a vertical sheet normal r»i is Bragg scattered by atomic net 
planes having a common normal T tilted downwards from the horizontal plane by an angle 
t. The propagation direction of the monochromatic beam k2 is therefore tilted downwards 
by an angle n>, but unfortunately also the diffracted beam sheet is being skewed. The skew 
angle s between the sheet normal n2 and the normal to a horizontal line perpendicular 
to k2 depends on whether the crystal surface coincides with the di.Tracting atomic planes 
(Bragg geometry) or is perpendicular to them (Laue geometry). One can derive the 
following relations between the skew angle s, the deflection angle a, and the angle <f> given 
in the figure (the Bragg angle for zero tilt): 

Bragg Geometry : sin s = tan a / tan <j> 

Laut Geometry : sin s = — tan a • tan <f> 

Ideally the skew angle s should be zero. At relatively small Bragg angles (<j> < 25°) the 
Laue geomtry is more advantageous. The Laue geometry for a thin crystal, i.e. only small 
absorption, has another advantage: apart from the narrow wavelength band extracted by 
the monochromator crystal from the white spectrum of the synchrotron radiation beam, 
this beam traverses essentially unaffected further downstream where it can be utilized for 
other experimental stations. A suitable crystal for this kind of application might be a 
Beryllium single crystal wafer of about 0.5 mm thickness and with a mosaic width of 
about one minute of arc. This possibility is currently being investigated in collaboration 
with ESRF, Grenoble. 
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DIFFRACTED 
FROM EVANESC. BEAM 

TOP 
VIEW 

GRAZING 
INCIDENCE SOLLER COLLIMATOR 

SPECULAR 
REFLECTED 

Three applications of grazing incidence X-rays on a smooth surface: Specular reflection, 
diffraction and fluorescence. 

Bragg scattering geometry when an incident horizontal beam sheet (index 1) is Bragg scat
tered from a tilted monochromator with reciprocal lattice vector r to a diffracted beam 
sheet given by its propagation direction V.2 and sheet normal 112. 

Risø-R-582 97 



1.61 A Synthtetic Multilayer Crystal-Mirror Beam Deflector 

(J.Als-Nielsen and F. Grey. Physics Department. Risø National Labomtory. Denmark) 

A Synthtetic Multilayer Crystal (SMC) consisting of alternating layers of VV (25 vol%) 
and Si (75 vol%) with a total rf-spacing of 25 A was examined at the Riso X-ray laboratory 
source with respect to peak reflectivity, R0J and relative band width, u\ The experiemental 
values /?„ = 78%, W= 2.1% are in excellent agreement with the theoretical predicition 
outlined below. The SMC of WxSii_x is shown in the top part of the figure. The electron 
density in the \Y layer is 4.65 electrons/A3 and in the Si layer 0.7 electrons/A3 giving a 
contrast density of p = 3.95 electrons/A3. The amplitude reflectivity of a single layer, rt, 
is proportional to this density times the W-layer thickness xd divided by sinO. It is also 
proportional to the scattering length of a single electron, rc , and to the X-ray wavelength 
A = 2d sin 0. The finite thickness of the W-'ayer implies a dimensionless formfactor, / 
which for x = 0.25 amounts to 0.9 for the first order Bragg reflection. Altogether the 
amplitude reflectivity per layer amounts to 

r, = pr0{2d2)xf = 0.031 

Another quantity of interest is the amplitude absorption, ht, per layer. The path length 
is d/ sin 6 so the intensity is attenuated by fid/ sin 6 and the amplitude by half of that: 

hi =fid/{2 sin 9) = 0.0039 

It is clear that the relative band width w must be proportional to rx and that the loss in 
peak reflectivity is expressed by / h / r i - The explicit formulae are: 

w = 3 / ( ^ ) 7 - , = 0.021 

i?o = ( l - / » i / r , ) 2 = 0.7S 

both in excellent agreement with the experimental findings. 

The bottom part of the figure shows beam deflection by an SMC followed by a conventional 
mirror. The SMC provides a fixed wavevector transfer, Qmi = 2ir/d whereas the mirror 
can be tilted to provide any wavevector transfer up to the critical value, Qc, for total 
reflection. Explicitly, 

Qc = ^PmiToV12 

The footprint (c.f. previous contribution) due to a finite beam height sets in practise 
a lower limit of 0.3 Qc for the wavevector transfer Qm , from the mirror. The angular 
deflection aTK, resulting from succesive reflections from the SMC and the mirror is given 
by 

2kaTtl = Qmi + Qmi 

By utilizing a striped SMC with a variety of discrete d spacings that can be inserted into 
the beam a wide continuous range of deflection angles can be obtained. This arrange
ment provides a high throughput and it maintains a horizontal intersection between the 
reflected beam sheet and a vertical plane if the incident beam sheet is horizontal. 

The crystal was produced by Ovonic Synthetic Materials Company, Inc. Troy, Michigan, 
U.S.A. 
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SMC Mirror 

Top pari: A Synthetic Multilayer Crystal (SMC) of W (heavily shaded) and Si (light 
shaded) with a total d-spacing of 25 Å. Bragg scattering corresponds to a wave vector 
transfer Qmi also indicated. The 200 layers of W and Si was eavporated on a Si wafer 
substrate. Bottom part: Succesive reflections from an SMC and a conventional mirror 
provides a resulting deflection angle aTt$; the corresponding wavevector transfer 2kaTtl is 
the sum of Qmi and Qmi. 
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1.62 The Liquid Surface Neutron Reflectometcr at Risø 

(D- Vaknin. K. Kjar and J. Als-\"ielsen. Physics Department. Rtso Xational Laboratory. 
Denmark) 

A first prototype constant wavelength neutron reflectometer has been constructed and 
succesfully tested at the guide hall of the DR3 reactor at Risø. The reflectometer is de
signed according to the principles used by Als-Nielsen and Pershan , ) in their construction 
of a first prototype X-ray reflectometer for the study of gas-liquid interfaces. The reflec
tometer uses a constant wavelength neutron beam (in the range A = 3.7 - 4.S A) which is 
selected by Bragg reflection from the (002) planes of a Highly Oriented Pyrolytic Graphite 
crystal (spacing d = 3.355 Å, mosaic spread : 0.4 degrees FWHM). The monochromator 
is mounted on a motorized axis to tilt the normal of the reflecting planes away from the 
horizontal, consequently bending the incident beam to any desired glancing angle (in the 
range of 0-7°) with respect to the liquid surface. The vertical divergence and the vertical 
angle of the incident beam onto the sample are determined by a pair Gd203 coated Cd 
slits which are adjustable both in height and in width and are located at the entrance and 
exit of an 80' collimator which provides horizontal collimation. The incoming neutron 
intensity is continuously monitored with a 3He (0.05 atm) detector just in front of the 
sample. Typical intensities of the primary beam at full opening slit width [W = 4 mm) 
are about 40,000 counts/s. 

Fig. 1. Schematic top and side views of the Liquid Surface Neutron Reflectometer at 
Risø. 
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The reflected beam is pas:- d through a slit-collirnator-slit system in »n arrangement sym
metrical to the incidence side with a 3He detector (5 atm) in a position symmetrical to 
the monochromator. A liquid-nitrogen cooled Be filter mounted between the last slit and 
the detector discriminates against the A/2 component in the beam to better than 2%. For 
wavelengths around 3.7 Å we found that the A/2 component in the primary beam was 
less than 6% and need not be filtered in practice. For the determination of the background 
count rate at each momentum transfer value, qz, the detection arm is rotated out of the 
specular position hori2ontalIy to either side by 3*. The rcflectometer is controlled by a 
PC using the software package TASCOM developed at Ris«. 

Currently the reflectometer is used for the study of the structural properties of monomolec-
ular monolayers on aqueuos subphases, H20 or D20. Monolayers are prepared in a film 
balance that has been used for X-ray reflection experiments and was remodeled to incor
porate Al windows to transmit neutron radiation. H20 for the subphase is purified by a 
filtration plant (Milli-Q; Millipore Corp., Bedford, MA). The D20 can be distilled (also 
from KMnO« ) in a one stage quartz/PTFE distillation plant (Normag AG. Hofheim/Ts.. 
FRG). 

Table 1: Features of i he Liquid Surface Neutron Reflectometer at Ris« 
Monochromator 

Wavelength 
Detector 
Monitor 
Slits 

Distances 

qt range 
Resolution 
Reflectivities 
Backgorund 
Filter 
Collimators 
Analyzer (optional) 
Sample Area 

Graphite (002) T = 1.873 A"1, 
with an extra degree •>( rotation to tilt 
the beam onto the sample 
3.7 - 4.8 A 
5 atm 3He (limited vertical translation) 
0.05 atm 3He (translating vertically with sample) 
4 adjustable (height Ht and W, opening,) 
Gd203 coated Cd screens. Si 
Monochr-j.nator to S\: 272 mm 
Monochromator to 52: 675 mm 
Monochromator to Sample to Detector: 940 mm 
Detector to 53: 675 mm 
Detector to S«: 273 mm 
Pittance* can vary (lightly cadi imtaUmeni 

0.0 - 0.4 A " 1 

0.002 - 0 .03 A - 1 (dnxndmgonrt.t.) 

down to 10~6 

3 cts/min (minimum) 
Liquid-Nitrogen Cooled Be 
30', 80' and 4° available 
(002) HOPG, (with extra rotation) 
30 x 50 rnm3 (minimum) 

" J. A.i-Nielsen and P. S. Pers han, (1983). Nucl. Inst. Meth. 208, 545. 
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1.63 Intensity versus Resolution. A Comparison between the "Symmetrical" 
and "Asymmetrical** SANS Spectrometers 

(A.N. Falcio. J. Skov- Pedersen and K. Mortensen. Physics Dtpartmint. Riso National 
Laboratory. Denmark) 

The optimum design of a SANS spectrometer has been considered to be that in which the 
length of the flight path from source to sample (L%) equals that of the flight path from 
sample to detector (L2)*~7) — the "symmetrical (Lt = Z-i) design". Recently it has been 
shown3-4* th*t the highest count rate (d) at the detector is obtained when the instru
ment's dimensions, both longitudinal and transverse, are made as large as possible (the 
limits being imposed both by the requirements of the physics of the sample to investigate, 
and by the maximum physical dimensions of the geometrical parameters). In practice 
this resumes to either use the full available space for the spectrometer, or alternatively, 
the full neutron source available, and leads to spectrometer lay-outs that are, in general, 
asymmetrical (Lt £ L7). 

Since this last result has been matter for some controversy, we made an experimental test 
to see if an already existing spectrometer (the Risø SANS ) could improve its performance 
by making use of the asymmetrical lay-out. The sample used in the test was formed by 
lamellar bilayer membranes of dimyristoylphosphatidylcholine (DMPC) mixed with 14% 
cholestrol. The (10) Bragg reflection characteristic of the bilayer periodicity (9 ~ 0.1 
A'1)*) was used in the comparison. The reflection was recorded for five sets of wavelength, 
range of scattering vector q and resolution in q. For each set, two measurements were 
made: one using the L\ = L* design, and another using the L\ £ Li design. For the 
L\ / Li design, the values of the geometrical parameters were chosen according to4), 
assuming a spatial resolution of the detector equal to 8 mm. The expected FWHM of 
the peaks were then estimated following6'. The results obtained can be seen in the table 
presented below. The values for the measured intensities and FWHM of the Bragg peaks 
were determined by fitting the experimental data with a Gaussian-like expresssion for 
the resolution function superposed on a linear background. The width of the peaks was 
treated as a varying parameter. The intensities and intrinsic widths of the peaks were 
checked using an already developed least-squares fitting program where the resolution 
function6' describing the smearing of the ideal cross-section is implemented. 
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We note that: 
1) For each set of wavelength, range of q and resolution in q, the FWHM of the peaks 
measured in the Lt = L2 and the Lx± I 2 spectrometers are in excellent agreement; 
2) The asymmetrical lay-out is better performing than the symmetrical one. Given the 
wavelength, it allows to measure a certain range of q with a given resolution with higher 
count rate than the symmetrical lay-out. This is clearly seen in Fig. 1. where the spectra 
recorded with settings 1 and 2 are plotted; 
3) The measured intensity gains are slightly higher than the predicted ones. This can be 
produced by several factors that are difficult to account for. We mention five : i) Non 
uniform illumination of the source pin-bole; ii) Non uniform angular distribution of the 
neutrons transmited by the collimation; iii) Small errr i in the pin-hole dimensions; iv) 
IncerUinty in the neutron source pin-hole position due to umbra and penumbra effects 
produced by the collimation on the neutron guides; v) Increase in the wavelength spread 
due the presence of neutron guides in the space that separates the mechanical vdocity 
sdector from the neutron source pin-hole. 

30.0 

£ 20.0 

UJ 
I -

~ 10.0 

-0.0 
0.1 , 0.2 

q (A"1 J 
Fig. 1. Intensity versus Q,measured with S A neutrons (radial averaged raw data). Full 
line: asymmetrical lay-out (L\ = 3 m, Li = 2 m, $tts — 19-5 mm, ^5 = 7.8 mm, 
A/ = 8.0 mm). Dashed line: symmetrical lay-out (L\ — 2 m, L% = 1 4>NS = 13.0 mm, 
4s = 6.5 mm, A/ = 8.0 mm). The better performance of the asymmetrical spectrometer 
lay-out is clear. 

*> W. Schmatz, T. Springer, J. Schelten and K. Ibel, (1974). J. Appl. Cryst. 7, 96. 
7) D.R.F. Mildner and J.M. Carpenter, (1984). J. Appl. Cryst. 17, 249. 
3) F.M.A. Margaca, A.N. Falcao, J.F. Salgado and F.G. Carvalho, (1989). Nucl.Instr. k 
Meth. A274, 606. 
4> F.M.A. Margaca, A.N. Falcåo, J.F. Salgado and F.G. Carvalho, (1990)."Solving the 
Problem of a Small Angle Neutron Scattering Spectrometer Optimization", submitted. 
S) K. Mortensen, W. Pfeiffer, E. Sackmann and W. Knol, (1988). Bioch. Biophys. Acta, 
945,221. 
9) J.S. Pedersen, D. Posselt and K. Mortensen, (1990). J. Appl. Cryst. 23, 321. 
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1.64 In Situ X-ray Diffraction Experiments on Copper Containing Catalyst 
Samples 

(G. Fabius, B.S. Hammershøi, G- Steffensen, B. Clausen. Haldor Topsoe A/S, Lyngby. 
Denmark, and R. Feidenhans'l. Physics Department. Rise National Laboratory, Dtnmark) 

In situ X-ray powder diffraction can be used to obtain information about structural 
changes in a catalyst during a reaction. We have performed measurements at the ro
tating anode in the Physics Department with a newly developed diffractometer on the 
high pressure cell developed at Haldor Topsøe A/S. Model compounds consisting of a 
mixture of CuO and CuAIjO« were reduced in a gas composed by 5% H2. 0.4% CO, 5% 
COj and 3% Ar in N2. X-ray diffraction spectra, recorded with a position sensil;ve de
tector, were measured as a function of temperature in the range from room temperature 
to 400 *C. An example is shown in the figure. It was observed that the reduction of a 
mixture of the two copper containing phases gives rise to a bimodal size distribution of 
metallic crystallites. 
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1.6S T h e Growth of P b on MgO(lOO) 

(R. Feidenhans'l and T. Kjatt. Physic* Dtparimtnt. Riso Sal tonal Lthormfory. Dtnmmrk) 

After a year with an overwhelming amount of technical problems, the metal-MBE has 
finally started operation. The technical problems were partly caused by a sample ma
nipulator not fulfilling the specifications. The first project is the study of the growth 
of Pb on different surfaces, starting with MgO(lOO). More »han 100 Å Pb was evap
orated onto a MgO(lOO) surface at room temperatur. The Pb was evaporated from 
a Knudsen evaporation ceil held at 600 "C. The growth rate was I A/s. The Pb forms 
three-dimensional islands on the surface, as evidenced by Reflecting High Energy Electron 
Diffraction (RHEED). There is no epitaxial relation between the Pb and the MgO. the 
Pb overlayer is polycrystaltine (see figure). Investigations at different MgO temperatures 
and different substrates are in progress. 

RHEED patttrn of a polycrystallint Pb film on MgO(lOO). 
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1.66 The Liquid He Plant 

(K. Christensen and M. Nielsen, Physics Department, Risø National Laboratory. Den
mark) 

For the war 1990 the following quantities of liquid He were delivered: 47,200 liter. Of 
this 3S,700 liter He are used outside Ris«. 

HELIUM PRODUCTION 
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ber). 

ANDERSEN, N.H., LEBECH, B., MANGELSCHOTS, I. and WISNIEWSKI, A., Neu
tron Powder Diffraction and Gas Volumetry Studies of the Crystal Structure and Oxida
tion Properties of Nd1^5Ceo.i5Cu04+w (NCCO). Danish Physical Society, Spring Meeting, 
Nyborg, Denmark (May). 

ANDERSEN, N.H., LEBECH, B., MANGELSCHOTS, I. and WISNIEWSKI, A., Neu
tron Powder Diffraction and Gas Volumetry Studies of the Crystal Structure and Oxida
tion Properties of Ndî sCeo.wCuO^+y. Powder Diffraction, Satellite Meeting of the XVth 
Congress and General Assembly of the International Union of Crystallography, Toulouse, 
France (July). 

ANDERSEN, N.H., LEBECH, B. and POULSEN, H.F., Structural Phase Diagram, Oxy
gen Diffusion and Equilibrium Pressure of YBa2Cu306+x. Danish Physical Society, Spring 
Meeting, Nyborg, Denmark (May). 

ANDERSEN, N.H., LEBECH, B. and POULSEN, H.F., Structural Phase Diagram and 
Equilibrium Oxygen Partial Pressure of YBa2Cu30$+x. E-MRS 1990 Spring Conference, 
Strassbourg, France (May-June). 

ANDERSEN, N.H., LEBECH, B. and POULSEN, H.F., Structural Phase Diagram and 
Equilibrium Oxygen Partial Pressure of YBa2Cu306+i- XVth Congress and General As
sembly of the International Union of Crystallography, Toulouse, France (July). 

ANDERSEN, N.H., LEBECH, B. and POULSEN, H.F., Study of the Structural Phase 
Diagram, Oxygen Bulk In-Diffusion, and Equilibrium Partial Pressure of YBa2Cu306+i. 
3rd International Symposium on Superconductivity (ISS'90), Sendai, Japan (November). 

BAUER, R., HANSEN, S., BEHAN, M., JONES, G., MORTENSEN, K. and SÆRMARK, 
T., Small-Angle Scattering Studies on Coated Microvesicles. VIII International Meeting 
on Small-Angle Scattering, Leu ven, Belgium (August). 
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BERNASCOM, A.,SLEATOR, T., POSSELT, D and OTT, H.R.. Influence of Oxida
tion and of H2-Exchange Gas on the Thermal Properties of Silica Aerogels. International 
Conference on Low-Temperature Physics LT-19, Brighton. U.K. (August). 

BOHR, J., Epitaxial Clusters in Single Crystal host. 5th International Symposium on 
Small Particles ic Inorganic Clusters. Konstanz, Germany (September). 

BOHR, J., Magnetism and Synchrotron Radiation. Annual meeting of the German Neu
tron Scattering Society, Berlin, Germany (October). 

BOHR, J , BRODDIN, D. and LOISEAU, A., Homogeneous Annihilation of the 2q Phase 
in Cu.7»Pd.22. 10th General Conference of the Condensed Matter Division of the European 
Physical Society, Lisbon, Portugal (April). 

BOHR, J., BRODDIN, D. and LOISEAU, A., Homogeneous Annihilation of the 2q Phase 
in Cu.7»Pd.22- Spring Meeting, Nyborg, Denmark (May). 

BOHR, V. GRÅBÆK, L., ANDERSEN, HH., JOHANSEN, A., JOHNSON, E. 
and SARHOLT-KRISTENSEN, L. Krypton Inclusions in Aluminium Studied by X-ray 
Diffraction. Fundamental Aspects of Inert Gases in Solids. NATO Advanced Research 
Workshop, Bonas, France (September). 

CASTÅN, T. and LINDGÅRD, P.-A. Pinning Effects on Domain Growth: A Monte Carlo 
Simulation Study. The Danish Physical Society Spring Meeting (May). 

CLAUSEN, K.N., The Risø Cold Source. International workshop on Cold Neutron 
Sources. Los Alamos, New Mexico, USA (March). 

ELDRUP, M., PEDERSEN, J. SKOV, HORSEWELL, A., JENSEN, K. O. and EVANS, 
J. H., Comparison of Results from Different Experimental Techniques (SANS, TEM, PAT, 
SEM) Applied to Bulk Cu and Ni Containing Krypton. Fundamental Aspects of Inert 
Gases in Solids. Nato Advanced Research Workshop. Bonas, France (September). 

ELLEGAARD, O., SCHOU, J., STENUM, B., SØRENSEN, H. and PEDRYS, R-, Energy 
Distributions and Sputtering Yields from Subspikes in Ion-Bombarded Volatile Solids. 
IISC 8, 8th International Workshop on Inelastic Ion Surface Collisions. Wr. Neustadt, 
Austria (September). 

ELLEGAARD, O., SCHOU, J., SØRENSEN, H. and STENUM, B., Sputtering of Volatile 
Solids from Nonoverlapping Subspikes. Danish Physical Society, Spring Meeting, Nyborg, 
Denmark (May). 

FALCÅ0, A.N. and MARGACA, F.M.A., Neutron Guides and Small-Angle Neutron 
Scattering. A Simulation Study. VII National Physics Conference, Lisbon, Portugal 
(September). 
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FEIDENHANS'L. R., Surface Structure Determination Using Synchrotron X-rays. Com
plementary Applications of Diffraction by Neutrons and X-ray Synchrotron Radiation. 
International Satellite Conference of the IUCr XVth Congress. Alpe d'Huez, France 
(July). 

FEIDENHANS'L, R., Structure of Oxygen on Cu Surfaces. Workshop at the 3"1 Topsøe 
Summer School on Surface Science, Danish Technical University, Denmark (August). 

FEIDENHANS'L, R., GREY, F., JOHNSON, R.L., MOCHRIE, S.G.J., BOHR, J. and 
NIELSEN, M , Chemisorption of Oxygen on Cu(llO). XVth Congress and General As
sembly. International Union of Crystallography, Bordeaux, France (July). 

GREY, F., Two-dimensional Liquid Pb Studied by X-ray Diffraction. HASYLAB Annual 
Users Meeting, Hamburg, Germany (January). 

GREY, F-, Epitaxial Rotation and Rotational Phase Transitions. NATO Summer School 
on Phase Transitions in Thin Films, Erice, Italy (June). 

GREY, F., The Commensuration of Surface Structures Studied by Surface X-ray Diffrac
tion. Yamada Conference on Surface as a New Material, Osaka, Japan (July). 

GREY, F., Surface X-Ray Diffraction Studies at HASYLAB. The Photon Factory, 
Tsukuba, Japan and the Electrotechnical Laboratory, Tsukuba, Japan (July). 

GREY, F., A Symmetry Principle for Epitaxial Rotation. Workshop at the 3rd Topsøe 
Summer school on Surface Science, Danish Technical University, Denmark (August). 

GREY, F., FEIDENHANS'L, R., ZEGENHAGEN, J., JOHNSON, R.L. and NIELSEN, 
M., Si(lll)'5.6x5.6'-Cu: A Silicide Precursor. XVth Congress and General Assembly. 
International Union of Crystallography. Bordeaux, France (July). 

GRÅBÆK, L., BOHR, J., JOHNSON, E., ANDERSEN, H.H., JOHANSEN, A. and 
SARHOLT-KRISTENSEN, L., X-ray Scattering from Facets at Lead Precipitates in Alu
minium. Danish Physical Society, Spring Meeting, Nyborg, Denmark (May). 

GRÅBÆK, L., BOHR, J., JOHNSON, E., ANDERSEN, H.H., JOHANSEN, A. and 
SARHOLT-KRISTENSEN, L., X-Ray Studies of the Melting of Lead Precipitates in 
Aluminium. Fundamental Aspects of Inert Gases in Solids. NATO Advanced Research 
Workshop, Bonas, France (September). 

HANSEN, S. and PEDERSEN, J. SKOV, A Comparison of Three Different Methods for 
Indirect Fourier Transformation. VIII International Meeting on Small-Angle Scattering. 
Leuven, Belgium (August). 

HOWARD, B.K. and BOHR, J., Magnetic Structures of the Rare Earth Alloy HoEr. 
Danish Physical Society, Spring Meeting, Nyborg, Denmark (May). 
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KJÆR. K., Structural Studies of Langmuir Monolayers on Water. XV,h Congress of the 
International Union of Crystallography. Bordeaux, France (July). 

KJÆR, K., The Structure of Amfiphilic Monolayers on Water. MODECS Internatmøde 
om "Graensefladestruktur og Grænsefiadeegenskaber" (Interfacial Structures and Int*rfa-
cial Properties). Roskilde, Denmark ( September). 

KJÆR, K., ALS-NIELSEN, J., KENN, R. M.T BOHM, C , TIPPMANN-KRAYER, P., 
PETERSON, I. R., BIBO, A. M., HELM, C. A., MOHWALD, H., LEVEILLER, F., 
JACQUEMAIN, D., WEINBACH, S., LEISER0WIT2, L. and DEUTSCH, M., X-Ray 
Scattering Studies of Fatty Acid Films on Water and on CdCl2 Solutions. Third European 
Conference on Organized Organic Thin Films, Mainz University, Germany (October). 

KROMANN, R., FOSSUM, J., ANDERSEN, N.H., FRELTOFT, T. and VASE, P., Mea
surements of Texture in YBACUO Thin Films. Danish Physical Society, Spring Meeting, 
Nyborg, Denmark (May). 

KROMANN, R., de REUS, R., BILDE-SØRENSEN, J., ANDERSEN, N.H., FRELTOFT, 
T. and VASE, P., Study of Microstructure in Laser Ablated YBCO Thin Films. Danish 
Physical Society, Solid State Section, Topical Meeting on High Temperature Supercon
ductivity, The Technical University of Denmark, Lyngby, Denmark (December). 

LANDER, G.H., BROOKS, M.S.S., LEBECH, B., BROWN, P.J., VOGT, O. and MAT
TENBERGER, K., Measurements of Anisotropy Constant in US with Polarised Neutrons. 
35th Annual Conference on Magnetism and Magnetic Materials, San Diego, California, 
U.S.A. (October). 

LEBECH, B., WULFF, M. and LANDER, G.H., Spin and Orbital Moments in Actinide 
Compounds. 35th Annual Conference on Magnetism and Magnetic Materials, San Diego, 
California, U.S.A. (October). 

LINDGÅRD, P.A., Theory of the Magnetic Ordering in Cu in a Field: an Ideal Frus
trated Antiferromagnet. International Conference on Magnetic Phase Transition, Osaka, 
Japan (April). 

MARGACA ,F.M.A., FALCÅO, A.N., SEQUEIRA, A.D. and SALGADO, J.F., Optical 
Effects on Neutron Guide Tubes. VIII International Meeting on Small Angle Scattering, 
Leu ven, Belgium (August). 

MORTENSEN, K.t Micro-Phase Separation in Bilayer Membranes. NATO and CEC Ad
vanced Research Workshop, Cargese, France (September). 

MOURITSEN, O.G., SHAH, P.J., ANDERSEN, J.V., POULSEN, H.F. and BCHR, H., 
Computor Simulations of Phase Separation and Ordering Processes in Low-Dimensional 
Systems. IV Nordic Symposion on Computor Simulations in Natural Sciences, Sande-
fjord, Norway (August). 
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PEDERSEN. J- SKOV and ELDRUP. M.. A Small Angle Neutron Scattering Study of 
Krypton Precipitates in Copper. Danish Physical Society. Spring Meeting. Nyborg, Den
mark (May). 

PEDERSEN. J. SKOV and ELDRUP, M . A Small Angle Neutron Scattering Study of 
Krypton Precipitates in Copper. Short Range Order in Ill-Ordered Materials. INSTN-
CEN, Saclay, France (July). 

PEDERSEN, J. SKOV, POSSELT, D. and MORTENSEN, K., Analytical Treatment of 
the Resolution Function for Small-Angle Scattering. VIII International Meeting on Small-
Angle Scattering. Leu ven, Belgium (August). 

PEDERSEN, J. SKOV and RIEKEL, C, Resolution Function for Small-Angle X-ray Scat
tering Calculated Using Gaussian Approximations in Position-Angle-Wavelength Space. 
VIII International Meeting on Small-Angle Scattering. Leuven, Belgium (August). 

POSSELT, D., Properties and Characterization of Silica Aerogel, 6.»h Danish Meeting on 
Zeolites. Odense University, Denmark (April). 

POSSELT, D., KJEMS, J.K., BERNASCONI, A., SLEATOR, T. and OTT, H.R., Low 
Temperature Thermal Properties of Silica Aerogel. Danish Physical Society, Spring Meet
ing, Nyborg, Denmark (May). 

POULSEN, H.F., ANDERSEN, N.H., ANDERSEN, J.V., BOHR, H. and MOURITSEN, 
O.G., Dynamic Scaling of Oxygen Ordering in YB2CU3O7-T- Danish Physical Society, 
Solid State Section, Topical Meeting on High Temperature Superconductivity. The Tech
nical University of Denmark, Lyngby, Denmark (December). 

SCHERRENBERG, R.L., REYNAERS, H.R., VLAK, W.A.H.M., MORTENSEN, K. and 
GONDARD, C , Small-Angle Scattering on Poly(Vinylchloride). VIII International Meet
ing on Small-Angle Scattering. Leuven, Belgium (August). 

SCHOU, J., SØRENSEN, H., STENUM, B. and ELLEGAARD, O., Sputtering Yields and 
Energy Distributions from Nonoverlapping Subspikes in Ion-Bombarded Volatile Solids. 
The Gordon Conference on Particle-Solid Interactions, Plymouth, New Hampshire, U.S.A. 
(July). 

SCHOU, J., STENUM,B-, ELLEGAARD, O., SØRENSEN, H. and PEDRYS, R., Sput
tering of Frozen Gases by Particle Bombardment. I ISC 8,8th International Workshop on 
Inelastic Ion Surface Collisions. Wr. Neustadt, Austria (September). 

SLEATOR, T., BERNASCONI, A., FELDER, E., POSSELT, D. and OTT, H.R., Spe
cific Heat of Silica Aerogels at Very Low Temperatures. International Conference on 
Low-Temperature Physics LT-19,Brighton, U.K. (August). 

STENUM, B., SCHOU, J., SØRENSEN, H. and GURTLER, P., Luminescence from Pure 
and Impure Solid Hydrogens. Danish Physical Society, Spring Meeting, Nyborg, Denmark 
(May). 
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STENUM, B.T SCHOU. J., SØRENSEN. H. and ELLEGAARD. 0.. Electronic Sputter
ing of Thin Volatile Films on Metals. 3rd Topsøe Summer School, Technical University 
of Denmark, Lyngby, Denmark (August). 

VAKNIN, D-, KJÆR, K., AL3-NIELSEN, J. and LOSCHE. M., A Neutron Reflectometer 
for Gas-Liquid Interface Studies. Third European Conference on Organized Organic Thin 
Films, Main7 University, Germany (October): 

VIVES E and LINDGÅRD P.-A. Melting of a Surface Layer and the Influence of a Sub
strate Interaction. The Danish Physical Society Meeting, Nyborg, Denmark (May). 

VIVES, E. and LINDGÅRD, P.-A. Substrate Influence in Two Dimensional Solids and 
Liquids: a Monte Carlo Simulation Study. The Nordic Symposium on Computer Simula
tion in Natural Science, Oslo, Norway (August). 

OSTERBERG, R., BOIVE, T., MALMENSTEN, B., NILSSON, U., STIGBRAND, T. 
and MORTENSEN, K , Intramolecular Movement in Complement Proteins. A Small-
Angle Scattering Study Using Monoclonal Antibodiesas Markers. VIII International 
Meeting on Small-Angle Scattering. Leuven, Belgium (August). 
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3.3 Lectures 

ALS-NIELSEN, J., Liquid Surfaces Studied by Synchrotron X-Ray Spectrometry Univer
sity Dortmund, F.R.G. (June). 

ALS-NIELSEN, J., Synchrotron Radiation and Condensed Matter Physics, a Survey. 
Præsentationsmøde af synkrotronstråleforskning (Science Research Council Introduction 
Meeting on Synchrotron Radiation Research). Niels Bohr Institute, Roskilde, Denmark 
(February). 

ANDERSLN, N.H., Superconductivity and Oxygen Phase Properties of YBa2Cu306+x-
Workshop on Oxygen in Ceramic High-Tc Superconductors. The Technical University of 
Denmark, Lyngby, Denmark (May). 

ANDERSEN, N.H., Superledning ved høje temperaturer (Superconductivity at High Tem
peratures). High School Summer Course on Physics, Sorø, Denmark (June). 

ANDERSEN, N.H., The Phases of YBa2Cu307-x for Varying x and Temperature Studied 
by Neutron Scattering. Danish Physical Society, Solid State Section, Topical Meeting 
on High Temperature Superconductivity, The Technical University of Denmark, Lyngby, 
Denmark (December). 

BOHR, J., Prediction of the 3-Dimensional Structures of Tioteins Using Neural Networks 
and a Novel Computational Folding Algorithm. AT k T Bell Laboratories, New Jersey, 
U.S.A. (January). 

BOHR, J., Epitaxial Phenomena: 1. Inclusions - Melting Studies, 2. Rotations - A Geo
metrical Principle, University of Illinois at Urbana-Champaign, Illinois, U.S.A. (July). 

BOHR, J., Epitaxial Phenomena: 1. Inclusions - Melting Studies, 2. Rotations - A 
Geometrical Principle, Advance Photon Source Project, Argonne National Laboratory, 
Chicago, U.S.A. (July). 

BOHR, J., X-Rays and Magnetic Structures; and Physics of Inclusions. Præsentations-
møde af synkrotronstråleforskning (Science Research Council Introduction Meeting on 
Synchrotron Radiation Research). Niels Bohr Institute, Roskilde, Denmark (February). 

CLAUSEN, K. N., Nuclear Magnetic Order in Cu: New Type of Antiferromagnetism in 
an Ideal fee System. AT&T Bell Labs. Murray Hill, NJ, USA (March). 

CLAUSEN, K. N., Nuclear Magnetic Order in Cu: New Type of Antiferromagnetism in 
an Ideal fee System. NIST, Washington, USA (March). 

CLAUSEN, K. N., Neutron Scattering Facilities and Research at Risø, Exemplified 
by a Study of Short Range Order and Diffusion in Fast Ion Conductors. Seminar 
fiber Kristall- und Strukturchemie, Institut fur Anorganische Chemie Der Technische 
Hochschule, Aachen (June). 
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FEIDENHANS'L, R., A Model Catalyst: Oxygen on Copper. Præsentationsmøde af syn-
krotronstråleforskning (Science Research Council Introduction Meeting on Synchrotron 
Radiation Research). Niels Bohr Institute, Roskilde, Denmark (February). 

GREY, F-, Two-Dimensional Liquids. Præsentationsmøde af syrkrotronstråleforskning 
(Science Research Council Introduction Meeting on Synchrotron Radiation Research). 
Niels Bohr Institute, Roskilde, Denmark (February). 

KJÆR, K., Amphiplic Monolayers on Water. Præsentationsmøde af synkrotronstråle
forskning (Science Research Council Introduction Meeting on Synchrotron Radiation Re
search). Niels Bohr Institute, Roskilde, Denmark (February). 

KJÆR, K., Røntgenspredning fra Monomolekylære Film på Vandoverflader (X-Ray Scat
tering from Monomolecular Films on Water Surfaces). CISMI, University of Copenhagen, 
Denmark. 

LEBECH, B., Magnetic Ordering in Iron Monogermuiides. Charles University, Prague, 
Czechoslovakia (February). 

LINDGÅRD, P.-A., Introduction to Winter School in Modern Physics, Copenhagen, Den
mark (January). 

LINDGÅRD, P.-A., Kinetics of Domain Growth in Quenches Across a First-Order Line 
in a Dipolar Coupled Model. Kyoto University, Japan (April). 

LINDGÅRD, P.-A., New Universality Classes in Domain Growth. Kyushu University, 
Japan (April). 

LINDGÅRD, P.-A., Magnetic Properties of the Ideal fee Antiferromagnet Cu at Nano 
Kelvin Temperatures. Institute Laue Langevin, Grenoble, France (May). 

MORTENSEN, K., Neutron Scattering in Biophysics. Biological Physics Seminar Series, 
Technical university of Denmark, Lyngby, Denmark (February). 

NIELSEN, M., Solid Surface Structures: Experimental Methods. Præsentationsmøde 
af synkrotronstråleforskning (Science Research Council Introduction Meeting on Syn
chrotron Radiation Research). Niels Bohr Institute, Roskilde, Denmark (February). 

POSSELT, D., Low Temperature Properties of Silica Aerogel, Institut fur Physik, 
Johannes Gutenberg-Universitåt, Mainz, Germany (July). 

POSSELT, D., Low .Temperature Thermal Properties of Silica Aerogel, Physikalisches 
Institut der Universitåt Wurzburg, Germany (July). 

POULSEN, H.F., Høj temperatur superledere. (High Tc Super Conductors). University 
Extension, Roskilde, Denmark (March). 
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3.4 Organization of Conferences, School: 

WINTER SCHOOL IN MODERN PHYSICS 

29-30 January 1990, H. C. Ørsted Institute, Copenhagen. 

The school offered a series of lectures, from neural networks to high Tc superconductivity, 
giving an elementary introduction 10 several very active fields of physics in which disorder 
and complexity play an essential roie. There were six lecturers and 50 participants. 

Organization/Commitee: 

HEDEGÅRD, P., H. C. Ørsted Institute, Copenhagen, Denmark 
LINDGÅRD, P.A., Risø National Laboratory., Denmark. 

COURSE IN SURFACE SCIENCE 

R. FEIDENHANS'L together with J.K. Nørskov, I. Chorkendorff and K.W. Jakobsen from 
the Laboratory of Applied Physics, the Technical University (DtH) of Denmark, gave a 
course in Surface Physics at the DtH. The course consisted of two lectures of 70 minutes 
duration every week together with exercises. R. Feidenhans'l was lecturing four weeks 
in total eight lectures about Surface Crystallography, Phase Transitions at Surfaces, and 
Epitaxy and Growth. 
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NEUTRON SCATTERING MEETING AT RISØ 

April 26, and 27 1990. 

Within the 'Large Scale Installation Programme' the EEC has approved the project 'Cold 
Neutron Facilities at Rirø'. 

This project will make the neutron—scattering facilities at DR3 available to users from 
the ECC—countries. In this connection a meeting of potential users was held at Risø 
April 26 and 27, where the joint proposal to EEC was worked out. In total 32 scientists 
from the other EEC—countries participated. The programme for the meeting contained: 
1) A presentation of the facilities at Risø, 2) The Scientific Program (shown below), which 
had the form of a seminar, where the participants presented their recent work and future 
experiments to be performed at the neutron—scattering instruments at Risø, and finnally 
3) a Panel Discussion with the following subjects: 'Beam time administration', 'Special 
equipment', and 'Support for users'. During the meeting the participants completed their 
individual contributions to the application to EEC, which was later approved. 

SCIENTIFIC PROGRAM 

THURSDAY APRIL 26, 1990 

9:15-9:45 Jørgen Kjems, Welcome. 
The present and future neutron scattering facilities at DR3. 

9:15-9:45 Coffee break. 
10:00-11:00 Visit to DR3 and the neutron guide hall. 
11:00-12:00 Further discussion o' the neutron scattering instruments. 
12:00-13:00 Lunch at Risø. 
13:00-15:00 Parallel sessions 1 and 2. 
15:00-15:30 Coffee break. 
15:30-17:30 Parallel sessions 1 and 2. 

FRIDAY APRIL 27, 1990 

9:15-10:30 Plenary session. 
10:30-12:30 Panel discussion. 

Chairman: Professor A.R Mackintosh 
Subjects: 
The beam time administration. 
Program for special equipment (excl. diffractometers). 
Support for users, technical assistance, running expences etc. 

12:30-13:30 Lunch at Risø. 
13:30-15:00 This afternoon is devoted to work on completion of users part 

of application to EEC. 
15:00 End of meeting. 
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SESSION 1 SESSION 2 
Magnetism 

R.A Cowley 

Neutron Scattering from Rare Earth Met
als 

J. Bohr 
Magnetic Structures of Rare Earth Met
als. 

B.D. Rainford 

Magnetic Neutron Scattering from Rare 
Earth Alloys and Compounds. 

M. Loewenhaupt 

Magnetic Excitations in Low-Symmetry 
Systems. 

O. Mozt 
Crystal-Field and Exchange Effects in Su
permagnets. 

G.H. Lander 

Neutron Experiments on Actinide Inter-
metallics 
A. Loidl 
Itinerant Heavy-Fermion Magnetism. 

K.N. Clausen 
Nuclear Magnetism in Cu. 

G G. Lonzarich 
Highly-Correlated Electron Systems. 

M. Steiner 
1-D Magnets. 

J.M. Coey 

Magnetic and Structural Properties of In
terstitial Alloys. 

Non Magnet ic Mater ia ls 

S.J. Johnson 

Specular Reflection of Neutron to Probe 
Phospholipid Structure 

E.L. Carbarcos 
SANS Studies on Micellar Solutions of Un-
decylammonium Chloride in Presence of 
Sodium Chloride. 
J.P. Bradshaw 

Neutron Scattering Studies of Enveloped 
Virus Structure. 

K. Mortensen 

Phase Transitions in Bilayer Lamel
lar Lipid Membranes Incorporated with 
Cholesterol. 
C.G. McCracken 
Hydrogen Occlusion in Aluminium -
Lithium Based Alloys. 

R.L. McGreevy 

Neutron Scattering Studies of Thermally 
Induced Disorder. 
H.G. Brokmeier 
Phase Development and Texture of Ti-Al 
at High Temperatures. 
P. Duran 
Preparation and Microstructural Charac
terization in Superconducting Ceramics. 

P.J. Withers 
Strain Measurements in Two Phase Metal 
Matrix Composites. 

S. Skolianos 
Orientation of Fibres and Residual 
Stresses in Al-based Composites. 

D. Juul Jensen 

Texture Development in two Phase Metal 
Matrix Composites. 

F. Carsughi 

Investigation on He-bubbles Coarsening in 
Implanted Metals. 
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