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VI. CONCLUSIONS

The large field-induced reflectance modulation in
ferroelectrics appears to be associated, at least in part,
with band structure changes due to ionic displacements
within the elementary cell. Because of its relationship
with the electro-optic effect, usually observed in trans-
mission, the KR stands as a complementary technique
to determine the electro-optic coefficients in the regions
where the material is not transparent. The ER spectra
of KTa03, KTa03-KNb03, and BaTi03 present a num-
ber of singularities which have been tentatively assigned
to band-structure critical points. The experimental
results suggest that more theoretical knowledge of the

band structure and of its changes with lattice polariza-
tion is of great necessity.
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The single-ion contribution to magnetostriction in the transition metal monoxides NiO, MnO, FeO, and

CoO is calculated on a very simple model and found to account for substantially all the observed magneto-
striction. Exchange is included in a molecular-6eld approximation, and the single-ion magnetoelastic param-
eters I"gg, i

——(8',i/(Peg) p and Gggi
——(BDI,i/Be'g)0 are obtained from data on the electron paramagnetic reso-

nance of Ni'+, Mn'+, Fe'+, and Co'+ in MgO subject to uniaxial stress. Most of these data are available
from the existing literature.

I. INTRODUCTION

'HE linear magnetoelastic properties of magnetic
materials all have their physical origin in the

strain dependence of the magnetic anisotropy energy of
the material. The magnetic anisotropy energy may in
turn have its origin in single-ion effects which connect
the spin direction of a given ion with its local crystal-
lographic environment, or in multi-ion effects such as
anisotropic exchange or dipole-dipole interactions which
connect the orientation of the spins to the spatial
characteristics of the spin array. We have recently
shown' that in certain of the rare-earth iron garnets the
single-ion effects are dominant in the determination of
the magnetoelastic constants (specifically the magneto-
striction constants) and that, further, the strain depend-
ence of the single-ion parameters may be conveniently
determined from the pressure dependence of the elec-
tron-paramagnetic-resonance spectrum of the relevant
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ions. We wish now to extend these ideas and arguments
to the transition metal monoxides, and in particular to
examine the magnetostriction constants of NiO, MnO,
FeO, and CoO.

II. SPIN CONFIGURATIONS AND CRYSTALLO-
GRAPHIC DISTORTIONS IN THE TRANSITION

METAL MONOXIDES

The transition metal monoxides NiO, MnO, FeO, and
CoO all crystallize in the cubic NaCl structure and have
cubic symmetry above their magnetic ordering (Neel)
temperatures. Below the Neel temperature a slight
distortion from cubic symmetry occurs in each case.'—'
The magnetic order in all cases is such that the spins are
ferromagnetically aligned within (111) sheets, with
successive sheets antiferromagnetically aligned. . "The

~ H. P. Rooksby, Acta Cryst. 1, 226 (1948).
3 N. C. Toombs and H. P. Rooksby, Nature 165, 442 (1950).' H. P. Rooksby aud N. C. Toombs, Nature 167, 364 (1950l.' S. Greenwald, Acta Cryst. 6, 369 (1953).
6 D. S. Rodbell and J. Owen, J. Appl. Phys. 35, 1002 (1964).
7 C. G. Shull, W. A. Strauser, and E. O. Wollan, Phys. Rev. 83,

333 (1951).' W. L. Roth, Phys. Rev. 110, 1333 (1958).
1' W. L. Roth, Phys. Rev. 111,772 (1958).' W. L. Roth and G. A. Slack, J. Appl. Phys. 31, 325S (1960)."G. A. Slack, J. Appl. Phys. 3I, 1571 (1960).
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TABLE I.A summary of crystal distortions and spin configurations
in antiferromagnetic iron group monoxides.

The magnetoelastic energy of the cubic crystal may
be written"

Com-
pound Distortion

MnO

PeO

trigonal, m (60'
(contraction along L111j)

trigonal, cz &60'
(expansion along $111i)

NiO approx. trigonal, a &60'
(contraction along (111j)

Spin direction

in ferromagnetic
(111)plane

in ferromagnetic
(111)plane

TN
( K.)
520

122

J ferro (111)plane 198
~~ L111iexpansion axis

&Ma= 81L(nls —-', )e..+ (ns' —3)3,3+ (ns' —3)s-)
+82I nlnsezp+nsnsepz+nsnlezzf z (2)

where the o.; are again the direction cosines of the
magnetization, the &;, are the strains in Love's notation, '4

and Bi and B2 are called the first and second magneto-
elastic constants of the material. Bj and B2 are related
to Xi00 and Xyyi by the expressions

CoO approx. tetragonal c/a &1 approx.
~~

$001j 291 2 B]
~100 ~111 )

3c44

spin directions and distortion directions for the various
transition monoxides are summarized, in Table I.

The NaC1 structure with ferromagnetically aligned
(111) sheets has the property that a contraction along
the (111) direction perpendicular to the ferromagnetic
sheets will decrease the spacing between antiferro-
magnetically aligned nearest-neighbor cations more
rapidly than the spacings between ferromagnetically
aligned next-nearest-neighbor cations. " Such a con-
traction will generally be favorable energetically, and
may be expected to occur. The resultant trigonal con-
traction is, on the approximation of isotropic exchange,
independent of the crystallographic orientation of the
spins and therefore uncorrelated with spin direction. It
is called exchange striction. The magnetoelastic dis-
tortions which are correlated with spin orientation, and
with which we are primarily concerned here, will be
mounted on top of the exchange striction and may be
either larger or smaller than the exchange striction.

III. MAGNETOSTRICTION AND THE
SINGLE-ION HAMILTONIAN

In cubic ferro-, ferri-, and antiferromagnetic materials,
magnetostriction can be described by the relation

st
2)1100(nl pl +n2 ps +n3 p3 3)

+3)1111(nln2plps+n2nspsps+nsnlpspl) 1 (1)

where the n's and p's are the direction cosines of the
magnetization and, the strain, respectively, with respect
to the cubic crystal axes. In ferromagnetic or ferrimag-
netic materials X 100 and X»& can be measured by varying
the direction of M through the inliuence of an external
magnetic field. and observing the change in sample
dimensions. For an antiferromagnetic material the direc-
tion of the sublattice M; is much less responsive to
external 6elds, and one has primarily data on the
deformation along or perpendicular to some particular
spin direction fixed by the crystalline magnetic ani-
sotropy as the crystal orders magnetically. We propose
to interpret such data on the transition metal monoxides.

"S.Greenwald and J. S. Smart, Nature 166, 523 (1950).

where the c,, are the cubic elastic constants in the Voigt
notation.

As remarked in the opening sentence of our Intro-
duction, the magnetoelastic properties of magnetic
materials are rooted, in the strain dependence of the
magnetic anisotropy energy. Let us therefore expand the
anisotropy energy in the lattice strains about the
equilibrium con6guration

(c)&x)
&x= (&x)0+El I

s'j+"
ij E l9eij)'p

We see that the terms in the magnetoelastic energy
linear in the strains

I as in Eq. (2)] are given by

(rex�)
&ME=EI—

'. &1)s;jip

The anisotropy energy E& is an explicit function of the
direction cosines of the magnetization; from Ref. j. or
by inspection of Eq. (2) we see that the relevant terms
in the magnetoelastic energy are quadratic in the
direction cosines of the magnetization. We therefore
write

/rjEa (k, l) )
&Mz= Pl I

0;,nsnl
ijsh k r)sjj I p

= 2 8 ijsleijnsnl ~

The magnetoelastic tensor B;;~~ of a cubic crystal
may have two or three independent elements depending
upon the microscopic origin of the anisotropy energy.
For the case of three independent constants the analysis
of Kittel13 must be slightly generalized, and leads to the
results (in Voigt notation)

2 (8'll —8'12) 28'44
~100 ) ~111

3 C11—C12 3C44

We may make the connection between the formal phe-
nomenological description of magnetoelasticity above

"C.Kittel, Rev. Mod. Phys. 21, 541 (1949).
'4A. E. H. Love, A Treatise on the Muthematical Theory of

Elasticity (Cambridge University Press, New York, 1927).
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Higher order terms in 5 are neglected, since we are con-
cerned only with the magnetoelastic eRects quadratic in
the spin coordinates. The single-ion spin Hamiltonian
applies, as usual, to some low-lying manifold of states,
and within this manifold the eRect of the molecular field
is sufficiently great that the first term of the spin
Hamiltonian dominates and we are in the Zeeman
quantization limit. In the ordered magnetic state the
ions are primarily in an extremal 5,= —5 state, so we

may derive the magnetoelastic tensor of the ordered
material from the strain dependence of this extremal
single-ion state.

The microscopic magnetoelastic tensor for the single
ion is given by

Bgkz BDq~)
8;,»(si ngle ion) = —PH, ffS +CS'

BE~j 0 Beij ~0

p&.uS'F;: I,
—i+ CS'G', ~E ) (9)

where 5 is the eRective spin of the low-lying manifold
and C is a constant of the order of unity given by

and the microscopic mechanisms underlying the phe-
nomenon by way of the Hamiltonian of the magnetic
ions. We shall adopt a single-ion point of view and show
that the principal features of magnetostriction in the
transition metal monoxides (exclusive of the exchange
striction) can be explained within this framework.
Consistent with this point of view we shall simulate
exchange (a cooperative phenomenon) with a molecular
field. In this approximation the single-ion Hamiltonian

~.=PH.„g S+S D S.

has substantially the same topology and strain depend-
ence as the EPR g tensor, and that its explicit omission
will introduce errors of perhaps a factor of 2 in magni-
tude in our magnetoelastic constants but not in their
sign or general topology.

We now proceed to utilize the EPR data on Ni'+,
Mn'+, Fe'+, and Co'+ in MgO to interpret the mag-
netostriction of NiO, MnO, FeO, and CoO.

IV. NICKEL OXIDE (NiO)

The Ni'+ ion has a 3d configuration which leads to an
orbital singlet ground state for octahedral coordination.
Spin-orbit coupling does not relieve the threefoM spin
degeneracy so the lowest-lying state is a spin triplet
(S= 1) with a g factor of 2.227."The crystal-field tensor
D is identically zero for the cubic site but has non-
vanishing derivatives for deformations from the cubic
symmetry. The tensor D is traceless and so there are
only two independent single ion constants G1~ and G44

which have been measured by Watkins and Feher" to be

Gu ——57 cm '/(unit strain),
G44=36 cm '/(unit strain).

We might expect the strain dependence of g also to be
significant for Ni'+, but inspection of the data of
Germanier and Lacroix" leads us to the conclusion that
the g shifts under pressure are negligible. We therefore
attribute the magnetoelastic constants p', ;~~ entirely to
crystal-field eRects

8'„=XS'CG„, 8'44 ES'CG44 | ——(12)

&g I
S '—l (S*'+S.')

I g)C=
&g I s.'I g)

(10)

where E is the number of Ni'+ ions per unit volume of
NiO and 5=1. Using the values of G» and G44 cited
above and the known elastic constants of MgO" we,
obtain, for NiO,

where
I g) represents the ground state. The macroscopic

magnetoelastic tensor is related to the microscopic
magnetoelastic tensor by

8', ,y)
—— SpH.HSF;, I,i+WC—S'G,;I,(,

where X is the number of magnetic ions per unit volume.
(This definition is not quite the same as that of Ref. 1,
in which the constant C was absorbed into the con-
stant G,kg/ )The'p.arameters (Bgj,&/Be;, )0 F,,I,&

and——
(BDI,~/Bc,;)0 G;,q~ may be det——ermined for the ions of
interest from the strain dependence of the electron-
paramagnetic-resonance spectra of the relevant ion in
diamagnetic isomorphs of the magnetic crystal of
interest. In the present case the appropriatedataare that
of Ni'+, Mn'+, Fe'+ and Co'+, dilutely incorporated in

MgO. Most of the required data are already in the
literature of EPR under pressure.

Since we obtain our single-ion strain parameters from
a diamagnetic isomorph we lose any explicit information
on the strain dependence of II,ff. Our presumption is
that the exchange field tensor G, which relates H, ff to S,

~100= —1.4X10 4,

XIII= —7.9X10 '.
The spin direction in the (111)plane is believed to be a
L211j direction. "'0 From the above magnetostriction
constants we predict a distortion along the spin direction
of magnitude

bl
-I 211]=—9.4X10 '.

Since we have assumed all the ions in their lowest energy
state, the predicted contraction is implicitly that at
O'K; at higher temperatures, the magnetostriction can

I5 W. Low, Paramagnetic Resonance in Solids (Academic Press
Inc. , New York, 1960)."G. Watkins and Eisa Feher, Bull. Am. Phys. Soc. 7, 29 (1962).

' A. M. Germanier and R. Lacroiz, Compt. Rend. 34, 401.
(1961).

"A.L. Schawlow, A. M. Piksis, and S. Sugano, Phys. Rev. 122)
1469 (1961)."T.Yamada, J. Phys. Soc. Japan 21, 650 (1966).

'0 T. Yamada, S. Saito, and Y. Shimomura, J. Phys. Soc. Japan
21, 672 (1966),
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be found from that at O'K by using the theory of
Callen" within the limits stated in that theory.

The in-plane distortion predicted above has been
obser ved by x-ray diffraction techniques. Various
authors have reported room-temperature magnitudes
for the distortion of 2)&10 '"" 9&(10 '," and 10
X10 '."Alberts and Lee" confirm that the distortion is
a contraction. If the above measurements are extrapo-
lated to O'K by the theory of Callen, "they yield values
ranging from 0.4)&10 4 to 1.8)&10 '. The prediction of
our model lies close to the average of these values and
is of the proper sign.

Yamada" has recently proposed that the origin of the
magnetostriction in NiO lies primarily in anisotropic
exchange and pseudodipolar effects, and that crystal-
6eld effects play only a minor role. Our results are in
contradiction to this proposal.

V. MANGANESE OXIDE (MnO)

The Mn'+ ion has the 3d' configuration and occupies a
spectroscopic S state. Its g value is 2.0014 and essen-
tially strain-independent. " The single-ion magneto-
elastic constants have been measured by Feher" to be

G» ——1.5 cm '/(unit strain),
G44= —0.32 cm '/(unit strain).

By arguments exactly parallel to those used for NiO, we
arrive at

~choo= —3.7X10—', Xi» ——6.9&(10—'.
For an antiferromagnetic spin configuration with the
spins lying in the (111)plane, we would have a distor-
tion (in addition to the trigonal exchange striction) at
O'K of

(8l/l) [211]=—4X10 '.
To our knowledge this distortion has not been observed,
and it is probably in fact below the resolution of an
x-ray experiment.

VI. FERROUS OXIDE (FeO)

The Fe'+ ion has a 3d' configuration which places an
orbital triplet lowest in the octahedral field. The fifteen-
fold degeneracy of this level (3 orbitX5 spin) is lifted
by spin-orbit coupling, leaving a triplet lowest. The g
value of this triplet is 3.428" and we expect a sub-
stantial strain dependence of both g and D in the spin
Hamiltonian. Only the strain dependence of D has been
reported in the literature. Watkins and Feher's values"
are

G» ——800 cm '/(unit strain),
G44 ——540 cm '/(unit strain).

"E.Callen and H. B. Callen, Phys. Rev. 139, A455 (1965)."L.Alberts and W. Lee, Proc. Phys. Soc. (London) 78, 728
(1961).

"H. Kondoh, J. Phys. Soc. Japan 18, 1344 (1963).
'4 K. Kohn and S. Iida, J. Phys. Soc. Japan 19, 344 (1964)."Eisa I'cher, Phys. Rev. 136, A145 (1964).

Recently, however, Tucker" has made precise measure-
ments of the shift under pressure of the double quantum
line of Fe'+ in MgO. For this transition, crystal-field,
shifts cancel out in first order, whereas g shifts do not.
Unfortunately, the crystal-field shifts are so large that
their contribution in second order is significant, and the
raw data must be corrected for these second-order
effects before the strain dependence of g may be ob-
tained. Tucker's raw data show that a pressure of
1.38X10' dyn/cm' applied along a [110] direction
produces shifts of

"oH= —1.059 Oe when He is along [110],
oH= —3.23 Oe when Ho is along [001],

where the undisplaced resonance field is 1985 Oe. Using
Watkins and Feher's values of G» and G44, we find the
correction to 87[110]to be +0.66 Oe and the correction
to 5H[001] to be +6.12 Oe, giving

"oH (g shift) = —0.39 Oe (He along (110]),
5H (g shift) =+2.89 Oe (Hz along [001]).

From these field shifts, and assuming F»———2Fi2 (see
below on Co'+ in Mgo), we obtain

Fir ———145/(unit strain),
F44= 39.7/(unit strain) .

Finally, using Eqs. (7) and (11), we deduce

)~,ee
———4.05X10 '

(g shift)
—1.98X 10—' (crystal-field effects),

)ir» ——+1.0X10 '
(g shift)

—1.16X10 ' (crystal-6eld effects) .
Note that the contribution to the magnetostriction
constants of the g-shift mechanism is in both cases an
order of magnitude larger than the crystal-field effects.

The spin direction in FeO is believed to be along the
[111] direction perpendicular to the ferromagnetic
sheets. ' We therefore expect a total distortion along this
direction of

(bl/l)[111]=+9 88X10 '

The value measured in Roolcsby and Toombs4 is +7.05
)&10 ' at 95'K, in good agreement with the above
result. (Extrapolating the measured expansion to O'K
using the theory by Callen" gives M/1 =+1.1X10—'.) It
should be noted that expansion observed overrides the
exchange striction which generally produces contrac-
tions along the [111]direction at least an order of
magnitude smaller than the hl/l of FeO.

VII. COBALTOUS OXIDE (CoO)

The Co'+ ion has a 3d' configuration which places an
orbital triplet lowest in the octahedral 6eld. Spin-orbit
coupling splits the twelve-fold degenerate (3 orbitX4

'6 E. B. Tucker (private communication).
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2 pH, HS(Ftt Fts)N—
~100

3 C11 C12

2 PH, ttSF44N
p ~111

3 C44

~ (13)

We obtain

~j.pp= & 7X &0
y

~111=2 2X &0

using S=-,' and computing Ll,g1 from the Neel tempera-
ture.

The spin direction in antiferromagnetic CoO is close
to the L001]s" direction and therefore nearly parallel
to the tetragonal distortion (contraction) axis. For this
spin orientation we predict substantially the full happ

distortion at O'I, a large contraction of over 1%.The
contraction is large because the small g shift is multiplied

by a large effective field, giving a large energy change.
The tetragonal distortion has been measured from the

Neel temperature down to 210'K, and must be extrapo-
lated to zero for comparison with our prediction.
Slonczewski" gives an extrapolated value of —0.8
X10; we obtain a value of —1.2X10 using the
theory of Callen. "Both are in fair agreement with our
prediction, having the correct sign and approximately
the correct magnitude.

We should not expect exact agreement in this case
since we have ignored in our present calculation the

sr E.B.Tucker, Phys. Rev. 143, 264 (1966).
T. Nagamiya and K. Motizuki, Rev. Mod. Phys. 30, 89

(1958)."J. C. Slonczewski, J. Appl. Phys. 30, 310S (1959).

spin) state leaving a Kramer's doublet lowest. The g
value of this doublet in MgO is 4.278."

Since the D term of the spin Hamiltonian vanishes
for a doublet state, we expect the magnetoelastic effects
to be dominated by the strain dependence of the g
tensor. The appropriate measurements have been made

by Tucker" and are given as

F~r ———69/(unit strain),
F, s=32/(u nit strain),

F44 10/(u——nit strain) .
There are now three independent elements in the Ii

tensor, since the g tensor is not by definition traceless
(F~~= —2F,s, however). From these parameters we can
compute the magnetostriction coeKcients using

effect of a Fs quartet lying only 405 cm ' above the
ground I'6 doublet. Since we are invoking exchange
splittings on the order of 200 cm—', the interaction of the
ground doublet with the excited quartet may be ap-
preciable. We do not believe, however, that the predic-
tions of our model will be substantially altered by this
circumstance, since the lowest lying component of the
doublet, with which we are primarily concerned, in-

creased its separation from all members of the I'8

quartet as the exchange field is increased.
Kanamori" has presented a calculation of the mag-

netostriction of CoO and FeO using a point-ion calcula-
tion of the eftects of distortions. He achieves apparent
agreement with experiment, though the calculation is in
several places only semiquantitative.

VIII. CONCLUSIONS

A very simple single-ion molecular-field model pre-
dicts correctly the sign and magnitude of the observed
magnetostriction in the transition metal monoxides

NiO, MnO, FeO, and CoO. The parameters specifying
the strain dependence of the crystal-Geld splittings and,

the g tensor of the magnetic ions are obtained from the
strain dependence of electron-paramagnetic-resonance
spectra of the relevant ion in the diamagnetic iso-

morph MgO.
The model gives a clear physical description of the

origin of the magnetostriction. When the wave functions
are independent of strain and only the D mechanism is

applicable the magnetostriction is small, but whenever
the wave functions themselves are sensitive to strain
and a g mechanism is present the interaction of the large
effective molecular Geld with the modulated g produces
large magnetostrictions.
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