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Local magnetic fields at the nuclei of F'°, Rb®", and Rb®® in RbFeF; were determined at room tempera-
ture by the NMR method. The hyperfine interaction constants were calculated and values of the spin
density at these nuclei were determined. It was found that the spin density changed its sign in the space
between the fluorine and rubidium nuclei. The values obtained for the spin density at the rubidium
nuclei were in good agreement with the theoretical conclusion that the spin density near rubidium was

due to the presence of unpaired spins in the t2g
THE delocalization of the spin density in paramagnetic
crystals gives rise, because of the hyperfine interac-
tion, to local magnetic fields at the nuclei of nominally
nonmagnetic ions. Investigations of local fields at the
nuclei of various ions make it possible to determine the
values of the spin density near these nuclei and to find
the spatial distribution of the spin density across a sam-
ple. If an experimenter has a batch of crystals, which
have similar properties (for example, the same crystal
structure, etc.) but differ only in the nature of their
paramagnetic ions he can investigate the relationship
between the electron configuration of the paramagnetic
ions and the nature of the spin density distribution in a
crystal.

Such a relationship can be investigated partly in
RbMnF; 2! and RbCoF;®? crystals, which have the
same structure (of the perovskite type) but different
electron configurations of their paramagnetic ions: the
%S state in Mn** and the “F state in Co®* ions. The hyper-
fine magnetic fields in these crystals have already been
measured, the hyperfine interaction energies have been
calculated, and the spin densities at the fluorine and
rubidium nuclei have been determined. It has been found
experimentally that the spin density at rubidium in
RbCoF; is several times lower than that at rubidium in
RbMnF;.

It would be interesting to study also the dependence
of the spin density at the nuclei of fluorine in these
crystals. The spin density at the fluorine nuclei in
perovskite-type crystals is, as shown earlier, due to
unpaired spins in the e, orbitals of paramagnetic ions.
Mn?*, Fe**, and Co®* have the same number of unpaired
spins in the ey, orbitals but the average values of the
projections of the electron spins in the ground states of
these ions are different because of the considerable in-
fluence of the spin-orbit interaction in Co®* and Fe*'.
Therefore, it would be interesting to study changes in
the spin density at the fluorine nuclei, since this should
give information about the influence of the spin-orbit
interaction on the spatial distribution of the spin density
in crystals.

DESCRIPTION OF EXPERIMENTS

The method of preparation of RbFeF; single crystals
and the results of a chemical analysis are reported
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orbitals.

in'*?. At room temperature, RbFeF; has the cubic
structure of perovskite'®®’ (Fig. 1). Below T = 102°K,
this compound transforms to a magnetically ordered
state.” The sample, on which our measurements were
carried out, had a volume of ~0.8 cm® and consisted of
a mosaic of single crystals ranging in volume from 5
to 50 mm®. Since the cubic faceting of single crystals
was well developed, a sample prepared this way was
quite suitable for measurements of the angular depen-
dences of the NMR spectra of fluorine. The NMR meas-
urements were made with the RYa-2301 unit at room
temperature.

The angular dependence of the NMR lines of F'°, ob-
tained by varying the angle 6 between H, and [001]
[Ho lies in the (110) plane], is shown in Fig. 2. The
resonance frequency used in the measurements on the
fluorine nuclei was f, = 35.258 MHz. The undisplaced
position of the NMR lines of fluorine should be found at
a magnetic field (Ho)undispl = 8802.4 Oe. It is evident

from Fig. 2 that the positions of the NMR lines were
displaced considerably from this value of (Hy)ypgigpl in

the direction of weaker fields. This meant that the
fluorine nuclei in a crystal were acted upon by a local

Ho,Oer

a0 |

ss00}-

[

wo -
Sry $ ! . i
e OF v )

FIG. 1 FIG. 2
FIG. 1. Unit cell of RbFeF;. Cubic complex [FeFgRbg ]4*.

FIG. 2. Angular dependence of the positions of the NMR lines of
fluorine in RbFeF;. The two curves represent magnetically inequivalent
positions of the fluorine nuclei in the RbFeF; lattice.

DThe transition temperature can be deduced from the disappear-
ance of the NMR signal.
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magnetic field directed parallel to the external field.
The width of the NMR lines of F*° (defined as the separ-
ation between the extrema of the derivative) was 6 H
=13 + 1 Qe.

The measurements on the Rb® nuclei were carried
out at a frequency fo = 4.1887 MHz and those on the Rb®’
at fo = 12.484 MHz. In both cases, the lines were shifted
in the direction of stronger fields, compared with the
positions of the NMR lines of Rb® and Rb®" in a standard
nonparamagnetic sample, which was an aqueous solution
of Rb,CO;. These shifts were independent of the angle
and their relative value @ = AH/Ho = (~11.2 + 0.7) x 107*
was the same for both isotopes (within the limits of the
experimental error). A negative sign was obtained be-
cause the local field at rubidium was directed opposite
to Ho. The line width for the NMR of Rb®* was 6H
=7+ 1 Oe and the line width of Rb®" was 6H = 12 + 2 Qe.

INTERPRETATION OF RESULTS

The observed shifts of the NMR lines are due to the
dipole-dipole and hyperfine interactions of the investi-
gated nuclei with paramagnetic ions.

Taking into account the axial tetragonal symmetry
of the environment of fluorine, we find that the phenom-
enological Hamiltonian, describing the Zeeman splittings
of the levels of the fluorine nuclei in the paramagnetic
state of RbFeF;s, is given by

3 = —yrh[Ho+ HP(3c0s20 — 1) 1T, + 2[A,F + A,F (3c0s? 0 — 1) ](S:)1..
1
Here, HD is the amplitude of the dipole magnetic @
fields exerted on a given fluorine nucleus by the sur-
rounding paramagnetic Fe** ions, which are regarded
as point dipoles; fz is the nuclear spin operator; Ag
and Ap are, respectively, the isotropic and anisotropic

hyperfine interaction constants; 6 is the angle between
the direction of Ho (the z axis) and the axis joining the
fluorine nucleus and an Fe®* ion; the coefficient 2 ap-
pears because we are taking into account only the hyper-
fine interaction with two nearest Fe®* ions; {S,) is the
thermodynamic average value of the z projection of Fe?*
spin
Sp S exp (—Fbre/kT)

{8y = [?p oxp (—Hre/ KT) (2)
where # g is the total electron Hamiltonian of an Fe?*
ion, which includes also the exchange interactions; k is
the Boltzmann constant.

The rubidium nuclei have a cubic environment con-
sisting of paramagnetic ions. Therefore, the Hamilton-
ian for these nuclei does not have angular components
and is of the form

5 = == Yoy WH I 4 BHEY (8,) 17 (3)
Here, the index r denotes the type of the isotope
(r = 87 or 85) and the coefficient 8 appears taking into

account only the nearest Fe?* ions (there are eight of
them).
1t follows from Eq. (1) that the NMR frequency of
fluorine is given by:
AF + A 29 —
foF — ?W, {Ho + HP(3c0s20 — 1) — ;;2[ + A5 (3cos26 —1)] 8D }
JU

()

yrh

For the NMR of rubidium, we have
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2 Hy(1+a) = ALY H0[1_8ﬁ§b<<_sz>>], (5)

2n YryH ol

We must calculate HD and (S, ) in order to find the
hyperfine interactions constants from the experimental
data. The dipole fields in Eq. (1) do not include the con-
tribution of the demagnetizing fields or the Lorentz
fields because estimates show that the sum of correc-
tions for these fields is small compared with the fields
observed at the nuclei. We shall calculate HD due to
Fe* ions in a Lorentz sphere using the dipole sums of
Shulman and Knox'”’ for KMnF; since KMnF3; has the
same structure as RbFeF; and the dimensions of the
unit cells of these two compounds differ only slightly
(AKMnF, = 4-19 A, agpFer, = 4.173 A"®Y). Then, we

have HD = 0.318 . Ho, where, according to™, x,, =8
x 107, 1t is more difficult to calculate {S,).

The energy levels have been calculated by Low and
Weger“” with an accuracy to the second order in the
spin-orbit interaction of a single Fe® ion in a crystalline
field of octahedral symmetry. Figure 3 shows the dia-
gram of these levels. Low and Weger give also the form
of the wave functions for these states to the zeroth order
in the spin-orbit interaction.

The ground state of a free Fe®* ion has a 25-fold
(5 x 5) degeneracy if the spin-orbit interaction is not
included. A crystal field of octahedral symmetry splits
this state into two but the lower level remains 15-fold
degenerate. The spin-orbit interaction reduces the de-
generacy still further. At room temperature, all 15
levels are populated and therefore all of them must be
included in the calculation of {S,). Moreover, a con-
siderable contribution to {Sz) is made by the correc-
tions to the wave function, which result from mixing of
the states by an external magnetic field. These correc-
tions give rise to energy corrections which are quad-
ratic in Ho and are unimportant in the electron reson-
ance spectra because they shift the levels by the same
amount. However, they are important in calculations of
the magnetization because they give rise to the Van
Vleck paramagnetism. Moreover, we must take into
account the exchange interactions.

The exchange interactions will be allowed for within
the framework of the molecular field theory, in which
the exchange-interaction Hamiltonian for a given para-
magnetic ion is of the following well-known form

Kot =2 N1, (SIY S,

J
Alternately, assuming that all Fe?* ions are located at
equivalent sites, we obtain

FIG. 3. Energy level diagram of a
Fe?* ion: a) free ion; b) splitting in a
cubic field of the octahedral symmetry;
¢) first-order splitting by the spin-orbit
interaction; d) second-order splitting by
the spin-orbit interaction; e) splitting of
levels in an external magnetic field. Num-
bers show the degree of degeneracy of
the levels in the absence of an external
magnetic field.
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Hori = 21¢S,)S,. (6)

Here, J is the exchange integral.

Since the energy of interaction of the magnetic mo-
ment of a Fe?* ion with the external magnetic field and
the energy of the exchange interaction in the paramag-
netic state are both much smaller than the energy of the
spin-orbit interaction, we can calculate corrections to
the wave functions using the perturbation theory and the
following perturbation Hamiltonian:

H = ﬁHO(Lz + 251) + 21<<Sz>>Sz (7)

Here, $ is the Bohr magneton (8 > 0); f‘z is the orbital
moment operator. The total Hamiltonian #pe, used in
Eq. (2), includes Jq + J1g + ¢, where %#q describes
the splitting of the Fe®* levels by the crystal field and
41,5 describes the spin-orbit interaction.

Using the wave functions found by Low and Weger
and calculating corrections to these functions due to the
perturbation (7), we obtain

d v 1
(S:y=—pH [ kT (B—2Ip/%)+2ml 5. B+ 2I(m/kT + p/%) ] '
where
21 5 10 18 55

d= = + ) ePRT =3 eSMRT . + & @IMRT — ___ gSMRT.

P = _q + 79~5~» e2MRT BQ eL’,A./)zTy 9 + 2_5 e2MRT _|,_ esMkT
5 54
B — 3 4 5e2MRT 7651/”’ (8)

and » =—100 cm™
stant. !

The susceptibility is calculated in a similar manner
and the data on x, at T = 298°K can be used to deter-
mine the exchange integral. It is found that J/k
= 25 deg K.

The value obtained in this case is not very accurate
and is essentially an estimate. However, we should
bear in mind that the measurements are carried out at
temperatures sufficiently high compared with Ty, that
(S, ) depends weakly on J, and that an error of 50%
in the determination of J gives rise to an error of only
10—15% in {S;).

Calculations yield {S,) =—6.5x 10™" H, at room
temperature. After the calculation of HD and (s, ), the
hyperfine interaction constants are determined:

= (201)-10~* cm™ A4,F = (2540.2)-10 cm %)
AR (29+0.3).10° em™t AR — (—wii).io»ﬂcm“(

The errors given above are the experimental errors
which do not include inaccuracies associated with the
various assumptions made in the calculation HD and

(8z)-
CALCULATION OF THE SPIN DENSITY

The appearance of hyperfine fields at the nuclei of
nonmagnetic ions is attributed to the decompensation
(polarization) of closed electron shells of these ions be-
cause of their interaction with unpaired electron spins
of paramagnetic ions. The value of the field at a nucleus
is proportional to the degree of decompensation. The
quantity which represents the degree of decompensation
is the spin density. The spin density (fg) at a nucleus
may be related to the energy of the contact hyperfine

is the spin-orbit interaction con-

-1
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interaction by the following expression:'*?

D ALSD A8
AT (T S0y Yaa,

on

fs= (10)
where Jé?f I is the energy of the contact hyperfine inter-
action in a crystal for a paramagnetic ion in the ground
state and with the maximum projection of the magnetic
moment along the magnetic field; (SZ> is the quantum-
mechanical average value of the spin of a paramagnetic
ion in this state. We note that, in the case of ions whose
orbital moment is not ‘‘frozen,’’ the value of (S'z) is not
equal to the maximum projection of the spin. The quan-
tity Ag is the hyperfine interaction constant defined in
Eq. (1); !/t’ﬁ)il is the energy of the hyperfine interaction
between a nucleus and one of electrons in the shell of a
free nonmagnetic ion, namely, in the shell whose decom-
pensation is responsible for the field at the nucleus; ag
is the hyperfine interaction constant for one electron
(with (S7) = 1/2) in that shell.

The wave functions of the ground-state triplet of an
Fe® ion, written in the L,, S, representation (for L = 2
and S = 2), are of the form"™®’

0= () 120 +1-2.0 +2)1214 ()" =10,
[b) = (f) {[|—1, —1) +]1. 1>]+( ) [=2.00 4(2,0), (11)
]c)=<%> [|—2—1+]2—1 +,2|—1,—2>]+(1%>‘/7 11,0).

Here, |i, k) is the wave function of the state with L
=1iand S, =k. Thus, for the |a) state, we have S, = 3/2.
We shall now assume that the field at the fluorine
nuclei is due to the decompensation of the outer 2s shell
(corrections to fg due to the inclusion of the 1s shells
of fluorine are calculated in" ]) and we shall use a,g
=1.503 cm™ for fluorine.™"? It is natural to assume
that, in the case of Rb* ions, the field at the rubidium
nuclei is mainly due to the decompensation of the outer
5s shell, for which we have'?’

-1

a®"= 003376 cm™* o2 = 0.11399 cm

Then, substituting into Eq. (10) the values of Ag and
A}I}b, found from the experimental data, we obtain

f5=04%, 8= 5= 5= — 0.028%. 12)

It is interesting to note that the signs of the spin density
at the fluorine and rubidium nuclei are opposite.

We shall continue this analysis mainly to find the re-
lationship between the value of the spin density (hyper-
fine interaction) at the nuclei of fluorine and rubidium,
on the one hand, and the nature of the electron structure
of Fe®* ions, on the other. To obtam thlS relationship,
we must calculate theoretically (9‘/’ Iy i.e., we must
obtain an expression for the phenomenologmal constants
Ag and Als:{b in terms of microscopic parameters of

electrons, such as the covalence, overlap of the wave
functions, and the occupation numbers. We shall con-
sider primarily the hyperfine interaction of the rubidium
nuclei, because calculations of the hyperfine interactions
of the fluorine nuclei in crystals containing Fe?* ions in
th?mc;ctahedral coordination have been analyzed in detail
in*=-.

The Hamiltonian of the contact hyperfine interaction
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is of the form
HF1 8n

Hor = —yrveht 2 6(r;) iR,

- (13)

Here, the summation is carried out over all electrons
of the system; §; is the spin operator of an i-th elec-
tron; rj is the radius vector joining an i-th electron and
the rubidium nucleus (the origin of the coordinates is
assumed to be at the rubidium nucleus); v is the gyro-
magnetic ratio of the electron. In order to calculate the
energy of the hyperfine interaction, we must find the
form of the wave function of the many-electron system
of interest to us, by expressing it in terms of one-elec-
tron functions. The following calculation procedure can
be used for this purpose in the weak crystal field ap-
proximation.

We shall consider a cubic complex [FeFgRbg]|*, which
is shown in Fig. 1. We must express the many-electron
functions of Eq. (11) for the ground-state triplet in
terms of determinants of the one-electron 3d functions
of a paramagnetic ion, and then we must include (for
example, by the method of molecular orbitals) the ad-
mixture of 2s and 2p functions of fluorine ions, as well
as the admixture of the 5s functions of rubidium ions to
the one-electron 3d functions of Fe®* ions. Consequently,
the many-electron state is expressed in terms of de-
terminants of the molecular orbitals, including the
fluorine and rubidium functions. The energy of the
hyperfine interaction of interest to us is expressed by
the ““mixing’’ parameters: the covalence and the over-
lap integrals. It is convenient to classify the one-elec-
tron functions of a crystal using the same irreducible
representations to which these functions belong in the
corresponding symmetry group of the environment. We
find that in the octahedral group the 3d functions belong

to the &g (3dxz_y2 and 3dg,2 ) and tzg (3dxy’ 3d,,,

3dyz) representations. The expression for the functions
(11) in terms of the one-electron 3d functions of Fe®*
can be found in"**!. Our problem is to go over from the
‘“pure’’ 3d functions to the molecular orbitals, which
also include—in addition to the 3d orbitals of Fe*—the
functions for fluorine and rubidium, which are trans-
formed in accordance with the g and tzg irreducible

representations. The general form of these molecular
orbitals is as follows:

Pumo = N~ (‘PM +a e+ X ﬂj¢Rh> , (14)

i 3

where ¢ 4 is any one of the five 3d functions. The sums
which follow this function are linear combinations of the
corresponding orbitals of fluorine and rubidium (i and j
are the numbers of fluorine and rubidium ions in the
complex [FeFsRbs]**) and these linear combinations
should be transformed in the octahedral group in ex-
actly the same way as ¥,q4. We shall consider only the
antibonding molecular orbitals. The coefficients A and
¥ include the overlap integrals and the covalence param-
eters. The explicit form of the linear combination of
the fluorine functions is well known™! and we shall not
give it here. An elementary group-theoretic analysis
shows that there are no combinations of the rubidium
5s orbitals in this complex which could be transformed
in accordance with the e, representation, i.e., there is
no overlap or covalence %etween the 3d3zz__rz and
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3d,2_ 2 electrons of Fe™, on the one hand, and the 5s
electrons of rubidium, on the other. However, combina-
tions of the 5s orbitals of rubidium, which are trans-
formed in accordance with the t,, representation, can
be obtained™’ and are given by

1
( 2 ']jll?SS)xu = %’[(‘Pi + @s) + (92 + @6) — (@3 + 1) — (¢4 + @s) |,

. 1
( 2 niss )yl == %[(‘Px + @5) — (@2 + 06) — (%3 + @) — (¢4 + 9s)),
’ (15)

1
( 2 niss )xz = V—S_[(tm + 95) — (@2 + 96) — (%2 + 1) — (G1 + F8)],
j
where ¢. represents the 5s functions of a j-th rubidium
atom.
Substituting now Eq. (15) in Eq. (14) and then Eq. (14)
into the corresponding determinants, we can show that?®’

HFI 8n N N2 (S
@l a) = == ym s (0) [2 =g T ey, = L
N*i 2 (Sz> 3 N—i 2
= aSsTYntzg___[th = —-dass 8Y IZth (16)

where n is the number of unpaired spins in a Fe** ion
and ng, is the number of such spins in the t, orbitals.

Comparing Egs. (10) and (16), we find that
3 N-1y2

TR

A calculation of the contact hyperfine interaction of

)

om0 =

the fluorine nuclei, given in'*?, yields
HFI 1 No2ZE (S» 18
(a|FHa |a) Z?a‘zs 3 neg‘;;*le ( )
and it follows from Eq. (10) that
3 Nomfas (19)
P Y e AT
fs¥ = ya—

Here, ne_ = 2 is the number of unpaired spins in the eg

orbitals; Ng and Ag are the coefficients, which are
similar to N and A in Eq. (14), but they apply to the
molecular orbitals which transform in accordance with
the e, representation.

Ingthese calculations, we have ignored cross terms,
which include products of the fluorine and rubidium
functions, assuming that they make contributions of
higher orders of smallness.

DISCUSSION

The experimental values obtained for the spin densi-
ties at the fluorine and rubidium nuclei show that RbFeF;
exhibits an experimentally observable delocalization of
the spin density and this delocalization can be deter-
mined for all the nuclei of nonmagnetic ions. It is inter-
esting to note a reversal of the sign of the spin density
on going over from the fluorine to the rubidium nuclei,
i.e., the presence of spatial oscillations of the spin den-
sity which is analogous to the effect observed in RbCoF;
and RbMnF;. The appearance in this case of a negative
sign of the spin density is difficult to explain because
the analysis includes only the antibonding molecular
orbitals. However, it is reported in'*®’ that, in the
simpler case of RoMnF;, in which paramagnetic ions are
in the s state and therefore calculations are easier, the

2 Calculations of this type are described in greater detail in [>!3].
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negative sign of the spin density at Rb may be due to the
influence of electrons at filled t,, molecular orbitals of
the bonding type. Then, the parameter N~'y? is replaced
by the difference (N"'7%) = (N"'y*)§ — (N"'v*)%_, where
the arrows indicate the directions of spins in the anti-
bonding and bonding orbitals. In this case, we can have,
in principle, a negative value of the spin density.

Calculations given in the present paper and in'®
that the hyperfine interaction and, consequently, the
absolute value of the spin density at the rubidium nuclei
are both proportional to the factor nt2g<Sz) /n.

1 show

Figure 4 shows the occupation diagram of the 3d
electron shell of paramagnetic ions. Bearing in mind
that the quantity (Sz) is equal to 5/2 for Mn**, 5/6 for
Co**, and 3/2 for Fe**, we can easily obtain the following
ratio:

Rb Rb Rb
Js®bMnFy): [sRbFeRy) : fsRbCOF) = 1:0.5:0,2,

if the parameter N™*y?/8, which depends on the inter-
atomic distances and on the covalence, is the same for
these crystals. The experimentally determined values

of fgb are related by the ratio 1:0.51 :0.26.

It is interesting also to compare the spin densities
at the fluorine nuclei. For all three crystals, the num-
ber of unpaired electrons in the ey orbitals is the same
but the values of (S,) are different and therefore we
should have:

F ¥ F
fs®bMaF,): [s@bFer,y : [s®bcory = 1:0.75:0.555.

The experimentally obtained ratio is 1:0.77 :0.40.

The agreement between the calculated and observed
ratios supports our main conclusion that the spin den-
sity at the rubidium nuclei is solely due to unpaired
spins in the t,, orbitals and the spin density at the
fluorine nuclei is solely due to unpaired spins in the
eg orbitals. Since we have compared the ratios of the
spin densities, our conclusion is independent of the

Mn Fe?* o

FIG. 4. Occupation diagram of the eg and t,g orbitals for Mn*, Fe?*,
Co?* ions in an octahedral environment. The ground state of Co?* is the
superposition of the P and Q states, where P2~ 0.9 and Q? ~ 0.1.
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definition of the spin density (which is associated in this
paper with the value of the decompensation of any one
electron shell). Basically, this conclusion follows from
a direct comparison of the calculated and experimental
values of the hyperfine interaction energies Por for
the crystals discussed.

The author is grateful to G. A. Smolenskii for his
interest in this investigation; to G. M. Nedlin for read-
ing the manuscript and discussing the results of the cal-
culations; to V. F. Korneev for his help in the measure-
ments; and to P. P. Syrnikov for the preparation of
single crystals.

IR. E. Payne, R. A. Forman, and A. H. Kahn, J.

Chem. Phys. 42, 3806 (1965).

M. P. Petrov, G. A. Smolenskii, and P. P. Syrnikov,
Fiz. Tverd. Tela 7, 3689 (1965) [Sov. Phys.-Solid State
7, 2984 (1966)].

®M. P. Petrov and G. M. Nedlin, Fiz. Tverd. Tela 9,
3246 (1967) [Sov. Phys.-Solid State 9, 2556 (1968)].

*I. G. Sinif, R. V. Pisarev, P. P. Syrnikov, G. A.
Smolenskil, and A. I. Kapustin, Fiz. Tverd. Tela 10,
2252 (1968) [Sov. Phys.-Solid State 10, 1775 (1969)].

°F. F. Y. Wang and M. Kestigian, J. Appl. Phys. 37,
975 (1966).

®G. K. Wertheim, H. J. Guggenheim, H. J. Williams,
and D. N. E. Buchanan, Phys. Rev. 158, 446 (1967).

"R. G. Shulman, and K. Knox, Phys. Rev. 119, 94
(1960).

8W. Low and M. Weger, Phys. Rev. 118, 1119 (1960).

°F. Keffer, T. Oguchi, W. O’Sullivan, and J. Yama-
shita, Phys. Rev. 115, 1553 (1959).

194, J. Freeman and R. E. Watson, Phys. Rev. Letters
6, 343 (1961).

" R. G. Shulman and S. Sugano, Phys. Rev. 130, 506
(1963).

23. B. M. Kellogg and S. Millman, Rev. Mod. Phys.
18, 323 (1946).

BT, P. P. Hall, W. Hayes, R. W. H. Stevenson, and
J. Wilkens, J. Chem. Phys. 39, 35 (1963).

143, H. van Santen and J. S. van Wieringen, Rec. Trav.
Chim. Pays Bas 71, 420 (1952).

%y, S. Lvov and M. P. Petrov, Phys. Status Solidi 13,
K65 (1965).

Translated by A. Tybulewicz
211



