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We rePort a Mossbauer determination of -0.46 mm/sec for the electric-quadrupole
coupling energy at the octahedral Fe site in yttrium iron garnet . This and a recently
determined value at the tetrahedral Fe site disagree with the results of a recent linear
combination of atomic orbitals-molecular orbital calculation. It is suggested that neglect
of the electrostatically produced dipoles on oxygen ions may be the major cause of the
disagreement. We suggest a procedure for constructing molecular orbitals taking such
dipoles into account.

In the last few years, molecular-orbital theory
utilizing linear combinations of atomic orbitals
(LCAO) has been applied in a fairly rigorous way
to the calculation of electric-field-gradient (EFG)
tensor components at nuclear sites in crystals. ' '
In early tests of the models, the quadrupole mo-
ment of A12' was deduced from quadrupole reso-
nance data' ' in good agreement with an atomic-
beam determination, and the quadrupole moment
of Fe" was determined from Mossbauer data on

Fe,0, 2'4 and FeOCl, ' in good agreement with in-
dependent results from the analysis of Mossbauer
data on ferrous compounds. Recognizing the need
for further tests of the models, Sharma and Teng~
have recently published results calculated from
the Sharmal model for the EFG at the two crystal-
Iographically inequivalent Fe ' sites in yttrium
iron garnet (YIG).

With these calculations available, it seems
worthwhile to obtain as accurate experimental
data as possible on the EFG values at the Fe"
nuclear sites in YIG. To that, end, we have made
a Mossbauer study of a YIG single-crystal slab
magnetized in the (111)direction. This has al-
lowed us to obtain a room-temperature value of
the electric-quadrupole coupling energy e'qQ/2
at the octahedral Fe~' sites with reasonable pre-
cision, where e is the proton charge, Q the quad-
rupole moment of Fe", and eq the element of
the diagonalized EFG having the largest magni-
tude.

The sample in the form of a slab about 6 mm
in minimum width and 30 pm in thickness was
cut from a flux-grown crystal with a (111j axis
normal to the surface. Laue x-ray backscatter
techniques were used to verify alignment and
quality of the crystal. This sample was mounted
in a superconducting magnet with the Dewar con-
structed in such a way that it remained at room
temperature.

Mossbauer data were obtained with an auto-
mated, programmed, constant-velocity mechan-
ical drive by using a source of Co" in Cu, also
at room temperature. A full spectrum is shown
in Fig. 1(a); the central region of the spectrum
is shown on an expanded velocity scale in Fig. 1(b).

The data were analyzed by first making a least-
squares fit of Lorentzian lines to the spectra and
then comparing the results with the positions
and intensities obtained by diagonalizing the com-
plete interaction Hamiltonian for suitable ranges
of hyperfine parameters. In the initial stages
of the fitting procedure, constraints were used
on some line positions and widths. In the final
fit to thirteen lines, all parameters were uncon-
strained. Calculated linewidths ranged from
about 0.25 mm/sec for the inner lines to about
0.35 mm/sec for the outer. Calibration runs
with a thin natural Fe foil indicated that the broad-
ening could be largely attributed to instrumental
effects. The solid curves through the data in
Fig. 1 were calculated from the final least-squares
fit.

Above the magnetic-ordering temperature,
YIG crystallizes in the cubic space group' Ora3d;
the unit cell contains 24 crystallographically
equivalent Y" ions on dodecahedral c sites with
point symmetry 222, 16 equivalent Fe" ions on
octahedral a sites with point symmetry 3, 24
equivalent Fe" ions on tetrahedral d sites with
point symmetry 4, and 96 equivalent oxygen ions
on sites with identity symmetry. The point sym-
mtry of the a sites requires the EFG tensor to
be axially symmetric and the symmetry axes
are equally distributed among the 1111)direc-
tions. The point symmetry of the d sites again
requires an axially symmetric EFG tensor with
the axes in this case evenly distributed among
the 1100) directions.

With the magnetization along a $111}direction,
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the angle 8 between the EFG symmetry axis and

the magnetization is the same for all d sites and

is such that cos'8= 3. This makes the line posi-
tions and intensities insensitive to the value of

o '4
(a)

.96—
ill
K

I I.94—
I—
IJJ

.92—
4J

.90—

.88—

.86—

- 10.0 -8.0 -6 .0 -4.0 -2 .0 0 2 .0 4.0 6 .0 8.0 10 .0
VELOCITY {mm/sec)

I

(b)

.99—

o .98—

c/l 97

I—
LLI .96—
I—

.95

.94

.92

-4.0 -3.0
I

-.2 .0
I

-1,0
VELOCITY {mm /sec)

0 1.0 2.0 3.0 4.0

FIG. 1. Mossbauer spectra of a single-crystal 30-
pm-thick YIG platelet at room temperature obtained
with a room-temperature source of Co ' in Cu. The
absorber was in an external magnetic field of 55 kOe
directed parallel to the crystallographic (111) direc-
tion and the p-ray propagation direction. The bar dia-
grams were calculated as described in the text with

the letters indicating the sublattice from which lines
originate.

the quadrupolar interaction. For four of the a
sites, the corresponding angle is 0, making
cos28= 1; and for the other 12 octahedral sites
cos'8= —,'. Therefore, the spectra are quite sen-
sitive to the quadrupole interaction at the a sites.

The line positions and intensities calculated
with the set of hyperfine parameters obtained in
our final fit are shown by bar diagrams in Figs.
1(a) and l(b). Of the fourteen lines which are
calculated to have observable intensity, with the
statistical accuracy of the data, thirteen were
resolved in the spectra and these are sufficient
to allow an accurate determination of the quad-
rupole interaction at the octahedral sites. The
quadrupole interaction at the tetrahedral site
was taken from published data on a crystal mag-
netized along a (100) direction. "

Table I compares the values of the quadrupole
interaction at the octahedral and tetrahedral
sites calculated by Sharma and Teng' with the
experimental value for the octahedral site de-
termined in this work and an experimental value
for the tetrahedral site recently determined by
Belozerskii et al. ' It can be seen that the dis-
agreement is striking, particularly at the oc-
tahedral site. Since the disagreement is in the
opposite sense at the two sites, it is not possible
to obtain agreement by making reasonable changes
in the values assumed for Q or for the antishield-
ing factors.

An apparent shortcoming of the Sharmas model
is its neglect of electrostatically induced dipole
moments on the ligand ions. If such dipole mo-
ment values were available, it would be interest-
ing to test the effect of including them as in the
Sawatzky-Hupkes model.

Even in the absence of a calculation of the di-
pole moment on the oxygen ligand sites, it seems
important to understand the failure of the Sharma
model when applied to YIG in view of its earlier
successes in A120, and Fe20~. In Table II we
present data from the literature on the electric
field E at oxygen sites in various oxides, the
corresponding induced dipole (assuming an oxy-

O

gen polarizability of 2 A and neglecting polariza-
tion reaction fields), and the displacement of a
spherical oxygen 2p' shell with respect to a
spherical core (consisting of the nucleus and the
ls' and 2s' electron shells) which would be neces-
sary to produce this dipole moment. Even larger
dipole moments have been found in BeA1~04"
and in various polymorphs of AI,SiO,."

From this table it is apparent that AI,O, and

Fe,O, have unusually small electric fields at the
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TABLE I. Quadrupole coupling energies at Fe + sites in YIG.

~e qQ octahedral a site
(mm/sec) ' ye gQ tetrahedral d site

(mm/sec) '

Theory
Experiment

—1.075 +0.098 b

-0.46 ~0.02 ' —0.796 +0.064
—1.03 +0.05

To convert to MHz, multiply by 23.4.
Bef. 6.

This work.
dBef. 10.

position of the oxygen sites and hence the elec-
trostatically induced dipoles are unusually small.
Since the electrostatic distortion of the oxygen
wave functions is small, the probability that the
molecular orbitals calculated neglecting that dis-
tortion will be good enough to yield results in

agreement with experiment is thus maximized
for these materials. This also minimizes the
difference between the models of Sharma' and of
Sawatzky and Hupkes. '

It seems quite possible that in general for non-
cubic sites in ionic materials, electrostatic
forces and the corresponding induced dipoles on
the anions are so large that direct application of
LCAO molecular-orbital theory is inappropriate.
In fact, a calculation of such electrostatic forces
might be a way of deciding in individual cases
whether a standard molecular-orbital treatment
was justified or not.

The above line of reasoning leads to the sug-
gestion of a modified procedure for calculating
LCAO molecular orbitals for complexes at non-
cubic sites in ionic crystals. The shell-model
valence-shell displacements would first be cal-

culated using the monopole-self-consistent point-
dipole method. The molecular orbitals would
then be formed using atomic orbitals for the
valence electrons centered on the displaced posi-
tions, rather than the nuclear positions.

%e wish to thank K. Arita for growing the YIG
crystal and K. G. Rasmussen for technical assis-
tance.
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Fluctuations are shown to dephase an infinite cholesteric to a state in which the xnole-
cules are aligned preferentially in a plane perpendicular to a pitch axis, but in which
all angles in that plane are probed with equal probability. Correlation functions in this

. state are calculated.

It has been known for some time that infinite two-dimensional systems with a continuous symmetry
group cannot exhibit long-range order. ' ' Nevertheless, high-temperature expansions indicate that
there is a phase transition between the isotropic high-temperature and the strongly locally ordered
low-temperature phases. 4 ' The nature of the low-temperature phase is now understood, and techniques
for calculating correlation functions in this phase exist." Recently it was discovered that cholesteric
liquid crystals exhibit the same instability with respect to fluctuations in three dimensions that con-
tinuous symmetry-group systems exhibit in two dimensions. '" In this Letter, we propose to investi-
gate the properties of the low-temperature phase of an infinite cholesteric. We will rely heavily on the
techniques developed by Berezinskii in Ref. 7.

The cholesteric state is characterized by a helical ordering of long barlike molecules. This order
is described mathematically by a symmetric traceless tensor whose principal axis rotates in a helical
pattern along a pitch axis. To keep the discussion as simple as possible, . we will consider a classical
spin system with a helical ground state produced by short-range forces as a model for a cholesteric
liquid crystal. The spin Hamiltonian we choose is

H = ——,
' Q J,, (r —r)n, (r)n, (r'),

where

J,&(r- r') =J((r —r'()5„-a 'J,([r- r'[)e;i„(r —r')»

a is the distance between nearest-neighbor spins, and n, (r) = (cosy, cosy, cosy, siny, siny, ). Equation
(1) is represented as a sum over spin sites which can be either at discrete lattice points or continu-

ously distributed in space. The ground state of this Hamiltonian corresponds to a helical ordering of
the classical spins,

n, '(r) = (cosqoz, sinq, s, 0),

with energy

E, = —,'N[J(q, ) -—a '8, '(q,)],

where

J(q&) =E,J(lr I) exp(lq. r)

and q, satisfies

J'(q, ) -a 'J', "(q,) =0.

(2)

s is along an arbitrarily chosen pitch axis p (p is a unit vector). An expansion of Eq. (1) in terms of
the gradients of n, (r) yields an expression equivalent to the Frank free energy with equal elastic con-
stants. " Correlation functions .for small deviations from this ground state have been calculated in
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