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Investigation of the Hg-1201 structure under high external pressure

by means of neutron diffraction.
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D ub na , J I N R, F r a nk L a b of N eu t r o n P hy si cs, R ussi a

V.P.Glazkov, V.À.Somenkov
R ussi a n Sci en tif i c C en te r " K u r c ha to v I n s ti t u t e " , M osc o w , R ussi a

Å.V.Antipov, S.N.Putilin
M osco w Sta te U ni v er si ty , D ep a r tm en t of C h emi s t r y , Russi a

Í äÂàãÑè0 4+, is the first member of the homologous series of mercury-based
superconductors with general composition Í äÂàãÑà„ tCuÄOzÄ+q+, . This family of / 1/

superconducting compounds displays the highest values of Ò, available by now. Moreover
their superconducting transition temperatures raise with the increase of external pressure' ' '

with practically the same speed for all the representatives of the series, approximately 2
Ê/GPa. For example it has been reported that the Ò, 's of above 150 Ê had been achieved

for the compound with n=3 (Hg-1223) at external pressures higher than 10 GPa.

The increase of Ò, induced by external pressure is being observed to some extent ø all
hole-doped superconducting copper oxides. This shows that the basic physical reason for

this phenomenon is the same for all of them. It is naturally to suppose that this reason is
the change in free charges concentration in the superconducting layers CuOp caused by
changes in the interatomic distances.
Diffraction methods are providing the direct information concerning structural changes ø
crystals, and neutron diffraction seems to be the best method for investigations of the
High-Ò, compounds because it is necessary to determine the positions of the oxygen atoms

with high precision. But it is quite complicated problem to obtain the information on the
charge transfer even with the use of neutron diffraction because the changes of the
interatomic distances are very small and the accuracy of the experimental data turns out to
be insufficient. One of the ways to solve this problem is the increase of the accuracy of
the data obtained, which is of course possible if the experiments are carried out at the
diffractometer with the resolution (in the interlayer distances scale) not worse than 0.003.
Though it is usually possible to carry out such an experiment in the range of pressures up
to 1 GPa, the accuracy of the evaluated interatomic distances is quite satisfactory to make
qualitative conclusions. Another possibility is in significant increase of the range of
pressures at the sample (3-5 GPa) which allows to obtain necessary accuracy of data on
the diffractometers with the resolution on the level of 0.01.
The structural changes in mercury-based superconductors caused by applying high external
pressure have already been the subj ect of investigations for several teams of explorers' ' .

In the authors have investigated the crystal structures of HgBapCuO4+, and /5/

HgBazCaCuzOq+, with à pressure up to 0.6 GPa and HgBaqCazCuqOs+, with à pressure up
to 9.2 GPa by means of neutron powder diffraction. They have obtained the values of the
compressibilities along the à- and c-axes and the bond distances compressibil ities as well .

/î /In the team of investigators have studied the pressure-induced structural changes in
HgBazCaiCuzOq+, by means of neutron powder diffraction at the DN-12 diffractometer in
Dubna in the pressure range 0-3.6 GPa with the use of sapphire anvil high-pressure cell .
The lattice constants and bond distances compressibilities were determined and analyzed
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involving quite doubtful model of disordered in the plane (à,b) oxygen but nevertheless the
results turned out to be in general good agreement with the other data: the distance
between Ba and 0 2 had the highest compressibility among all the other bond distances,
and the compressibility of the c-axis is approximately twice higher than of the à-axis.
The structure of the compound with n=1 (Hg-1201) is the simplest among all the î áæåã
compounds of the mercury series and îáæåã high-Ò, ' s, and this is an important prerequisite

for investigation of the small changes in the structure. Another important circumstance is
that this compound is usually being obtained practically without any impurities and the
analysis is not distorted by 'the signs of the î ë åã phases. As the compound with n=l (Hg-

1201) has the most simple structure among all the others, the aim of this investigation was
to determine the general character of the structural behavior of Hg-1201 under applied

high external pressure.
The experiments were carried out at the DN-12'~~ specialized diéãàñãî ò åãåã for
microsamples investigations at the IBR-2 pulsed reactor in Dubna. We used the sapphire-

anvils high pressure cell to create the desirable pressures at the sample. At each pressure
we have managed to perform the neutron diffraction experiment at two different angles
simultaneously (usually these scattering angles values were near 45' and 90' ). Such

simultaneous measurements have ensured us in the correct and comparatively precise
determination of experimental conditions and, thus, of the values of interest. The pressure
was measured by detecting the displacement of the ruby luminescence lines and the
uncertainty of these determinations was 0.03 GPa. The experiments were carried out at
zero pressure in the region of dgg~ from 1.0 to 5.0 À on the ðèãå sample of the volume
approximately 20 mm ø order to clarify the original structure and at pressures 1.47, 3.14, 3 .

4.31 and 5.07 GPa ø the region of dgqi from 1.8 to 5.0 À in the high pressure cell (sample
volume <2 mm ). Rietveld refinement procedures of the diffraction -patterns obtained at

zero pressure possessed to estimate the values of the coordinates of atoms in the original
structure. The quality of the diffraction patterns at intermediate pressures 1.47 and 3.14
GPa was not sufficient for precise determination of the lattice geometry because of the

high level of background and the presence of parasitic diffraction from the sapphire single-

crystal anvils but it turned out to be good enough to obtain the values of the lattice
constants. Due to special improvements of the sample environment (background
suppression, f irst of all) the quality of the diffraction patterns at higher pressures of 4.31
and 5.07 GPa turned out to be significantly better and this allowed us to carry out Rietveld
refinement procedures with variation of several structural parameters, namely the z-

coordinates of Ba and apical 0 atoms and lattice parameters as well . The typical view of
the parts of the Rietveld ref inements of the HgBaqCu0 4+, structure at zero pressure and at
high pressure are shown in the fig. 1 and the detailed results of the diffraction patterns
treatments are presented in the table 1.

~



7 7

f ig. 1. The parts of the Í åé åÛ ref inements of Í gÂà~Ñè04+, structure.
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The main result of these experiments were the dependencies of the lattice parameters
versus pressure (see fig. 2) and the dependencies of some interatomic distances in
Í äÂàãÑèÎ ä+, versus pressure (fig. 3, f ig. 4); so we' ve really obtained the values of the

compressibil ities of the Í äÂàãÑè0 4+, structure along à and ñ axes, the ÷î 1ø ï å
compressibil ity of the unit cell , and approximately estimated the compressibil ities of some
selected bond distances in the structure (see table 2).
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The values of the lattice constants compressibilities are in general good agreement with
those obtained earlier for the îáæåã members of the series ' . The presence of small • / 5 ,6 /

anisotropy in the lattice constants compressibilities is also in good agreement with earlier
/ 5 ,6 /0 90 — ~ ~ ~ ~ ~ ~ results ' . Our measurements have

shown that the pressure-induced

changes in the Í äÂà2Ñè0 4+,
structure really occur: the apical
oxygen to copper atom distance
sharply shortens with pressure
increase (corresponding
compressibil ity is 7.3~(10 GPa '))

while the interatomic distance
between 0 2 and Hg atoms remains— - c u r r e n t i n v e s t i g a t i o n ) ' ô : - p r a c t i c a l l y t h e s a m e . I t h a s b e e n s h o w n i n t h e e a r l i e r w o r k s ' t h a t t h e v a l u e o f i n t e r l a y e r s p l i t t i n g b e t w e e n B a a n d 0 2 l a y e r s i s t h e m o s t s e n s i t i v e

value to the charge state of the
basic and CuO2 planes. Moreover, reasonable suggestions on the charge transfer between
these two planes can be done on the basis of this splitting value. We present the
dependence of this interlayer splitting on pressure in the fig. 4 together with the data
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obtained ø ' '. It is quite obvious that the two sets of data are giving practically the same

behavior of the Âà-0 2 splitting with pressure. This value is the most compressible
parameter in the structure (as well as in the îáæåã members of the Hg-based compounds):
kn op=18. It can be calculated that the corresponding value from is approximately kn, /5/ .

î ~=15
From the charge balance analysis it follows that the decrease of Âà-0 2 splitting

corresponds to the charge transfer from the HgO, reservoir to the Ñì Î ã plane. In order to
estimate this charge transfer it is ðî ÿÿ î 1å~@ to use the empiric equation Ë=-0.045+0.2475Q

which puts up the correlation between the splitting of the Âà-0 2 layers and the charge

transfer between the neighbouring HgO, and Ñì Î ã planes. Using this equation and our
results we obtained that at external pressure of 5.07 GPa the charge equal to 0.13
elementary charges travels to the CuOz planes. This value after being normalized to the 1
GPa pressure is close to those obtained ø ~ for Y-123, Y-124 and Hg-1212. This fl ow of

charge from basic layers to the superconducting ones causes the lowering of the formal
charge of copper atoms which results in the increase of the onset temperature. These
speculations explain qualitatively the growth of Ò, with pressure the observations of which
had been reported about elsewhere ' .
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PHA SE TRANSITION IN ACeo (A=K ,Rb)
FULLERIDE CRY STAL S

V .Ü. A k senov , Y u.À . Ossipyan , × .S. Shakhm atov

Frank Laboratory of Neutron Physics, JINR, Dubna
ISSP, RAS, Chernogolovka, Russia

From experimental investigations, å.g., [1] , it is known that the phase
transition (ÐÒ) from the high temperature face-centered cubic phase of the Fm3m
(0 ~ ) symmetry to the low temperature polymeric-like phase of the Pnnm (Dqq'~)

orthorhombic symmetry is observed in ACqp (À=Ê,Rb) fulleride crystals.

Inter-arrangement of the crystal cel l s of the above tw o phases i s show n i n F ig.

~

Fig. 1. Inter-arrangement of crystal cells in the Fm3m and Pnnm phases. Large circles refer to
Ñä> molecules, smaller circles refer to metal atoms. Black circles indicate metal atoms and C~>
molecules situated on visible faces of two face-centered cubic cells in the Fm3m phase. The Pnnm
phase crystal cell is shown by dashed lines. The Ñ > molecules creating the octahedral environment for
the metal atom are denoted by the numbers 1,...,6.

The À Cqp compounds exhibit
properties. In the Fm3m high temperate
strong localization of electrons, whi le i
compounds are quasi-one-dimensional me

metal l ic state is unstable with respect to the
[2] .

In o ur p aper [ 3 ] , the L an dau phenom eno l o gi cal theo ry o f ÐÒ to à po l y m er i c-

l i k e ph ase i n À C qp (À = Ê ,R b ) cr y stal s i s dev el oped on the b asi s o f sy m m etr y anal y si s.

Â ó an al y si s o f the i nteract io n s betw een order p ar am eter s, p rob ab l e ÐÒ con nected

4 0

à number of very interesting physical
öãå phase, these compounds demonstrate
n the polymeric-like phase, the À Cqp
tais. Moreover, at low temperatures the
formation of spin or charge density waves



changes in the subsystem of metal atoms are investigated. The developed theory
predicts the partial ordering of alkal i metal atoms over the positions al lowed in the
octahedral environment of Cqp molecules (Fig. 2).

~

Fig.2. Possible types of positions for metal atoms (smaller circles) in the octahedral
environment of Ñö> molecules (large circles): à) The central position 1b; Ü), ñ) and d) are the áå, Sf
and 12i positions, respectively.

À metal atom in the octahedral 1b center position (Fig.2à) experiences ï î
structural changes following ÐÒ. If à metal atom occupies à noncentral position, then
partial ordering over the positions indicated in Figs. 2b, ñ), and d) takes place
following ÐÒ. For the áå position, the partial ordering of the metal atoms either on
the horizontal plane (dark circles) or over two positions situated above or below the
plane (shaded circles) takes place. For the 8f and 12i positions (Fig. 2c and d), the
occupied positions are shown by dark circles.

At decreasing temperature the appearance of another structural ÐÒ, which
leads to complete ordering of the metal atoms, is also possible.
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The new mercury superconductors, belonging to à series of the general formula
Í öÂà~Ñà„ ,Ñè„Î ~,~ ~, with n= 1,2,3 etc., were discovered in 1993" '. The highest transition

temperature, 134 Ê , was found for n=3. I t increases up to 150 Ê under pressure of 11 GPa and
this value is à record for high-Ò, materials at present.

The structure of Hg-based compounds is being investigated by à11 possible methods,
neutron é éãàñéî ï among them. Several questions are still open, first of all about the exact
oxygen content and its connection with TÄ about the mercury occupancy factor, and the
reason for the high mercury temperature factor .

At FLNP, the studies î Ãthese new compounds were initiated in 1994 and continued in
1995. These studies are carried out in collaboration with the M SU Department of Chemistry of
and the Russian Scientifi c Center of Kurchatov Institute. In 1995, four Í öÂà~Ñè0 4,~ (Hg-
1201) samples were studied: sample À with Ò,=71 Ê , ò =2.09 g, sample Â with Ò,=83 Ê,
ò =2.05 g, sample Ñ with Ò,=98 Ê , m=1.93 g and sample D with Ò,=96 Ê , m= 1.84 g. The last

was prepared by à special method that resulted in an unconventional relation between the à and
ñ lattice parameters. The main goal of this study was determination of the Ò, dependence on
oxygen content.

Neutron diff raction experiments with those samples were performed on the high
resolution Fourier diff ractometer (HRFD) at the IBR-2 pulsed reactor in Dubna and the ÇÒ2
diff ractometer at the Orphee reactor in Saclay. Diff raction pattern measurements were done
with HRFD at ãî î ò temperature for samples À-D and at 8 Ê for sample Â . With ÇÒ2, the
measurements were made of sample À at room temperature and at 8 Ê . All the observed
diff raction lines were accounted for by the expected Hg- 1201 structure with the symmetry of
space group Ð4lò ò ò . The MRIA and FULLPROF programs were used for processing data. À
refinement of the Fourier spectra was carried out in the 0.81 - 2.09 À interval with 110 peaks
from Hg- 1201. An example of the measured diff raction pattern can be seen in Fig.l . The
refinement was done for the z-coordinates of Ba and 0 2 atoms, for the occupancy factors of
Hg and 0 3 atoms, and for temperature factors of à11 atoms except 0 3. The determined
structural data, together with selected interatomic and interlayer distances, are given in Table 1.
The small amount of 0 3 atoms in the structure did not allow the exact value of the temperature
factor, Âò(0 3), to be found, though the correlation with the 0 3 occupancy factor, n(0 3), was
not very high. Thus, the variation of Â ã(0 3) over wide limits did not change n(0 3) ò î ãå than
the limit of one standard deviation. À much stronger correlation was found between Â ã(Í ö)
and n(Hg) (Fig.2). M oreover, for these two parameters, the minimum in g and
R-factors values is not very pronounced.
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On the whole, the structural results are in good accordance with published äà~à~~' and,
especially, with the data of Ref." ' All features of the Hg-1201 structure and their dependence
on temperature and oxygen content announced in were confirmed. /4/

We would like to draw special attention to the deficiency of the Hg position and the
large temperature factors of the Hg and 0 2 atoms. The first was already mentioned in papers'~' '
and~ . The attempts to explain it as à substitution of mercury for impurity atoms (copper or
carbon) lead to contradictions with other data'~'. The low temperature data show that Âò(Í ä)
and Br(0 2) become much smaller at Ò=8 Ê. So, we have ñî ò å to the conclusion that the
mercury deficiency is real and the temperature motion of the Hg and 0 3 atoms is actually high
at ãî î ò temperature.

Both for our samples and the samples studied in" ', the linear dependence between

oxygen content and the values of the à and c parameters can be seen. The Ò, value depends
strongly on n(0 3), as shown in Figure 3, where our data and data from" ' are displayed. As it

was predicted, both curves are hill-like, though their maximums are shifted.

43

~





method failed due to the small number of additional atoms and the infl uence of experimental
error. More information can be obtained after calculating the scattering-density ò àðî,
especially of experimental and calculated diff erence densities. The very high resolution of
HRFD î éåòç the possibility of drawing these maps. The sensitivity of this method is illustrated
in Fig.4, where the diff erence map for the basal plane sample À is shown. The 0 3 atom is seen
÷åòó clearly; its peak amplitude is - 2.5 times higher than the highest background peaks. It
means that atoms with à coherent scattering length of 0.6 (carbon, for instance) can be found
for à concentration of around 3%. As an example, the experimental scattering-density map for
the õ=ó, Î < z <0.5 section is shown in Fig.5.

Fig. 5 Experimental scattering-density map
for the diagonal crosssection õ=ó, Î <

z <0.5 of sample Ñ.

Fig . 4 D ifference scattering-density map

for the basal plane î Ãsample.
Oxygen 0 3 w as removed from the
for calculation of Ð~,~.
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Structure of Graphitized Carbon Black Aggregates ø Triton Õ-100/Water Solutions

by Small Angle Neutron Scattering.

Vasil Ì . Garamus, Frank Laboratory of Neutron Physics Joint Institute for Nuclear
Research, Dubna, Russsia; Jan Skov Pedersen Rise National Laboratory, Roskilde,
Denmark; Leonid Ü. Bulavin, Kiev University, Kiev, Ukraine; Tamara V.
Karmazina Institute of Colloid Chemistry and Chemistry of Water, Kiev, Ukraine.

Small angle neutron scattering method gives unique information about ø ï åã
structure of carbon black (ÑÂ) particles [1] . The measurements of ÑÂ/Triton Õ-

100/water solutions were continue of the such kind experiments at Rise National
L aboratory performed by us [2] . The main conclusions of Ref . [2] are that the
presence of ÑÂ particles shif t ÑÌ Ñ of Triton Õ-100 and fractal l ike ÑÂ particles
with adsorbed layer of Triton Õ-100 and Triton Õ-100 micel les are situated at

solutions;
In present measurements the experimental beam time was 18 h at hal f

reactor power (1 M W) that i s why only two experiments were performed in two

different contrasts 30% and 60% heavy water .
The views of all curves agree with obtained previously [2] . In 30% heavy

water solution we can observe only ÑÂ particles and in case 60% ÑÂ particles with
adsorbed layer of Triton Õ-100 and Triton Õ- 100 micelles give contributions to

scattering curves.
The lower part of curves (q=O.008-0.02 À -~) were analysed by simple fractal

expression:

~~ (×)~'~~ ×

where D is the fractal dimension. The obtained values of D are 3.44~-0.06 and

2.74~-0.04 for 30% and 60% respectively together with early obtained [2] point that
the compensation point is situated between 75 and 100% heavy water content.

The experimental scattering curves obtained in this experiment and
previously [2] were modelled by expression:

where first term describe the scattering from fractals consist of polydisperse primary
spherical particles with average radius <R> and dispersion cr, 1 — width of Triton

layer, ( is the maximum size of fractal structure; the second term is the scattering
of ellipsoid of rotation Triton Õ-100 micelles with little semiaxis à and ratio
between axis v ; the third term is à scattering from spherical voids which present in

ÑÂ particles; À4 is residual background.
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The experimental data and model curves are represented at figure which
shows good agreement between it.

× ~

Small angle neutron scattering by dispersion of 10 g/1 ÑÂ in 1.84 g/1 Triton Õ-100/water

solution with different contrast and model (solid lines).

The fractal dimension is found to decrease for increasing ÑÂ concentration
from D = 3.4 at h = 0.01 to D = 2.9 at h = 0.05, the maximum size of fractal
aggregate increases from 150 À to 200 À. The primary ÑÂ particles have wide
size distribution and it' s average size (80 À) slightly decreases with ÑÂ

concentration. The degree of occupation of ÑÂ surface by surfactant molecules is
10% and stays the constant with varying ÑÂ and surfactant concentration. The
micelle structure is found same to it' s structure in surfactant/water solutions. The

volume fraction of voids does not exceed 1% of ÑÂ volume fraction.

1. Hj elm R. P. Jr., Wampler W . À ., Seeger P. À . / J. M ater . Res., 1994, ÷. 9, ð.
3210-3222.
2. Garamus V .Ì ., Pedersen J.S. 2.7.6 "Carbon Black Dispersion in Non-Ionic
Surfactant Water Solutions" "A nnual Progress Reports of Department of Solid State
Physics 1 January — 31 December 1994" ed. P.-À . L indgard, Ê . Bechgaard, Ê . N .
Clausen, R. Feidenhans'1, and 1. Johannsen, Riso National Laboratory, Roskilde,

Denmark, 1995 ð.98
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St r u ct u r e of m ix ed m u l t i l ay er s of

p al m i t oy l ol eoy l p h osph at i d y l ch ol i n e an d ol i goox y et h el en e gl y col

m on od od ecy l et h er d et er m i n ed b y õ -ãàó an d n eu t r on d i f f r act i on .
G. K lose , À . Û àï þ ÷~, Â. K oenig~ and V . Cher ezov~.

(1) University of L eipzig, Germany.

(2) LNP JINR Dubna, Russia.
Structure analysi s of the l ipid multi layers modif ied by ï î ï þ ï |ñ surfactant was carried

out at DN-2 dif f ractometer for studying several fundamental questions concerning
structural and dynamical properties of l ipid/water interf aces, understanding intermembrane
interactions and the nature of so-called hydration forces. The structure of palmi toyl -

oleoylphosphatidylcholine lipid (POPC) containing nonionic surfactant of the type
CtqHq~O(CHqCHqO)ÄH (Ñ|~Å„) was studied at the relative humidities RH=85%, 97% and

at the molar ratio çèãÃàñ1àï È |ðÛ Êää.=0.5,1, with â=2,4 and 6, where n i s ï ø ï Üåã of

hydrophil ic oxyethelene moieties. Partially deuterated surfactants Ñ|~Í ~~Î (ÑÐ~ÑÐ~Î )„Í
(Ñ|~Å„-d4n) and Ñ| |Í 2ÇÑÐäÎ (ÑÍ 2ÑÍ 20 )„Í (Ñ|~Å„-d2) were used to determine the
location of surfactants in l ipid matrix . Fig.1. presents strip-function models of deuterated
segments together with electron densi ty prof iles of ÐÎ ÑÑ/Ñ|~Å„ Ü|1àóåãü determined by x-

ray diff raction. I t was shown that à -methylene posi tion (Ñ|~Å„-d2 label) i s anchored near
the boundary of the hydrophobic core of l ipid matrix, the oxyethelene moieties(Ci aÄ -d4n

label) are mainly located in the polar membrane/water interf ace. W ith increasing humidi ty ,
molar ratio çèãÃàñ1àï Þ ðÛ and ï ø ï Üåã of oxyethelene moieties n, the partial lose of areas
under strip-models is observed. This can be explained by the high degree of static disorder

or/and motional freedom of surfactant moieties in the l ipid matrix .
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Fig.1. Strip-function models of deuterated segments ÑäÅ„-d2(solid line) and CiqEÄ-d4n

(dashed line) are presented together with electron density profiles of ÐÎ ÑÑ/ÑäÅ„ Û1àóåãÿ
at the relative humidities RH=85% and 97%, molar ratio surfactant l iðÛ Êää.—— 0.5 and 1,

n=2,4 and 6. Dramatical decrease of the area under deuterated label evidences about high
degree of disorder of oxyethelene moieties in the lipid bilayer.
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Par tially unfolded state of lysozymes in dimethylsulphoxide with
à well developed secondary structure

Ì .V .Avdeev* , Ì .D .K irki tadze* * , D .À .Prokhorov* * , ÅÌ .Serdyuk* ,
À .À . Timchenko* *

Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna
Institute of Protein Research, Puschino

~

À structural description of intermediate states realized upon spontaneous protein
folding is ultimately essential for an understanding of protein self-organization rules. In

most cases, however, kinetic intermediates have life times too short to be fully studied. It
is more fruitful to find experimental conditions where the intermediates are stable. An
example are low-molecular alcohols that stabilize the protein intermediate called à 'molten
globule'. The action of dimethylsulfoxide (DMSO) on protein structure is the most

interesting. It was shown for hen-egg white lysozyme (HEWL) that the helicity of
unfolded protein in DMSO becomes somewhat higher than the helicity of the native one,
and the protein forms à gel at low pH. These facts are indicative of great changes in the
protein conformation and strong intermolecular interactions. Up to now, ï î structural
information about these states has been available.

Òî fi ll this gap, we used neutron scattering from à solution of Í Å%È in DMSO
and light water. The use of Õ-ray scattering for these purposes is practically impossible
because of the high absorbance of Õ-rays by DMSO. The scattering experiments of HEWL
in 70% DMSO at ðÍ 2.5 and ðÍ 2.0 have been performed. The latter case corresponds to
the case of gel formation. The range of scattering vectors was 0.008 — 0.25 A ~. . Figure 1

presents the scattering curve of HEWL in 70% DMSO at ðÍ 2.5 plotted on Kratky
coordinates. Such à plot makes it possible to distinguish the globular structure from the
unfolded one. The wide plateau on this plot represents à coil-l ike structure. On the

contrary, the globular structure shows à complex picture in this region, as can be seen
from Fig.2 for the globular chaperonin GroEL measured simultaneously with HEWL .

Analysis of the plot in Fig.1 shows à plateau with à small incline. I t indicates that
the coil-like structure of the lysozyme molecule differs from the ideal coil . From the
Guinier plot in the small -angle region, it is possible to evaluate the radius of gyration and

intensity at the zero scattering angle I (0). Knowing I(0) it is easy to calculate the
molecular mass of the protein. Such calculations have been made and it àððåàãåÿ that
lysozyme in 70% DMSO consists of about two monomers and its radius of gyration Rg is
35 À. Such an Rg value unambiguously means that the conformation of the protein is not
compact, in contrast to the 'molten globule' state. I t is possible that the conformation of

HEWL in DMSO resembles an early stage of protein folding where, according to some
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investigators, unfolded conformation with native-like helices is formed. Further model

calculations can clarify this question.

~9 ~

Some problems appeared upon measuring the gel-like form of the protein, but they

can be easily solved after some changes in the program of data treatment. The above
results will be published in the j ournal of Biofizika.
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The Ê,„(Ì Í ,)„1 mixed salts have attracted increasing interest because they
exhibit à low-temperature orientational glass phase devoid of long range order. The
orientational degrees of freedom involved in the disordered frozen state are related to
induced electric dipoles associated with the ammonium tetrahedra [1] . The õ-Ò phase
diagram of the Ê, „(Ì Í ,)„1 solid solution has been determined in [2] as consisting of
three concentration ranges at low temperatures. At high concentrations (õ > õ, =- 0.75),

ammonium ions are ordered as in ðèãå NH,I in à slightly distorted CsC1 structure of
tetragonal symmetry. For 0.3<x<x an orientational glassy phase with short range
antiferroelectric order manifests itself in à NaC1 type cubic structure. At cooling, below
õ = 0.3, the transition is ï î longer collective but is replaced by à single ion freezing.

The low energy rotational tunnelling transitions (ËÅ < 1 meV) have been
investigated by the inelastic incoherent neutron scattering (IINS) method for õ<0.30, but
the rotational tunnelling states of ammonium ions in à diluted solutions of Ê, (ÕÍ ,)„1
are still not well understood [3,4] . The IINS studies of the localised dynamics in the
dipolar Ê, „(Ì Í ,)„1 glass within the range 0.05<õ<0.70 show three distinct ammonium
excitations at ñà. 10, 21 and 31 meV, which are interpreted in terms of the âî -called
"triple-approach model" assuming that the tetrahedral ammonium ions adopt the Ñ,„

symmetry site in the crystal [5] .
We have studied the Ê, „(ÕÍ ,)„1 system in the full concentration range on the

NERA spectrometer at the IBR-2 pulsed reactor [6] . The IINS spectra were measured
for concentrations x=O.0, 0.05, 0.15, 0.30, 0.45, 0.60, 0.80 and 1.0 at temperatures of
10, 80 and 290 Ê, respectively. The G(E) weighted phonon density of states obtained
from the IINS spectra at 10 Ê are presented in Fig. 1.

The G(E) of ðèãå potassium iodide exhibits two bands with energies of 5.8 and
13.2 meV, which correspond to the acoustic and optic phonon branches, respectively, in
accordance with ref . [7] . For ammonium concentrations below õ,, corresponding G(E)
functions display an additional low energy excitation at ñà. 2.5 meV, in comparison to
the results of ref . [5] . The low energy bands at ca. 2.5 and 9 meV are present only in the
G(E) of the disordered phase. In the ordered, phase translational and torsional
ammonium vibrations are marked by v, and vÄ respectively. The v, band broadening
with increasing ammonium concentration and in the ordered phase demonstrates two
maxima. The average energy of the translational ammonium vibrations slightly
decreases with ammonium concentration. The energy of the torsional excitations vÄ
changes from 36.5 meV in the ordered phase to ñà. 30 meV in the disordered phase. The
width of these bands increases with decreasing ammonium concentration.

The concentration dependencies of the energies of the ammonium excitations in
the Ê, (ÕÍ ,)„1 mixed salts at 10 Ê are presented in Fig. 2 and are compared with the
results of ref . [5] .
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Our results do not confirm the simple picture of two torsional modes of the
ammonium ions in the disordered phase of the Ê , „(ÕÍ ,)„1 mixed salts. In frame of the
Ñ,„ ï þ ñ1å1, the three rotational degrees of freedom produce two modes of the Å and À,
character, respectively. The doubly degenerated Å mode is associated with torsional
vibrations about axes perpendicular to the Ñ,„ üóï èï å~ãó axi s and should correspond to
the v, band at ñà. 30 meV . The À, mode associated to torsional vibrations of ammonium
ions with their dipole oriented along the Ñ Ä axis should correspond to almost free
rotation. Possibly, two bands at the low frequencies of ñà. 2.5 and 9 meV , refl ect the
rotational tunnell ing spectrum of NH, free rotor states with nuclear spin ñî ï ~ï Üèéî ï û ï
the Ñ,„ âóï èï å1ãó site. Similarly, à broad distribution of low frequency rotational
excitations of NH4 has been observed in KBr/NH,Âr (0.5%) dilute solution [8] .
However, this model was not acceptable to explain the NH, rotational tunnelling
excitations in the Ê , Ä(NH4)ÄI mixed salts for and õ ) 0.15 and transition energy below 1
meV [3] .

I t is not doubt that both low frequency bands observed by the I INS spectroscopy
in the disorder phase of the Ê , „(Ì Í ,)„1 mixed salts correspond to local ised dynamics of
ammonium ions ø crystall ine lattice. However, their concentration dependence is even
more clear than for higher frequency modes and refl ect ammonium-ammonium

interactions. This implies that the Ñ,„ ãî 1àéî ï à1 potential for NH, ions directly depends
on such interactions. Direct ammonium-ammonium interactions contradict the
presentation of this mixed sal t as à pure dipolar glass. M ore detai led studies of the
shape, width and intensity of these bands in dependence on concentration and
temperature should explain the nature of these interactions and its role in the formation
of the orientational glassy state in mixed ammonium salts.
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Investigation of the librational spectrum of deuterated
thiocyanate ammonium.

L .S. Sm i rn ov , I . N atk aniec~, , S I . B r agi n

F rank L aborato ry of N åutron Physi cs, 11N R, 14 1980 D ubna, Russi a.

T h i o c y a n a t e a m m o n i u m , Ì Í , Á Ñ Ì , u n d e r g o e s p h a se t r a n s i t i o n s f r o m t h e
t e t r a g o n a l p h a s e I w i t h sp a c e g r o u p Ð , „ " t h r o u g h t h e o r t h o r h o m b i c p h a s e I I w i t h s p a c e

g r o u p Ð , „ " t o t h e m o n o c l i n i c p h a se Ø w i t h s p a c e g r o u p Ñ , „' d u r i n g c o o l i n g a t 3 9 0 a n d

3 6 0 Ê , r e s p e c t i v e l y . T h e p h a se t r a n s i t i o n f r o m t h e t e t r a g o n a l p h a se I t o t h e o r t h o r h o m b i c

p h a s e I I i s d u e t o t h e o r d e r i n g o f m o l e c u l a r S C N i o n s a n d t h e p h a se t r a n s i t i o n f r o m t h e

o r t h o r h o m b i c p h a se I I t o t h e m o n o c l i n i c p h a s e Ø i s d u e t o t h e o r d e r i n g o f t h e m o l e c u l a r
Ì Í , ' i o n s . T h e c o n t r i b u t i o n o f a m m o n i u m i o n s t o t h e p h a se t r a n s i t i o n s o f Õ Í , Á Ñ Ì w a s

i n v e s t i g a t e d w i t h t h e h e l p o f i n e l a s t i c i n c o h e r e n t n e u t r o n sc a t t e r i n g i n [ 1 ] . I n t h i s w o r k ,

t h e l i b r a t i o n a l sp e c t r u m o f a m m o n i u m w a s d e t e r m i n e d .
I n o r d e r t o b e s u r e t h a t e n e r g i e s i n t h e r e g i o n f r o m 3 0 0 t o 4 0 0 c m ' a r e i n d e e d

l i b r a t i o n a l e n e r g i e s i t i s n e c e s s a r y t o c a r r y o u t t h e i n v e s t i g a t i o n o f a m m o n i u m d y n a m i c s

w i t h i n e l a s t i c i n c o h e r e n t n e u t r o n sc a t t e r i n g o f d e u t e r a t e d a m m o n i u m t h i o c y a n a t e . I t i s

k n o w n t h a t t h e l i b r a t i o n a l e n e r g i e s o f d e u t e r a t e d a m m o n i u m d e c r e a s e b y 1 .4 t i m e s a n d

t h i s m e t h o d i s u se d t o i d e n t i f y r o t a t i o n a l s t a t e s .

I n à r e c e n t r e p o r t t h e r e s u l t s o f t h e i n e l a s t i c i n c o h e r e n t n e u t r o n sc a t t e r i n g ( I I N S )

i n v e st i g a t i o n o f t h e d e u t e r a t e d t h i o c y a n a t e am m o n i u m i n t h e m o n o c l i n i c p h a s e a t 9 Ê a r e

p r e se n t e d . T h e G ( E ) v i b r a t i o n a l d e n s i t y o f s t a t e w e i g h t e d o n a m p l i t u d e o f a t o m

v i b r a t i o n s , o b t a i n e d f r o m t h e I I N S sp e c t r a f o r Ì Ý , ß Ñ Ì a n d e a r l i e r f o r N H ÄS C N [ 1 ] a r e

p r e s e n t e d i n F i g . 1 . T h e o p t i c a l t r a n s l a t i o n a l a n d l i b r a t i o n a l e n e r g i e s d e t e r m i n e d f o r

d e u t e r a t e d a n d p r o t o n a t e d a m m o n i u m a r e s u m m e d i n t h e T a b l e .

T able. Energies of N (H/D ), (are given in ñò ' )

Å(Í )/E(D)
1.065

1.060

M odes N H . SC N Ì Ð ,ÁÑÌ

168

182

235

256

278

300

1.353

1.37 1

1.366

1.363

3 18

35 1

380

409

~

The obtained relations of Å(Í )/E(D) for v , and vÄ are in accordance with the band
identif ication done in [ 1] .
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D E N SI T Y O F V I B R A T I O N A L S T A T E S O F H I G H L Y D I S P E R SE C A R B O N S .

1 . N a n o d i sp e r se d i am o n d s

I .M ark i chev , Å .Sheka , À .M uzychk a and V .K havryutchenko

(*) Russian Peoples' Friendship Universi ty, Moscow

(* *)LNP, JINR, Dubna

Nano-size carbons have recently attracted à great attention due to promising

perspectives of their large application in science and technology. This is mainly due to
à large variety of carbon nano speci es: from nanodiamonds and nanographites
compositions to fullerenes. This variety of nanospecies, having sometimes à similar
appearance, in its turn, has put à problem of the species identif ication and sertification.
À lot of IR and Raman spectroscopic studied has been undertaken to tackle the
problem for the last few years. However, the above optical methods occurred to be
unsufficient in some cases. Besides that, optical methods are mainly related to bulk
vibrations of the species while the surface and its vibrations play an important role for
nanospecies. These facts have necessitated à performance of à series of nanospecies
vibrational spectra studies using the technique of inelastic neutron scattering (INS),
which has highlighted itself as an appropriate tool for both bulk and surface
nanospecies vibrations investigation [1] .

Below à series of experiments is presented which was carried out for the
following carbon nanospecies:

— nanodisperse diamond of different grain size and of dif ferent origin;
- exfoliated graphite;
- graphitized black;
— endogenic carbon dust;
— carbon heterosorbents.

This report presents the results obtained for nanodiamonds. Experiments were
carried out on INS spectrometer KDSOG-Ì at Ò=80Ê. Three samples were studied.

Sample 1 was obtained in the course of à blow-driven reaction between
trinitritoluene and hexan. It consists of particles with the diameter of 35-40A in
average. According to Õ-Ray study, the particles have à diamond-like structure. Their

surface is partially graphitized. Sample mass is of 39.4 gr, measuring time is 5 hours.
The sample was provided by Physical Department of the Moscow State University.

Samples 2 and 3 are commersial syntethic diamonds produced in the Institute
of superhard materials of the national Ac.Sci . of the Ukraine. They differ by the
average grain size which is of 60-40 mcm for sample 2 (it will be called below as à
macrodiamond) and is much less for sample 3, corresponding to the specific area value
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of 187 m gr. The both samples masses are of 20 and 19 gr, respectively. Measuring
time was 8 hours ø both cases.
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Fig.1 presents the sample spectra of double-amplitude weighted density of
vibrational states (AWDS) normalized per 100 gr of mass and 1 hour of measuring
time. The spectra numbering in Fig.1 corresponds to the sample numbering. As
expected, the spectrum of macrodiamond (sample 2) is of the lowest intensity among
the spectra set. This is due to the fact that this spectrum corresponds to bulk vibrations
only while the î ë åã two spectra, related to more disperse species, are composed of
both bulk and surface vibrations. In the latter case the vibrations of the surface zone as
whole are implied. Spectrum 2 fits well the DOS of bulk vibrational states for
diamond [2] . Its shape has à peculiar two-hump structure with maxima positioned at
700 and 1200-1250 cm-1. À sharp decreasing of the spectrum intensity is observed
over 1300 cm- l .

Òî analyse spectra 1 and 3 means to decompose them into the spectra of their
constituents, primarily into spectra of bulk and surface vibrations. To obtain the atter
spectra, it is necessary to substract spectrum 2 which presents the spectrum of the bulk
modes, from spectra 1 and 3. Fig.2. shows à residual spectrum (3) - (2). The spectrum
(1) - (2) has the same shape but is less Úó intensity. The residual spectrum in Fig.2 in
the main spectral region up to 1200 cm-1 is fully similar to à well known spectrum of

à quenched water (see, for example, [1]) so that it should be attributed to à confined
water in the body of both nanodiamond powders. Further investigation should answer
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T h e I n t er ac t i o n o f O x y g en (N i t r o g en ) w i t h H y d r o g en i n T i , V a n d T a .

V .Õ . Su m i n , Ñ Ü .Ñ à ï ( ï 1ä à

LN P, JINR, D ubna, Russia

The fast ion channell ing ( FIC ) showed than hydrogen mores from tetrahedral
positions to the octahedral ø V -0 -Í sol id solution (SS) or low symmetrical positions

in Ta-N SS. [ 1] due to O(N)-Í interaction.
So oxygen or nitrogen locate in the octahedral positions the FIC method can

not determine exactly the hydrogen location. W e check these statements by INS.
SampIe p reparati ons. The vanadium was al loyed by the ultimate concentration

of oxygen (õ-phase (6 at%). The sample was charged by hydrogen at 800 Ñ and water

quenched.
One tantalum sample was al loyed preliminary by 3 at% of vanadium and then

saturated by nitrogen and hydrogen from the gas phase and water quenched from

800 Ñ. V anadium and nitrogen in Ta form additional defect complex, which captures
hydrogen. Titanium sample was prepared by melting Ti with TiN to concentration
TtNp.pg and charged by Í . A l l the samples was single phase as was determined by

neutronography.
V 0 - Í sy st em .

In this system the formation of p — V qH hydride was studied by INS. Due to

high luminosity of the KDSOG-2Ì local mode of hydrogen in the octahedral sites can
be measured during 1 hour. So the process of ð- ÓãÍ formation was studied at gradual
cooling of the samples from room temperature to 210 Ê (Fig.1,2) . Oxygen courses the î

substantial infl uence on this process f irst of all , the ÜÌ energies change by dif ferent

lows (Fig.Ç).
0.0 14
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Fig.1 The partial hydrogen f uncti on of
state (PHFS) i n ÓÎ Í at 300Ê, 240Õ
and 80Ê

Fig.2 The PHFS in VHp pt at
300K, 250Õ and 210Õ
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In binary V Hpp1 system the
hydrogen local mode positions
(L M P) increase from 45 me V at
room temperature to 53 me V at
240 Ê and stay constant at more
lower temperature. A ccording to [2]
hydrogen precipitates into hydride at
260 Ê for 1 at% concentration ø × .
Before this temperature LM P
changes can be explained by the
preparation of hydrogen atoms to
phase transition. This proces

0 100 200 300 accompanies by grows of the
Temperature, Ê tetragonal ity V HÄ SS [3] . Fukai [3]

Fig.3 The dependence of LMP versus proposed that 1Ò — «4Ò(0 ) transition

temperature f or the èÎ î .îäÍ î p3 (open ci rcle) perponsed for this tetragonal ity . W e
and VHp.ù (dark ci rcle). conf irm this proposal by INS.

In the case of ternary V OppgHppg system, ÜÌ Ð' s decries from 63 'meV to 53

meV (Fig.3) . Oxygen keep hydrogen in SS down to 190 Ê . That is on 50 Ê lower
than for binary V -Í system in spite of the greater Í concentration ø ternary SS.

Both for binary or ternary systems hydrogen takes participation not only in ÜÌ
but in resonance - l ike lattice vibrations (RL LV) (Fig.1,2) . The positions of this RLL V

depend on temperature and close to the predict value 16 meV [4] .

ÒàÕî .î ãÍ î .î 4ç àï é ÒàÐ î .î çÕî .î ãÍ î .î ã sol i d solut i on s.

The binary TaHp.p4s SS changes essentially the LMP at low temperature due to
formation of p-TaH hydride (Fig.4).

In contrary to that the nitrogen contained alloys do not change the LMP at low
temperatures (Fig.5,6). From these facts we conclude that N-Í or V-N-Í interactions

keeps hydrogen in SS.
Moreover in TaVppgNppgHppg alloy the hydrogen LM split into three peaks as

for å-× ~Í hydride. The model calculation for microcrystal showed that such split can
be explained by N-Í or Í -Í interactions throw the deformation fields.

Increasing of deformation fields for nitrogen in Ti with comparison to the
fields in Ti-0 SS causes the increase the amount of residual hydrogen ø octahedral
sites of Ti-N SS (Fig.7, peak at 90 meV). So in Ti-N SS this amount is nearly 25%,
but for the Ti-0 SS it is 7% only [5] . The most part of hydrogen both in the Ti-N and
Ti-0 SS is in the hydride phases (Fig.8, peak at 153 meV).
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The S® Structur al Factor of L iqui d 4H e for Small q

Zh.À .Kozlov
Frank Laboratory of Neutron Physi cs, JINR, Dubna, Russia

Bij l [ 1] , Feynmann [2] , and Pitayevskii [3] obtained the following expression for S(q) at

small wave vectors q and Ò — ß

ß ( à 1 =
2Ì ñ

under the assumption that only one-photon processes contribute to the S(q) structural factor of
liquid 4Í å. At Òì Î , S(0) = pk~7X [4] , where p is the density of Í å atoms, é is Boltzman' s

constant, and Kr is the isothermic compressibil ity.
Òî verify the val idity of expression (1), we did the following. Data on integral intensities at

Ò=0.42; 1.45; 2.05, and 2.21 Ê in [5,6] was obtained by summing all of the neutron scattering
components measured in [5, 6] . The heating part of the scattering law was accounted for using à
detail equil ibrium relation. The phonon regions of these data for q=(0,1 —:0,6) k ' were described

by two functions:
Ó ( ß~) = Q) + È ß ,

Z,(v) =>, +>,v+> ÷'
where a; and Ü; are constants. Statistical criteria for the approximation precision yi were 2

obtained. Then, the temperature dependence for the so-called variance ratio v =~~ /yq . . was 2 2 2

built. The variance ratio characterizes the deviation degree of experimental data from à straight
line.. Figures 1 à, b illustrate the dependencies of the integral intensities on the phase vectors
and the description of phonon areas using à straight l ine for T=0.42 Ê and à curved line for
Ò=2.21 Ê. Figure 1 ñ shows the dependence of v~ on Ò. The equal ity v =1 means that

experimental data on S(q) can be described unambiguously using à straight l ine. As is seen from
Fig. 1, at increasing of temperature below the ë-ðîäîï (, sufficiently smooth bending of the curve
changes for à sharp j ump at the phase transition point Ti . The circle at Ò=Î Ê was drawn from

theoretical considerations.
As à result, we can state that in the phonon region, the dependence of the statistical

structural factor on the wave vector of l iquid Í å smoothly tends to à straight l ine at decreasing • 4

temperature. At the same time, the intensity of inelastic neutron scattering has à tendency to
decrease to zero at à decrease in the temperature and wave vector. Note that elastic scattering is
not observed in the scattering of neutrons in superfl uid Í å. Thus, dependence (1) was

experimentally confirmed.

Refer åï ñåç
1. Bij l À .- Physica, 1940, vol .7, ð.869.
2. Feynman R.P.- Phys. Rev., 1954, vol .94, ð.262.
3. Pitaevski i Ü. P.- ZhETF, 1956, vol .31, ð.536 (in Russian).
4. Price ÐÇ.- Phys. Rev., 1954, vol .94, ð.257.
5. Blagoveshchenski i N .Ì ., Bogoyavlenskii I .Ó., Karnatsevich L .V ., Kozlov Zh.À .,

Kolobrodov V .G., Priezzhev × .Â., Puchkov À .V ., Skomorokhov À .N ., Y arunin V Ü .-

Phys. Rev. Â , 1994, vol .50, ð.16550- 16565; Preprint JINR P3-94- 125, Dubna, 1994

(in Russian).
á. Kozlov Zh. À ., Russian J. Particle and Nucleus, 1996, v .6 (in Russian).
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Study of depth profiles of elements of thin layer structures using
RBS technique

Kobzev À.P., Korneev D.À., Nikonov Î .À.(JINR)
ÈÃóàï î ~ ÊÀ., Peskov Â.G., Pleshanov # Õ., Pusenkov V.Ì ., Si ber Å.-ê.,

Soroko Z.# , Syromyatnikov V.G., Schebetov À.F.(PNPI, Gatchina)

At the present time polarizing devices on the basis of supermirrors are widely
used to obtain neutron polarized beams. Supermirrors represent aperiodic
multilayered structures of alternating magnetic and nonmagnetic layer structures
with the thickness changing according to the appropriate law from 75 À to 700À .
Òî produce highly effective polarizing supermirrors, it is necessary to select the
elementary composition of FeCo/TiZr, Ñî /Ti layers in such à way that the
difference between à nuclear and magnetic potential should be equal to à nuclear
potential of nonmagnetic ones. The layers themselves and their boundaries are not
ideal due to roughness and mixture of materials at the boundaries as they are being
deposited, as well as different kinds of admixtures appear (Î , Ar, Ñ, N and others).
Moreover, while the polarizing devices are in use in real conditions, oxidation of
the upper layer takes place which worsens the polarizing properties of mirrors too.

~ .ã

~.î

0 .8

î .å

î .4

î .ã

î . î
20 0 åî î âîî îî î î ~ãî î

Normal wavelength

4 00 14 0 0 16 0 0

Fig.1. Refl ection coefficients for two spin components and polarizing capability
of supermirror.
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As an example, Fig.1 shows the refl ection curves for the two spin
components R+,R and the polarizing efficiency of à supermirror with the layers

FeCo/TiZr. One can see that the polarizing efficiency of à ï ø òî ã has gaps which
are probably connected with the imperfection of the element composition of layers
refl ecting neutrons with Õ =400-700À. These data have been obtained at the
refl ectometer at the WWR-Ì reactor in Gatchina.

Fig.2. Experimental and calculated spectra of scattered ions Í å+

for supermirror.

Depth profiles of elements ø multilayered structures have been studied
using the RBS technique at the electrostatic generator EG-5 FLNF. Fig.2 shows

one of the experimental spectra, partial spectra of all elements involved in the
composition of different mirror layers, as well as the resulting spectrum calculated
for an appropriate model. The calculated spectrum has been obtained as à result of
the variation of model parameters (composition and layer thickness) up to the
achievement of the best description of the experimental spectrum. The peak in
Fig. 2, corresponding to the resonance scattering of helium ions on oxygen, shows
its composition in the first layer of the multilayer structure. The spectra at higher
energies have been measured to analyse the following layers. As it has been seen, à
sample can be analysed at its whole depth up to the substratum ( glass ). Changing
experimental conditions, one can achieve the resolution in tens of angstroms, i . e.
to observe separate layers.

Thus using the non-destructive technique one can obtain à full depth profile

of all main and admixed elements in the composition of multilayered structures.
The obtained results permit us to understand the reasons of imperfection of
polarized neutrons and to introduce some changes in the manufacturing process.

6 7



O f f -sp ecu l ar N eu t r on R efl ect i on f r om M agnet i c M ed i a w i t h N on d i agon al R efl ect iv i t y

M at r i ces
Dmitri À . K orneev ' , V ictor 1. Bodnarchuk ' , V ladimir Ê . Ignatovich~

'Laboratory î~ ï åèiãî ï physics, JINR, 141980 D ubna M oscow reg., Russi a
Research Reactor Insti tute Kyoto Uni versi ty K umatori -cho, Senan-gan, Osaka 590-04, Japan.

(Recetved February 1, 1996)
The refl ection of neutrons from magnetic substances is described using the refl ection matrix with nondiagonal, in general, matrix elements which
determine neutron spin reverse. In external fi eld the spin reverse is accompanied by changes of the neutron kinetic energy and refl ection angle. The
particular ñàâå of refl ection from à magnetic mirror with magnetization noncollinear to the external fi eld is considered. The probability of spin reverse
and à deviation of refl ection angles from the specular one are calculated. The experiment to observe this effect is described and its results are reported.

K E Y W O R D S : ther m al neu tr o n s, m ag net i c sc at ter i n g , p o l ar i z at i o n , op t i c al p o ten t i al

~

ß . I nt r oduct ion
Since the time of the f i rst works by Hughes and Burgy' i

specular refl ection has been used to ðî 1àï ãå neutrons.
W ith polarized neutrons one can investigate, for instance,
magnetization profil es of f i lms and multi layered systems
~. It was pointed out ' ' that refl ection from f i lms with

noncollinear magnetic structures is more compl icated than
refl ection f rom f i lms with coll inear ones. In noncol linear
ñàâå the refl ection is characterized by the refl ection

matrix:

Ü

h

Ì â ,
Fig. 1. Following the refl ection from à magnetized mirror with the

magnetization Ì ï î ï ñî 111ï åàã to the external magnetic f ield Âî the
nonpolarized incident neutron beam with à wave vector Ko splits into
three beams. Two off-specular beams with the wave vectors k' and k

are ideally polarized. The splitting of the beam gives the distribution
over height h of the refl ected neutrons and it can be measured by à
moving or à position sensitive detector.

R =

with nonzero elements R and R To measure al l matrix

elements in É is the main goal of polari zed neutron

refl ectometry .
In the next section, the angular characteristics of

refl ection with spin-fl ip in external f ields are considered.

In the third section, the matrix elements of k and the
intensities of constituent beams for the case of refl ection
from à magnetic mirror with magnetization noncol l inear to
the external f ield are calculated. In the fourth section, the
experiment to observe the off -specular refl ection is

described

~2. Angular splitting of the refl ected beam

The refl ection of neutrons from an interface in an external
magnetic field can be off -specular (though coherent) if it is
accompanied by spin é|ðð|ï ä~®. In general, the incident

beam after refl ection undergoes triple splitting, as shown
in fig. 1. It contains the middle part which is specular and
two side lobes which are off-specular and perfectly
polarized. The intensity of the side lobes are determined
by the matrix elements R and R , of the matrix R and by
incident beam polarization. If the incident beam is
perfectly polarized, one of the side lobes vanishes. If the
incident beam is nonpolarized, two side beams in weak
external fields have almost equal intensities. The splitting
of the beam takes place because of spin fl ipping, energy
conservation and the conservation the of components of
neutron momentum parallel to the interface.

L et us denote k=(g ~, kÄ) the wave vector of the

incident neutron with the kÄ Iti~ being its normal and
parallel to the surface components. In the external f ield Â
the neutron has the potential energy - oB, where Â is

measured in Ë / 2mlt (m, p are the neutron mass and

magnetic moment, respectively) and a are the Pauli
matrices. On spin reverse the potential energy changes in
magnitude by (32B. Because of energy conservation it
changes the kinetic energy: k~ — éñ~Ô 2Â. In the ref l ection

from an interface the components Iti~, are also conserved.
Thus the change of the kinetic energy means the change in

the normal component k , : Ê,~ k *, = k > + 2Â , and as à

result to change in the refl ection angle. I t is not dif f icult to
calculate the angular deviation of shifted beams. For à
smal l grazing angle ôä— - 10 ~- 10 ' we have

' =,(1+ãâãê'

~

Ô.

= ~/ 1+ 1.47 10 " B<p ,' / ô„ — 1

Í åãå the neutron wavelength Õ is measured in A ngstroms,

Â in Gauss, and ô<> in radians.
The dependence of relative spl itting Ëô' /ô<> on Õ and Â is

shown in f ig.2.
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Fig.2. The relative angular splitting of spin reversed beams in

dependence on Õ (in Angstroms) and the external magnetic field for
ec=4.2mrd. The crosses are the experimental points (see sec. 4).

I f the external f ield is suf f iciently large, spin reverse is

forbidden for Ëô<0.

É = (k + k ' )(k ' — k " ) / N — = À / N

where, N is the number and it is useful to caIculate it as à
matrix element :
N = (+~Ê.Ê- + k" ã +Ê- k' + 1,-Ê" ~+) ,

where ~+) represent the eigen states of the matrix GBp.

à Â , I+) = ÒÂ, I+) .

Evaluation gives
N=(k' +k" )(k +k' ) — (k' - k" )(k' — k )sin' (X/ 2)

where k ' = (Û' + Â àï é k " = / Û' — a k B, are the a-

numbers now, and X is the angle between vectors Âî and
B i . The numerator of (3.2) can be reduced to the form :

À = k k ' — k ' k " + k -k " - k ' k ' =

= k ' k — k " k ' + (1/ 2)(k ' +k " )(k ' — k )
- (1/ 2)(k " - k ' )(k a b , + o b ,k ' )

where the f irst two terms do not contain the a matrices at
al l , and Ü1 is the unit vector in the direction of B i .

Now we are calculate matrix elements of À
(+ ~À [+) = (k t k ' — )(k ' k • )

+ (k " — k ' )(k ' + k ) sin' (ó, / 2), '

(+ ~À ~+) = — (k " - k ' — )k * sin y

In the case of ó=Î (and the simi lary for ó=ê) the matrix

R becomes diagonal with the elements:
R, = (k ' — k" ) / (k ' + k " ), R = (k — k ' ) / (k + k ' )

For the general ñàçå the final expressions for the
matrix elements of É are:
RÄ = — R, ò- sin' (ó,/ 2) 1 (k" — k' )(k' +k )

(k + k ' )(k ' + k " )

(k " — k ' )k *
sin g(k + k" )(k' + k" )

2sin' (v / 2).ñ = ~ (k + k' )(k ' + k" )

These formulas are useful to calculate the beam splitting,
but the notations are not appropriate for an-experimerit,

bee uase both spin states in the incident beam are
characterized by the sam wave vector k ' = k = k with à

given normal component k. Thus, if we consider the
splitting of the part of the beam initially polarized along
the field, we must replace k~-Â~ by k~ which means
shifting of all k2 in (3.5) by +Bii. Thus, k~ for that part of

the beam becomes, k ' = /Ê' + 2Â, , and

k'* = / k~ — u+ (B, + Â, ) . For the part of the incident

beam polarized in the opposite direction we must take
k' = k and then, k = ~Ê' — 2Â, , and

k'* = g k' — u+ (B, Ò Â, ) .

It is easy to estimate the intensity of refl ected beams in
the case when the inside field is strong enough ñî make k'

be imaginary, and leave k to be real. In the first

Let us f ind the solution of the Schrodinger equat ion in
presence of the external magnetic f ield Bii and à
magnetized refl ecting mirror :

(Ë — u8(z > Î ) + trB (z) + k ) i ir = 0

where è is an optical potential of the mirror, which is
supposed to f i l l the half space z > Î , 8 is à step function
equal to unity when the unequal ity in its argument is
satisf ied and to zero in the opposite case,

B(z) = B 88(z < Î ) + Â | 8(ã > 0) ,

and B i is the magnetic induction of the mirror . W e

consider the case when Bii unparal lel to B i . The solution
is: ilr(r ) = exp(ik ,r,)Q(z), where

Ð(ã) = 8(z < 0)[exp(ik ; z)Q, + exp( — é ; ã)Ö , ] +
8(z < Î ) exp(ik ", ã)'37„

R , Ò are refl ection and transmission matrices,

Ê = ~~Ê 4 à Â , k", = g k ', — e k stB , àï 4 à is the

spinor state of the incident particle. For simplicity in the
fol lowing, we shal l omit the subscript 1.

M atching of the wave function at the interface z=O for

arbitrary Qi gives two equations for R and Ò :
i + É = Ò, k ' ( i — k ) = k" .

The solution of these equations can be represented as
follows:
É = (k ' + k" ) ' ( k ' — k" ) , Ò = (k ' + k " ) ' 2k '

Í åãå we shall consider in detai ls only the matrix R .
I t is possible to get rid of . the matrices a in the

denominator by representing R in the form

6 9



appr oxi mat i on w i th respect to Â ~Ëñ~ the denominator can

be repl aced Úó 1, and the inteti si ty of the off -specular

beam become proporti onal to

!1ñ !' = Ê' ~ ÿ ï ó,
i( k ' + k " )( k + k ' ) 2( u + Â ,)

w here ó= [2k/ (1ñ+1ñ" ) )~= 1.

The probabilities Ù (Õ)! were also measured at

î ô= 1.06mrd for two magnitudes of the external magnetic
f ield (f ig.5). The position and spectral width of the

functions R~ ., (Õ) corroborate the expected theoretical
dependence Àô ÂÕ~. It is evident that measurment of

nondiagonal elements IR®., (Õ)! in à wide spectral interval
of Õ and in the of f -specular direction requires detector
with wide angular aperture contrarily to the measurment

of the sum Ì , Ê (Õ) + N R .(X)) in the specular

direction.

ð4. Exper iment

The experiment was performed at the time-of-fl ight
refl ectometer of polarized neutrons at the IBR-2 reactor in

Dub na.
The sample was à thin anizotropic FeCo f i lm on à

glass substrate. The external f ield was applied either
paral lel to the anizotropy axis in the f ilm plane (y=0) or at
an angle of 76deg. to it (out of plane). The magnitude of
the external field could be varied in the range 0.0137kGs.
The polarized neutron beam with à wide M axwell ian
spectrum was incident on the f ilm at à grazing angle
ôî=4.2mrd. The polarization of the beam Ð(Õ) was à
monotonous function decreasing from P=O.98 at ë= 1.8À

to P=O.5 at ë==7À . The detector with à cadmium sl it of
0.5mm width was placed at 2.68m from the sample. Thus,
the angular aperture of the detector was áô=0.18mrd. Òî
determine the refl ection coeff icients the intensity of the
incident and refl ected neutrons were measured at diff erent
orientation and magnitudes of the external f ield Â .

~Ð ~ ~ =Î the dependence of N J s, +N R on the

wavelength was measured, Í åãå N+(X) are proportional to
the intensities of the incident neutrons with two spin
proj ections on the external f ield, and R+ are the squares of
modules of the related refl ection ampl itudes.

Ù~o7r =76de~., the euttulnr distributions of the refl ected
neutrons were measured for two magnitudes of the
external f ield: 0.2 and 6.3kGs. (f ig.3). In the f ield
Í =6.3kGs, off -specular neutrons were observed at ô>ô~.
Òî determine the dependence of Üô=ô — ôî on Õ the energy

range of counted neutrons was restricted to two intervals
ÜÕ| and Üë~ around Xi -— 2.6A and Q —- 3.5À respectively.

The measured ratio of the magnitudes Üô|(ë,,) and Üô~(Õ~)
(f ig.3Ü) satisf ies the relation he i(Xi)/Üô~(4 )=(Ë|/4 ) ~ ith
the precision better than 5%, and corroborates the
quadratic dependence of Üô on Õ. The measurements of

Üô at f ixed Õ and diff erent Â corroborate the linear

dependence Üô Â .
For the f ixed position of the detector at Üô=0.7mrd and
two magnitudes of the external f ield : Â=6.3 and 3.2kGs
the spectral dependence of the square modules of R , R,
and R., were measured (f ig. 4). The spectral interval of
the measurments was determined by the angular detector
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A ck now led gm en ts

O ne of the author s (V .Ê .1.) w ants to express hi s

grati tude to 1.C ar ron f or Û û ï ÷à1î àÛ å assi stance.

~~
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Wavel engt h , À

Fi g .4 . T he w avelength dependence o f Õ , Ê , + Í .R . i n the spec u lar

d i rec ti on ô = ô~| fo r 7„= 0 and y = 76deg . and o f IR . I fo r y = 76deg i n the

o ff -spec ular d i rec t ion (Ë ô = 0 .7 m rd .) . à) Â = 6 3 Ê& , Ü) Â = 3 .2k G s.

~5. Conclusion

The obtained exper imental data demonstrate that the
relectometry in high external f ields (B>2kGs) from
noncoll inear structures with nondiagonal refl ection
matrices reveals strong angular dispersion of the refl ected
neutrons with reversed spins. For the case of nonpolarized
incident beam the observation of this dispersion gives the

opportunity to measure the nondiagonal elements R~; (Õ)

in the off -specular beams and the sum 1/2(R++(X)+R (Õ))
in the specular one. I t also gives the opportunity to get
informat ion on the distribution of magnetization in f i lms
using nonpolarized neutrons.
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