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We have considered in detail the effects of the low symmetry of the Fe? ion site in FeSO, on
the electronic energy-level splittings and electric field gradient. Using x-ray crystallographic
data and a high-speed computer, direct lattice-sum calculations have been carried out, yielding

the electronic energy splittings and their corresponding eigenfunctions.

Temperature depen-~

ence of quadrupole splittings calculated using these eigenfunctions is in good agreement with
the experimental values taken up to 600 °K. The direction of the maximum electric field gra-
dient at low temperatures is calculated to be nearly parallel to the crystallographic b, axis,
which is consistent with neutron-diffraction and Mossbauer measurements. The ground orbital
state is a singlet separated by 7|A| from the first excited state, and the calculated quadrupole
splitting and asymmetry factor are 3.38 mm/sec and 0.48, respectively, in agreement within
experimental errors with the experimental values at low temperature.

I. INTRODUCTION

FeSO, is an orthorhombic crystal and the tetra-
molecular unit cell has the lattice constants®
ay=5.255 A, by=7.975 A, ¢,=6.590 A. Each Fe?
ion is surrounded by six oxygen atoms occupying
the vertices of a much-distorted octahedron, as
shown in Figs. 1 and 2. The symmetry of each
ferrous ion consists of a reflection plane and a
twofold axis perpendicular and parallel to the q,
axis, respectively. Magnetic-susceptibility and
neutron-diffraction measurements? have established
that the magnetic moments agree with those ex-
pected from the ferrous ions with completely
quenched orbital angular momentum, and the spin
orientation is parallel to the b, axis to an accuracy
of 2° below the Néel temperature of 21 °K. Moss-
bauer measurements® show that the principal axis
of the maximum electric-field-gradient tensor is
parallel to the b, axis, the sign of ¢2¢Q is positive,
and the asymmetry parameter is 0.4 at liquid-

q=1/4
h=1/2

FIG. 1. FeSO, structure projected onto the b(c, plane.
Ion positions are given in fractional units of a.

4

helium temperature. Using the crystal-field the-
ory, Ingalls interpreted Mossbauer data* taken at
four different temperatures between liquid-nitrogen
temperature and room temperature. He took into
account axial and rhombic fields in addition to the
cubic field. However, as shown in Figs. 1 and 2,
the distortion of the octahedron is too great to be
approximated only by cubic, axial, and rhombic
fields. The purpose of this paper is to present
Mossbauer data taken over a wider temperature
range up to 600 °K, and to interpret the quadrupole
splittings in terms of direct lattice-sum calcula-
tion using x-ray crystallographic data and a high-
speed computer.

1. SAMPLE PREPARATION AND MGSSBAUER
SPECTROMETRY

The anhydrous sulfate of iron was prepared by
heating the hydrated salt at 300 °C for 3 h in high
vacuum. The conversion of the hydrated salt to
anhydrous sulfate was observed to take place at
500 °K by MoOssbauer measurements. Only the
orthorhombic crystal structure of the anhydrous

FIG. 2. Distorted octahedral coordination of the ferrous
ion in FeSO,.
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sulfate sample was detected in x-ray diffraction
patterns. Specimens for both M6ssbauer and x-ray
measurements were handled in a sealed Plexiglass
glove box with a high-purity nitrogen-gas atmo-
sphere.

A Mossbauer spectrometer with an electrome-
chanical drive system was used and has already
been described elsewhere.® The source was Co®’
in palladium, purchased from the New England
Nuclear Corporation. The temperature measure -
ments in the MGssbauer oven and cryostat were
made by means of copper -constantan and iron-
constantan thermocouples. All the Mossbauer
results presented here have been obtained by a
least-squares fitting of two Lorentzians to Moss-
bauer spectra with the help of the CDC 3300 com-
puter of the Korea Institute of Science and Tech-
nology.

IIl. THEORY

The electric field gradient at Fe® in a crystal
consists of two terms, namely, the direct lattice
contribution and the contribution from the valence
electron of the Fe* ion. The lattice contribution
can be calculated by evaluating the following lattice
sum:

(G,j=x,v,2),
(1)

where g, and (R,,, Ry, R,) are the charge and the
coordinates of the kth ion. For the contribution of
the valence electron one must consider electronic
level splittings due to crystal-field and spin-orbit
coupling, and each level’s contribution to the elec-
tric field gradient at the Fe®” nucleus.

The crystal-field energy acting on a 3d electron
of Fe? in FeSO, may be expanded in terms of
spherical harmonics, ®

(B3R, Ry, — 6;,RE)
(Vi!)latzz’a; e gg 1k

V=2 AT YT, 0) ,

I,m

where

m_ 4n q ea mk
Az"2l+1Z{>§‘T‘TT YX (ehd)i)' (2)

r(r,0, ¢) is the position vector of the unpaired 3d
electron of Fe*, and ¢, and R,(R,, 6;, ¢,) are the
charge and position vectors of the ith ion, respec-
tively. When we take x,y, and z axes along the by,
co, and a, directions of a FeSO, crystal, respec-
tively (Fig. 1), the xy plane becomes a reflection
plane. Using the same argument as for Fe? ion
at the Ca(Il) site in apatite, ® V can be written as

V=r2[A%YS% +2Re (42Y2)]

+7r*[AY] +2Re(A2Y] +ALYD], (3

where Re represents the real part of the quantities
in parentheses. Including the spin-orbit coupling,
we have a 25X 25 perturbation matrix between the
five orbital states Y3 (m =0, £1, + 2) and the five
spin states of the ground term D of the Fe® ion.
Diagonalization of this matrix will give electronic
energy levels E, and their eigenfunctions
®,(n=1,2,...,25). The total electric-field-gradient
tensor can be written as

(Vi;2= (A =RYX(Vi)ya) +(1 = v2) (Vyae

G,j=%,9,2), (4

where ((V,;)va;) is the statistical average of the
electric-field -gradient tensor of the valence elec-
tron taken over the above 25 states &, at tempera-
ture T. The Sternheimer factors, (1 —R) and

(1 -v.), represent the effects of polarization of
the ferriclike (%S, 3d°) core by the electric field
gradients of the valence and lattice charge distri-
butions. This nine-component tensor must be
diagonalized to give the principal values (V. ),
(Vyoye ), and (V). The quadrupole splitting be-
comes

(eQ/2)(Vy, >(1+§772)1/2 ’ (5)

where @ is the nuclear quadrupole moment of the
14.4-keV state in Fe®?, and 7 is the asymmetry
parameter of the electric field gradient. x',y’,
z' axes are chosen in such a way that [(V, . )|
SV )l > {Vap)l.

IV. RESULTS AND DISCUSSION

The Mossbauer spectra of Fe®” in FeSO, were
taken at temperatures ranging from 78 to 600 °K.
The temperature dependence of the quadrupole
splittings is shown in Fig. 3. It is noteworthy that
the quadrupole splittings are large and decrease
slowly with increasing temperature. Large values
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FIG. 3. Temperature dependence of the quadrupole

splittings of Fe® in FeSOy; solid line indicates theoretical
values.
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TABLE I. Calculated values® of AT.

AT/e?

l m

2 0 —0.0025(3) (47/5)!/?

2 2 [0.0383(2) — 0.0084(1);](4n/5)!/2
4 0 —0.0135(1) (47/9)!/?

4 2 [~0.0350(1) +0.0108(0)i] (47/9)!/?
4 4 [0.0158(1) — 0. 0163(0)] (47/9)'/2

2Lengths are calculated in A. Errors in last place are
given in parentheses.

of quadrupole splittings and the slow variation with
increasing temperature suggest that the crystal
field is much larger than the spin-orbit coupling.
In applying the crystal-field theory we performed
the direct lattice summations on a CDC 3300 com-
puter by using a point-charge model. The calcu-
lations were made by evaluating the nine -component
electric-field -gradient tensor (V;;),, in Eq. (1) and
five of the A’ in Eq. (2). The summations were
carried out over all the ions that are contained
within a chosen radial distance from the central
ferrous ion. The sphere of radius 28 A chosen

for FeSO, was sufficient for convergence. The
charge of the ferrous ion was taken to be +2, and
the charges of the oxygen and sulfur ions in SO}
were derived from Pauling’s estimates.” The pos-
sible polarization of oxygen was neglected. The
results are shown in Tables I and II. In this calcu-
lation € =0.20 b and (1 -y.)=12 were used.® The
orbital states of the ground term °D of the free
ferrous ion are split into five levels by the crystal
field V of Eq. (3), as shown in Fig. 4. The energy
splittings and the eigenfunctions are calculated by
diagonalizing a 5X5 interaction matrix of
(YPIVIYE ) (m,m’'=0, £1, £ 2), and are shown in
Table III. In this calculation, (»2)=1.39 a.u.

and (»*)=4.51 a.u. were used, following Freeman
and Watson.® The ground orbital state is a singlet
well separated from the first excited level by
(7.02£0.1) ||, where the spin-orbit coupling con-
stant A is that for the free ion'®: x= - 103 cm™!.

The existence of a well-separated singlet is in

TABLE II. Calculated values?® of the direct-lattice con-
tribution to the quadrupole splittings.

ij 3eQ1—y_) (Vipiat
(mm/sec)

xx —0.3466(5)

xy —0.0737(1)

b 74 0

yy 0.329(2)

Yz 0

2z 0.018(2)
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FIG. 4. Energy-level schemes of Fe? in FeSO,.
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agreement with the neutron-diffraction measure-
ments.? Using the ground-state orbital wave func-
tion we calculated the quadrupole splitting and
asymmetry factor of (3.4+0.1) mm/sec and

0.48 +0.01, respectively. These are within ex-
perimental error in agreement with the values®
(3.6+0.2) mm/sec and 0.4+0.1 obtained at liquid-
helium temperature. In this calculation the best
values®? (»*)=4.8 a.u., (1 -R)=0.68, and
©€=0.20 b were used. To get the temperature de-
pendence of the quadrupole splitting we took into
account the spin-orbit coupling A r '§, and diago-
nalized the 25X 25 matrix of V+ AL - S among 25
states consisting of five orbital states and five spin
states of the °D term. The resulting energy split-
tings are shown in Fig. 4, and the temperature de-
pendence of the quadrupole splittings is shown by
the solid line in Fig. 3. It can be seen that the
theoretical curve fits very well the experimental

TABLE III. Crystal-field splittings and their corres-
sponding eigenfunctions.?

Energy splittings

in units of x| Eigenfunctions

[~0.550(1) - 0.097(2)i] ¥} + (0. 608(2) + 0. 086 (2)i] ¥}

11.96(2) < 1=0.501(1) — 0. 246(3)7] ¥3?
2.55(4) 0.707(0) Y} + [0.707(0) + 0.010(3)i]¥5'
-0.81(1) 0.707(0) Y3+ [0.707(0) —0.006(2)i]Y;"
-3.36(3) [—0.684(8) - 0.160(8)i]Y3~0.111(3)i Y}
- [0.684(8) + 0.159(8)i) ¥5*
~10.33(3) [0.272(8) - 0.347(5)i] Y} + [0.427(8) - 0.655(8)] Y}

-[0.207(8) + 0.389(5)i] Y52

2Errors in last place are given in parentheses.

2Errors in last place are given in parentheses.
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values of the quadrupole splittings over the wide
range of temperature up to 600 °K. In our calcula-
tion of energy splittings and quadrupole splittings
we have neglected covalency effects.® The direction
cosines of the principal axes, x', y’, and z’ of the
electric-field-gradient tensor at 4 °K are calculated
to be x’ axis (0,0,1), y' axis (-0.03682+0.00007,
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0.99932+0,00001,0), and z’ axis (0.99932
+0.00001, 0.03682+0.00007,0). This means that
the direction of the maximum electric field gradient
is nearly parallel to the b, axis within (2.12+0.01)°,
which is consistent with neutron-diffraction mea-
surements? and Mdssbauer measurements® at
liquid-helium temperature.
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The ultrasonic attenuation in MnTe for longitudinal waves with propagation vector in the hex-
agonal plane was measured as a function of temperature for frequencies up to 530 MHz. The
attenuation below the Néel temperature comprises both background losses and an extraordi-
narily intense (attenuation up to 300 dB/cm) temperature-dependent resonance absorption
caused by Mn® nuclear acoustic resonance. Extrapolation to zero temperature yields a reso-
nance frequency fyagr =466.5 MHz and a hyperfine field H,=442 kOe. Theoretical expressions
for the sound absorption due to electronic and nuclear spins were derived. Comparison with
the measured magnetic-field dependence of background and nuclear-acoustic-resonance (NAR)
absorption suggests that spins located in domains rather than inside domain walls are mainly
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responsible for the observed effects.

The spin-flop fields, observed in the NAR experiments,

are much higher than the values calculated from anisotropy constants and susceptibilities.
Good agreement between experiments and theory is obtained for H > Hgp.

I. INTRODUCTION

Nuclear-magnetic-resonance studies in antiferro-
magnetic materials provide detailed information
about the magnetic ordering, since nuclei in these
substances experience a strong hyperfine field H,
proportional to the electronic sublattice magnetiza-
tion M. The corresponding nuclear resonances
occur in the frequency range of several hundred
MHz and can be excited both with rf magnetic fields
(NMR)! and ultrasonic waves [nuclear acoustic
resonance (NAR)].2™*

An extraordinarily intense ultrasonic resonance
absorption in the antiferromagnetic semiconductor
MnTe was observed by the author® and interpreted
as being due to NAR of the Mn® nucleus. Strength
and magnetic-field dependence of the resonance
were explained previously® in terms of the driving

field enhancement mechanism occurring within do-
main walls.® In this paper we present a more de-
tailed account on the Mn*® NAR in MnTe, demon-
strating that spins located in domains are mainly
responsible for the observed effects, contrary to
the previous interpretation. 3

The antiferromagnetic modification of MnTe
crystallizes in the NiAs structure, ® in which the
magnetic cations form a simple hexagonal lattice.
The Néel temperature, below which antiferromag-
netic ordering occurs, is Ty=306.7 °K.%"° In the
antiferromagnetic phase the average spin directions
in each plane perpendicular to the hexagonal axis
(c plane) are parallel to each other and antiparallel
to those of the Mn atoms in the adjacent ¢ plane.!®-12
A strong anisotropy force causes the spin direc-
tions to be oriented perpendicular to the ¢ axis.
MnTe is thus an “easy-plane” antiferromagnet with



