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higher-order coupling by Axe et a/. ' Neither of
these treatments includes damping effects which
are certainly extremely important in discussing
the dynamical as opposed to the limiting static be-
havior of BaTiO„so that a quantitative comparison
is not possible at the present time.

The present observations on tetragonal BaTiO,
have raised further interesting questions concerning
the cubic phase as well. For example, the extreme
anisotropy of the soft phonon branch must persist
into the cubic phase if this is the origin of the dif-
fuse x-ray scattering. Due to larger sample size,
it is also possible in the cubic phase to reach more

definite conclusions concerning the central question
of the frequency distributionof the diffuse scattering,
particularly with regard to the possibility of a large
static component. These topics form the basis of
a forthcoming paper. "
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Measurements of the specific heat of EuTe at low temperatures are analyzed in conjunction

with results of antiferromagnetic resonance experiments to determine first- and second-neigh-
bor exchange parameters J& ——(0. 07 + 0. 02) 'K and J2 = —(0.21+0. 02) 'K.

I. INTRODUCTION

Europium telluride is a fcc (rocksalt structure)
antiferromagnetic insulator at low temperatures
(T„=9. 81 'K). The magnetic structure is of type
II. ' Antiferromagnetic resonance experiments have

shown that the spins are confined to the (111)planes
with a weak preference for (112)-type directions.
Some lattice distortion occurs below T» however,
the amount has not been determined and is probably
small. Exchange parameters have been estimated;
J, (nearest neighbor) being approximately 0. 03 'K
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and Zz (second neighbor) being in the range from
-0. 12 to —0. 17'K.

The arguments which have lead to estimates of the
exchange parameters appear to have been based
mainly on molecular-field theory. The objective of
the present paper is to obtain values for these pa-
rameters by a different method. We calculate a spin-
wave spectrum for EuTe from a Hamiltonian con-
taining unknown exchange constants. The low-tem-
perature spin-wave specific heat of EuTe is calcu-
lated from the spectrum, and compared to the ex-
perimental specific-heat measurements of Passen-
heim and McCollum, supplemented by the antifer-
romagnetic resonance results of Battles and Ever-
ett. A similar process has previously been em-
ployed to obtain exchange parameters in ferromag-
netic EuS.

II. SPIN-WAVE SPECTRUM

The only nonzero values of the exchange parameters
included here are those pertaining to the first neigh-
bors (J&) and second neighbors (Z2). The summation
is over different pairs. The z axis, which is that of
the spin alignment, is in a (111)plane, while the x
and y axes are, respectively, perpendicular and
parallel to a (111)plane.

The spin-wave spectrum for this Hamiltonian was
calculated by. Lines and Jones. Subsequently, a pa-
per by Reissland and Begum appeared which treated
a similar Hamiltonian, but obtained a different re-
sult. We have calculated the spin-wave energies
using the above Hamiltonian by the method of Reiss-
land and Begum, but have obtained a result in agree-
ment with Lines and Jones, and therefore conclude
that the spectrum of Reissland and Begum is erro-
neous.

The spin-wave spectrum contains two branches.
The energies are as follows:

E,(k) = 28 [ (a2 —b, —c) (a„+b„+ c) ]' ',

E,(k) = 2$ [ (a, —b„+ c) (a, + b„—c) ]'~',

where

&2&= J&y&(k)+2~J2+2(D&+D2)y

b„=J,y2(k)+ J»2(k),

c= —,(D, —D2),

y, (k) = 2jcos[ (k„—k,)a/2]+ cos[(k, + k, )a/2]

+ cos[ (k„-k,)a/2]),

(2)

(3)

(4)

(5)

(6)

The calculation of the spin-wave spectrum follows
that of Lines and Jones, except that we neglect the
effects of possible lattice distortion in the antifer-
romagnetic state. Specifically, our Hamiltonian is

J;~ S,. S,.+Q (D, S',.„+D2&„).

y2(k) = 2(cos[ (k„+k,)a/2]+ cos[ (k2+ k,)a/2]

+ cos[ (k„+k,)a/2]],

y2(k) = 2(cosk„a+ cosk,a+ cosk~).

(3)

(9)

Here Z is the number of nearest neighbors (12), and
a is the lattice constant. These results agree with
those of Lines and Jones. It must be noted, how-
ever, that our definition of the Hamiltonian gives
exchange parameters smaller than those in the pa-
per of Lines and Jones by a factor of 2. (This usage
is consistent with most previous definitions of the
exchange parameters in rare-earth chalcogenides. )

Our expressions for the spin-wave energies also
agree with those computed by Collins provided that
the constants D& and D2 of (1) are related to the
phenomenological anisotropy constants K~, K» E3
of Keffer and O' Sullivan by

Dg = —3K)/2NS,

D2 = —(9K2 -K2)/ XS,

(1o)

(11)

III. SPECIFIC HEAT

We have used the spin-wave spectrum as given by

(2) and (3) to calculate the low-temperature specific.
heat. Interactions between spin waves have been
neglected. We must evaluate the expression

8&i«~
(e&s; I rr& 1)2 d k. (12)

In this integral, E, is the energy of the ith branch
given by (2) or (3), K is Boltzmann's constant, R
is the gas constant, and 0 is the volume of the unit
cell. The integral is to be performed over the mag-
netic Brillouin zone, which is different from the
zone defined considering the chemical structure.

It seemed more convenient to us to use the ordi-
nary Brillouin zone for the fcc lattice for the pur-
poses of numerical integration even though the
energy must be evaluated at more points. How-
ever, if this is done, proper account must be taken
of the fact that the spin-wave energies do not have
full cubic symmetry, but are instead invariant with
respect to a group relevant to the magnetic struc-
ture. The symmetry properties of the functions
E;(k) have been described by Daniel and Cracknell. '
A procedure for subdividing the Brillouin zone into
small cubes for the purpose of performing the nu-

where N is the concentration of Eu ions. The an-
isotropy portion of the Hamiltonian used by Collins
is the same as that employed by Battles and Everett
in their discussion of antiferromagnetic resonance.
The spin-wave spectrum presented above may there-
fore be expected to give a correct description of the
low-lying excited states of the coupled spins in
EuT e.
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E~ (0) = 28(Di [D2+ 12(J,+ J2) ] j'i (14)
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FIG. 1. Calculated specific heat for EuTe is shown
(smooth curve) and compared with the experimental points
of Passenheim and McCollum.

Ei (0) = 2S jDq [Di + 12(J'|+ Zq) ] ) (13)

merical integration with weights assigned by refer-
ence to these symmetry considerations was develop-
ed and applied.

In order to assist in determining the parameters,
we took values for E& and E, at the center of the
zone from the measurement of Battles and Everett
to be 2 and 68 6Hz respectively. At k= 0, Eqs. (2)
and (3) become

We were able to obtain a good fit to the specific-
heat measurements for temperatures below 3 'K
( 3 T„). The lattice contribution to the specific heat
may safely be neglected in this temperature range.
The exchange parameters found in this way are J&
= 0. 07 + 0. 02 'K and J&= —0. 21 + 0.02 'K. The un-
certainties indicate a range of values in which fits of
roughly equal quality are obtained. The quantities
D& and Da depend sensitively on (8&+ J2) as indicated
in Eqs. (13)and (14). Forthe case J&+82= —0. 14'K,
these quantities are determined to be D&= —0. 13 'K,
D2= —0. 000 10 K. The negative signs are consis-
tent with Eqs. (10) and (11). The calculated and
measured specific heats are shown in Fig. 1. In-
clusion of a temperature-dependent renormaliza-
tion of the spin-wave energies would probably im-
prove the fit around 4 K.
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