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Influence of Magnetic Order in Insulators on the Optical
Phonon Frequency

by W. Baltensperger and J. S. Helman
Seminar fiir theoretische Physik, ETH, Zurich

(11. IV. 68)

Summary. The frequency shift of long wavelength optical phonons in ferromagnetic insulators
due to magnetic order is calculated. The relative frequency change is expected to be of order
103 to 102.

Introduction

The theory of the superexchange interaction responsible for the order in magnetic
insulators, does not yet allow a prediction of the superexchange coupling constants
with resonable accuracy. The rough estimates which can be made are based on
oversimplified models [1]. In these circumstances it is helpful to realize that the
theory should furnish not only one constant, but a set of related parameters which are
accessible to measurement.

Measurements of the magnetization under pressure or of the expansion coefficient
determine the dependence of the superexchange interaction on the lattice constant
[2, 3]. We show here that the effect of the magnetic order on the long wavelength
optical phonon frequency can provide further information about the superexchange
interaction. This is due to the fact that optical phonons involve the relative displace-
ment of a non-magnetic lattice, which transmits the interaction, with respect to the
magnetic lattice. This displacement is large enough so that second derivatives of the
spin energy become important.

The Model

The Hamiltonian H = H* -+ H™ contains the ‘pure lattice’ energy H' including
anharmonic terms, and the spin energy '

H»— 31,8, 1)

1<j

where I;; is the superexchange coupling constant between magnetic ions 7, 7 and §
the ion spin operator. Single ion spin dependent terms [4] will be neglected.

Specifically we treat compounds with Europium Oxide structure, and we suppose
that the Curie temperature 7, is much smaller than the Debye temperature 7.
We confine ourselves to the nearest neighbour (n.n.) spin interaction. We consider an
arbitrary magnetic ion with index o, and denote by the index # the n.n. spins (# =
1, ..., 12 for EuO structure).
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The n.n. superexchange coupling constant I,, we suppose to be of the form
L,=p)J@", dy, ") (2)

where d?" and d2" are the distances between the n.n. magnetic ions o, » and the
adjacent non-magnetic ions 7 (» = 1, 2 for EuO structure), and #*" = cosa®”, with o
the angles between these links (Fig. 1). J is a symmetric function of 4; and d,.

r=2 d B3
2
"n_z\n
n,2
d,
n,l
° 4
0
Figure 1

Symbols used in the description of the n.n. superexchange coupling constant [,,.

The Frequency Shift

In crystals with two atoms per unit cell optical phonons in the limit of infinite
wavelength are described by the relative displacement y of the two sublattices [5].
The ‘pure lattice’ Hamiltonian therefore becomes for each mode a linear oscillator
with the inter-sublattice potential ¥* and the reduced mass u of the sublattices.

V= % V} 42 + anharmonic terms (3)

where V! is related to the optical phonon frequency w, (longitudinal or transverse)
by V} = u ? within the harmonic approximation (7" € Tp). The displacement y is
counted from the equilibrium position determined by the ‘pure lattice’ lattice
constant a,. Experimentally a, is obtained by extrapolating &(7T) for T » T, where
no magnetic contribution occurs, to T = 0.

In magnetic crystals the lattice potential is perturbed by the order dependent spin
energy. Its development in terms of displacements around @, contains a linear term,
so that the lattice constant changes to a new equilibrium value a, + Ada = a. The
harmonic term of the development of the spin energy in the displacement u around
this equilibrium position reads

1

VR @)
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The volume change Af2 produces a frequency shift through the anharmonic terms
of the lattice potential, which is given by [6]
—*‘Z—%j:“?’?’z— (5)

within the usual approximation of considering a unique lattice Griineisen constant y,.
The total potential then becomes

V= % u [(cuo + A4, w)? + % Vz’"] #® 4+ anharmonic terms. (6)
Since we are interested in the temperature range 0 < 7'~ T; € T, the an-
harmonic terms of (6) can be neglected, and the total relative frequency shift becomes

Aw _ A L v

W, W, 24w

(7)

disregarding terms of order (A4,w/wg)?.

Our next task is to relate the quantities A, and V;» with the Hamiltonian H™
given by (1) and (2). Since all n.n. magnetic ion pairs are equivalent and the final
result must include a thermodynamic average <...> over the spin system, we can
work from the beginning with the average spin energy

N nr ney ny
Um=~§-<S0-Sl>§](d1,d2,x ) (8)

where (S, -S> is the n.n. spin correlation.

Let us first consider a uniform expansion [7] of the lattice. In this case d}" = d}" =
(ag + Aa)/2 (the interatomic distance is ¢/2) and x*” = 0. The dependence of the lattice
constant on the magnetic state is found from the Gibbs thermodynamic potential for
Zero pressure

N nr nr ny 9 N 3 A .
G= -y <So- 80> X J@ 7,2 + gt (G0) —TS(<SovS0) )

Ay

where K is the lattice compressibility (without magnetic contributions [2]) and a§/4
the volume per unit cell. We consider Aa and <S, - §;> as parameters with respect to
which G is a minimum. From 0G/04a = 0 we have

e 2 Bl g By (10)

where the subindex of J denotes a partial derivative. From symmetry J, = J, = J;.
All functions are taken at a,/2, a,/2, 0. The frequency shift due to the lattice expansion
follows from (5) and (10).

Let us now consider a relative displacement u of the non-magnetic sublattice with
respect to the magnetic one and develop (8) up to order #2. To that end we have to
know the quantities d}’, 45" and x*" as functions of the components u u (= 1,2,3)
of u. We shall demonstrate the calculation for a given pair of magnetic ions (0 and
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n = 1) and one non-magnetic ion » = 1. We choose a coordinate system with the
magnetic ion o at the origin and the three orthogonal axis in the directions of the

equilibrium positions of the n.n. non-magnetic ions. With the arrangement shown in
Figure 2 we have

a a
dil - (*2~ + ul, uz, u3) d;l = (— ul » —2 - ’Mz, - %3)
and then

A — ldu’ _ g (1 + My s

n_jgni_4(j_ " 1 ¥ _1“5)
dy = || = 2 ( al2 2 a*l4 2 a?/4
dil . dit u u us Uy U,
11 _ 1 2 e L M s 172
T T Tz ezt eE T A e WLE)

Figure 2

Symbols and coordinate system used in the development of the superexchange coupling constant I, ,
in terms of the relative sublattice displacement .

Analogous calculations have to be made for the second path of interaction » = 2

and for the twelve n.n. magnetic ions (n = 1, ..., 12). All these expressions are used
in the series development of (8)
odpr Ou‘ 0d3T Ou
Un = <8, Sl>2{]+ (]d1 o e Tn e, A

oxnr  Quy, Ouﬂ oagr Owm, \2
+ /s 75;/;‘,_ ¥5—u—) [J‘il dy ( Ouy, ) ]dﬂ dy ( Ou, Ou )

oxnr  Qut odyr 0dgr Ou, Ou,
+ ]‘” ( out  Ju ) t2 ]d,d, Ou, Ou, Ou Ou
0dyr 0xnr Qu, Ou,, odgr 0xnr Ou, Ou,
T ]dx" Ou, Ou, Ou +2 ]‘is"’ Ou, Ou, Ou Ou
0%} Ouy, Ou,, 0%y Ouy Ou,
U o el vat bl S el el

%t Ou, Ou,1 1,
+L0u Ou, Ou Ou]_Z_u}
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The coefficients of products of the direction cosines (0u,/0u) (0u,/0u) vanish when
u #+ v, and the sum of the remaining terms becomes independent of the direction of u.
Finally we obtain, using the symmetry properties of J,

U = 5 <SS {2 T+ [16 Joa+ 32 Ui+ Jud &
+16 (U, + L) (2)] 7). (12)

The spin correlation has been assumed independent of #, since the spins do not
reach equilibrium during the time of a lattice vibration. The linear term in # vanishes
because of the inversion symmetry of the crystal. From (12) and (4) we identify

pm_ BN
o

—
)

(8o 81> [af, Joat4ay(Ju+ Jo) +4 L+ 1] (13)

Up to terms linear in the derivatives of J we can replace a by a,.

Results

Replacing (5), (10) and (13) in (7) we finally obtain for the relative frequency shift

w—w 48, SO v, K e w3
oot LGt laa[(1+ BB Jg L] 44U+ L) a e (14)
with py = u/N the reduced mass per unit cell. As expected, the result does not only
depend on J,and J,,, which can be measured through the pressure dependence of the
Curie temperature [3], but also on the angular derivatives in the combination

aﬂ]dx+]x+]xx'

Numerical Estimate

To estimate the order of magnitude of Aw/w, we disregard the angular derivatives
of [ since we have no information about them. For the remaining terms we use typical
values for EuO: yy=2.4.10"2 g, w, & 3.15- 103 sec™! (transverse optical phonon
frequency), @, = 5.14 A. The values K, = 0.94 - 10-2erg-1 cm3 and y, = 1.9 are taken
from Reference [2]. Using the experimental curve 7 vs. AQ/£2 of Reference [3] we
obtain d7;/da = — 2.9-10% °K cm~! and d*7;/da?® = 7-101® °K cm~%. From the
relation I, = — 3 ky T;/z S (S + 1) given by the molecular field theory, with z = 12
and S = 7/2, we deduce J = — 0.75.10-1 erg, [, = 3.15-10"% erg cm™! and J,, =
— 16.2 erg cm~2.

Replacing in (14) the above numerical values we get

DD 21073 ¢Sy 8;>. (15)

Wy

The spin correlation function is well known theoretically at very low temperatures
T <€ T (spin wave region) and also for T > T.. In the temperature range in which
we are interested, namely 0 << T = T, only approximate theoretical results exist
(molecular field theory, Cluster expansion [8]). We can also obtain this function
empirically for EuO from measurements of the magnetic specific heat which give the
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relative change of the magnetic energy with temperature [2]. Within the n.n. inter-
action it follows from (8) and (10) that

Um(T S, -S>
Ty = 40 (16)

Based on the values of the specific heat of Reference [2], Figure 3 shows the relative
frequency shift (15) and also the partial contributions due to the thermal expansion
(5) and to the harmonic terms of the magnetic potential.
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Figure 3
Estimated relative frequency shift of a transverse long wavelength optical phonon vs temperature
in EuO.
—t—— Contribution due to the thermal expansion. — — — — Contribution due to the harmonic
terms of the magnetic potential, ————— Total shift.
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