
LIGHT SCATTERING FROM MAGNONS AND EXCITONS IN BbCoF3

do not conserve quasiparticle number are allowed
(Fermi resonance). This phenomenon was first
observed for phonons in quartz and aluminum phos-
phate, ' and treated by RuvaMs and Zawadowski'
via many-body techniques. A more detailed dis-
cussion of the two-magnon line shape in RbCoFS
will be given in a subsequent paper, where a com-
parison with TlCoF3 will be made.
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Uniaxial Stress Experiments and Magnetoelastic Interactions in Manganese Oxide
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We have measured the thermal expansion and the Neel temperature of a single crystal of manganese
oxide as a function of uniaxial stress applied along a (111) axis. It is shown that under well-defined
experimental conditions, the antiferromagnetic-paramagnetic transition is of first order. The experimental
results are used to study magnetoelastic interactions and magnetoelastic effects in manganese oxide.

INTRODUCTION

Magnetoelastic interactions arise from the modu-
lation with interatomic distances of magnetic and
cohesive energies. A large variety of physical
properties of magnetic substances are attributed
to these interactions. However, analysis of these
properties by means of adjustable magnetoelastic
coefficients does not prove unambiguously the mag-

netoelastic nature of these properties, so that other
processes are equally plausible in some cases.
Hydrostatic-pressure or uniaxial-stress experi-
ments are often very suitable in order to clarify
the nature and the effects of magnetoelastic inter-
actions in magnetic solids. This paper is specifi-
cally concerned with magnetoelastic interactions in
antiferromagnets. We have chosen manganese ox-
ide, as an example, since it presents a large vari-
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PIG. 1. Crystallographic orientation of the MnO cubic
sample used in the experiM. ent.

ety of physical properties which have been attribu-
ted to these interactions.

Section I describes the experimental results ob-
tained by measuring thermal expansion and the
Noel temperature as a function of uniaxial stress.
The results are analysed in Sec. IIusing the molec-
ular-field approximation. In Sec. III the x"esults

of this analysis are used to discuss various phys-
ical properties which are presumed to be of mag-
netoelastic origin.

I. EXPERIMENTAL RESULTS

Manganese oxide possesses, at room tempera-
ture, a cubic NaC1 structure. The antifexromag-
netic Neel temperature is at e„=118 K. In order
to study the effect of stress on the Noel tempera-
ture and on thermal expansion, a single cxystal
cube of manganese oxide was prepared as indicated
ln Flg, 1.

The [111], [110]and [211]crystallographic axes
are perpendicular to the cubic faces, within 0.1'.
The MnO sample is a single crystal with a speci-
fied manganese purity 99.5% purchased from
LETI, Centre d'Etudes Nuclhaires, Grenoble.
Stress is applied using an apparatus similar to that
described in Ref. 1. Temperatuxe is detexmined
using a calibrated Asoa diode. The probable error
on the absolute value of the temperature is approx-
imatively + 0.05 K in the II 7-800-K temperature
range. Two stxain-gauges3 are fixed to measure
strains along the [111]and [110]directions in the
(211)plane. Stress is applied normal to the (111)

plane. This direction has been chosen since x-ray
measurements done on MnO powders indicate that
MnO contracts along a [111]direction when cooled
below its Noel temperature. ~~ For the data shown
in Figs. 2 and 3, stress was applied in the high-
temperature paramagnetic range and was main-
tained constant during cooling and warming. Be-
tween two sets of experiments, stress was released
and the sample was annealed for several hours at
room temperature. Results obtained according to
this proceduxe are reproducible, with no stress
hysteresis effects (Figs. 2 and 8). One observes
an increase of the Noel temperature of MnO at a
rate of 3.84+0.04 K/kbar (Fig. 4).

During these experiments, a thermal hysteresis
was noted in the Neel temperature of MnQ from ex-
periments performed at constant stress. This tem-
perature hysteresis of the Noel tempexature is of
approximatively 1.1 K, independent of the applied
stress above 40 bar. One observes a length dis-
continuity at the Neel temperature. The amplitude
of this discontinuity increases with increasing
stress. Thus, the first-order character of the
magnetic transition is clearer at high stress.
When the stress is released in the magnetically
ordered region, at 77 K, the single crystal does
not keep its geometrical dimension, but takes in-
termediary dimensions, between that obtained with
no stress and that obtained before releasing the
mechanical stress. When the maximum stress
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I'IG. 2. Thermal variation of the length of MnO as
determined in a [111]direction for various stresses T
applied along the [111]direction to the (111)faces of the
cubic sample, for increasing temperatures. A. = 0 bar:
8=53 bar t"=95 bar D=163 bar; E=269 bar; 41/1=0
at room temperature (293 K) vrithout stress.
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FIG. 3. Thermal variation of
the length of MnO as determined in
a t110] direction for various stresses
applied along the [111]direction
to the (111)faces of the cubic sample
for increasing temperatures. A. = 0
bar B=53 bar; C=95 bar; D=163
bar E= 269 bar; 61/1= 0 at room
temperature (293 K) without stress.
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rg, ,= (a//2) (1+e„„--,'e„,) . (la)

The distance between a manganese ion and its
other six neighbors decreases and becomes

rq, = (a/v2) (1+e„„+—,'e~) l

the distance between the six next-nearest neigh-
bors is then

q= ra(1+ e„„), (2)

(2VO bar) is applied to an unstressed crystal at VV

K, the dimensions obtained are identical to those
obtained from cooling at constant 270 bar stress.
In a previous set of experiments' the variation with
hydrostatic pressure of the Noel temperature of
MnO was determined. The variatiou of the Noel
temperature with hydrostatic pressure was ob-
served to be only 0. 30 + 0. 02 K/kbar.

II. MAGNETOELASTIC INTERACTIONS

Although the uniaxial strains exceeded 10 5, in
the following analysis we assume they are derived
from T, the stress appliedto the (111)plane along
the [111]direction, by the second-order elastic
stiffness moduli c;z.

If g is the value of the crystallographic unit-cell
cubic edge of MnO, the distance between nearest-
Mn neighbors is a/K2 and the distance between
next-nearest Mn ions is g, Under the application
of the [111]stress, the 12 nearest-Mn neighbors
of a manganese ion separate into two parts. Six
belong to the (111)plane and therefore get farther
apart with a distance

where the components of the strain tensor are

ex@ cry 8ae T/3(cll+ 2C18) s (3a)

e = e„,= e„,= T/3c44 . (3b}

H= —2ZZ„S, ~ S, ,
(fj)

,
where the summation is made on pairs of magnetic
atoms of spin S& and S&. We call J, the exchange
interaction coefficient between first-nearest neigh-
bors and z, the number of lth neighbors.

In the magnetically ordered temperature range
the magnetic structure can be described as a sec-
ond-crder type antiferromagnet, where a magnetic
ion of spin S has six next-nearest neighbor spins
with antiparallel spine (f0). Of its 12 nearest
neighbor spins, ' six are parallel (00) and six anti-
parallel (04). We will only consider exchange inter-
actions between these neighbors. Within the molec-
ular field approximation, the Neel temperature can

In the conditions of the experiment, where T is neg-
ative and small, the cubic angles become —,

'
m+ e,

with n = T/3q4, which corresponds to a slight
rhombohedral distortion of the cubic crystallograph-
ic cell. Under the application of an hydrostatic
pressure p the crystal deforms isotropically, with

e„„=e,„=e„=P/(c~, +2c&2) . (4)

The manganese cations Mn~' have an electronic S
= —,
' state. Thus, crystal field effects are weak and

will be neglected. Hence, the Hamiltonian of the
magnetic system is of the Heisenberg type:
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be written

e„=—4S(S+ I)Z, . (6)

These modifications will be described by the coef-
ficients

In the absence of applied stress, the MnO single
crystal separates below e„, into the so-called 7.'

domains ' "
Inside a T domain, the spins belonging to a (111)

plane are ferromagnetically aligned, whereas .

neighboring (111)planes have antiparallel spins.
The spontaneous distortion corresponds to an in-
crease of the distance between nearest neighbors
in a (111)plane, whereas nearest neighbors be-
longing to neighboring (111)plane become nearer.

Each T domain corresponds to one of the four
possible stackings along the four equivalent (111)
type axes. Applying a stress along a [111]axis
then favors that T domain which contracts in the
direction of applied stress, as had been observed
in NiQ. For a single T domain, the NOel tem-
perature is then

eN = —4$(S+ 1) (Jp+ Jg„-Jg„),
where Jz„, Jz„, and J3 are, respectively, the ex-
change interaction coefficients between antiparallel
nearest neighbors at distance y~-, parallel near-
est neighbors at distance yz„and antiparallel next-
nearest neighbors at distance x&. The value of J&

can be deduced from the value of the magnetic sus-
ceptibility at the Neel temperature once J is de-
termined using Eg. (6):

x.(T=e )= &u&/-3(~&+~2) (8)

where N is the number of magnetic atoms.
Hydrostatic pressure p or uniaxial stress T

modify the interatomic distances, and thus modify
the exchange interaction coefficients J& and J&.

4S(S+ 1)jsJ
dp (egg+ 2cgg)

deN 1 de„4S(S+1)jgZg
3 dp 3C4g

(ea)

(eb)

The above equations neglect the variations of in-
teratomic distances due to the thermal expansion
when the temperature is varied by de~. Thus jz
and j& can be easily deduced from the variations of
the NOel temperature e& with hydrostatic pressure
or [111]stresses.

From Eqs. (6) and (8) one deduces

J'g = —7. 2 K, J'2 = —3.4 K .
From the values 8~ = 118 K and y (T = 8„)= 59

x IO~ emu/mole. ~ Such a calculation is done under
the assumption that 8„ is a true NOel temperature
and not a first-order transition temperature. In
the following the temperature of the first-order
transition as extrapolated to zero stress wiD be

zz, /z, . wgz,
dry/rq' ~ dr2/rz '

where jj describes the modification of J& when a
stress is applied along a [11I.] axis and modifies,
at the same time, the interatomic distances and the
crystallographic angles. Under the application of
hydrostatic pressure or uniaxial stress, the path
Mn2' -O~ —Mn~' between second neighbors remains
a 180 path, and the interatomic distances alone
are changed. The variations of the NOel tempera-
ture should thus satisfy the pressure derivatives

, of Eqs. (6) and (7):
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FIG. 4. Variation of the Noel temperature of Mno with stress applied along the [111]direction to the (111)faces of
the sample. The Noel temperature is determined from the results given in Figs. 2 and 3.
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taken as the Neel temperature of the undistorted
state.

In the absence of more specific elastic constant
data we assume for the compressibility that the
value~~

K 3/(Ctf + 2Cts) = 0.VO & 10 s bar I

determined at ambient temperatures is independent
of temperature. The c44 coefficient has been deter-
mined in the vicinity of the Nisei temperature, in
the paramagnetic region. We obtain at e~ the val-
ue c44=0. 5Vx10 bar; c« is same under adiabatic
or isothermal conditions. This value is determined
by extrapolation to es of the experimental ultrason-
ic data in the paramagnetic region, since the elas-
tic coefficients to use in Eq. (9) are the elastic co-
efficients which would describe the elastic behavior
of the nonmagnetic crystal. One thus obtains

j) = —25, j~= —12.

This j& value is very similar to that j= -10 ob-
served for various compounds with superexchange
interactions. ' The coefficient j& is, in contrast,
associated with angular variations of the crystallo-
graphic axis. The large value of j& compared to
that of js indicates thepossibility of direct exchange
interactions between first-neighbor magnetic ions.
Owing to the large value of j„ the magnetic-order-
ing temperature can thus be of the first-order
type. '6

III. SPONTANEOUS MAGNETOSTRICTION

w„= p v (Ctt + 2C Is) (5a/a) + C44 o. (10)

The variation of the magnetic energy is the magne-
toelastic energy

[Js+s (5o/II) 21~1+1'

Minimization of the free energy leads to the equilib-
rium condition ~'

~ j~~).~z
V c44

(12a)

+300

main particles. The similarity which exists be-
tween the single crystal under high stress and the
powder does not remain at higher temperatures,
below the Noel temperature. In this case, T do-
mains can be simultaneously present in a single
particle, since their elastic distortion energy de-
creases rapidly in the vicinity of the Noel tempera-
ture. Owing to the elastic interaction between the
T domains, distortion effects are thus much weak-
er, and the first order character of the magnetic
transition can be obscured or can even disappear.
This is in agreement with the magnetic after-effect
properties discovered in the study of the suscepti-
bility of MnO in the neighborhood of its Noel tem-
perature. '~

When submitted to compression 5a/a and to shear
e, the elastic energy per mole of volume V is

In the antiferromagnetic state the MnO single
crystal, when submitted to low stresses, behaves
like avery soft material (Figs. 2 and 3)with large
dimensional changes associated with small in-
creases of the applied stress. For larger stresses,
above 200 bar, the variation of the crystal dimen-
sions with applied stresses corresponds to that
which could be expected from the values of the
elastic coefficients in the paramagnetic range.
One can then consider that MnO, above 200 bar,
is mostly composed of a single T domain. In fact,
the thermal variation of its length as measured
along [111]and [110]directions (Figs. 2 and 3) is
then very similar to that calculated from x-ray
diffraction experiments performed on a powder
samplers (Fig. 5). In contrast, the thermal varia-
tion of its length as measured along the same di-
rections in the absence of applied stress is similar
to that observed for powder, in the [100]direction,
which means that, without stress, the crystal pos-
sesses an isotropic thermal expansion in the low-
temperature magnetically ordered range. This
corresponds to an equipartition between the various
T domains which are then present. At least at low
temperature, the 20-100' powder used for x-ray
experiments" can be considered as single-T-do-
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FIG. 5. Thermal variation of the length of MnO in the
t.&&&3&, [&&03~, and [1003& directions, deduced from Ref.
5. b,l/1 = 0 at room temperature (293 K) without stress
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5a 2N jaJp~
8 V egg + 2cgp

(13a)

(12b)

where n depends on j~ and 5a/a on j2. Using Egs.
(9), (12a) and (13a) can also be written

38z~ deg 1 de~
V„2$(S+1) dT 3 dp

form crystallographic distortion.
Magnetoelastic interactions give rise to a tem-

perature dependent perpendicular magnetic suscep-
tibility. At high magnetic fields the direction of
antiferromagnetism is perpendicular to the direc-
tion of the applied magnetic field, ~0 and the magnet-
ic susceptibility is

z
a V 2S(S+1)dp

(13b)
(6')

The values of 5a/a and n calculated from Eqs.
(12b) and (13b) for T=O K are —0.7x103 and 2.4
x10 ~, respectively, with~/p =4. 6Qx10" per cm'
and Sz = S = —,'. These are to be compared to the
experimental values for 5a/a of —l. 26x 1.0 ~(Ref. 6)
and —l. lx 10 3 (Ref. 6) and for e of 1.12x10
(Ref. 5) and 1.1x10 ~ (Ref. 6). The agreement is
only qualitative, which is presumably owing to the
molecular field approximation. In fact, analysis
of the experimental 5a/a and a data using Green's
function theory leads to the values j& = —23 and j
= —11, which are close to the values j&= —25 and

j&= -12 determined in Sec. II. Also, elastic con-
stant values used in the latter calculation are
slightly different than those used in deriving j& and
jfrom Eqs. 9.

Inelastic-neutron experiments on MnO single-
crystal and three-parameter fits of the pertinent
data (J„, Z„, and J,) lead to the value'

(Jg„-J~„)/J~ ——Q. 29 at 4. 2 K .

In a linear approximation this ratio should equal
j&e= —0. 28, with j~= -25 and @=1.12~10 ~.

There is thus a disagreement between the sign of
J„-J„as determined from analysis of inelastic-
neutron experiments and from direct magnetoelas-
tic evaluation. It would certainly be useful to per-
form the same inelastic-neutron experiments on a
single crystal under stress, in order to get an uni-

Most of the thermal variation of X results from that
of J&, and one has, for instance,

X(0) Ji+ Ja
x(T„) Zg(0)+ Ja 2 Jg+ J2

With the numerical values a=1.12x10 ' jg= 25,
Jq = —7. 2 K, and Za= —3.4 K one obtains

X(0)/X(T )=o. 9o,

which compares favorably with the experimental
value (11)

q{T= QA)/q(T= T„)=0.69 .

CONCLUSION

We have demonstrated unambiguously the first-
order nature of the magnetic-ordering transition of
a single T domain of manganese oxide. We have
shown why the first-order character of this transi-
tion was obscured in the case of powdered samples
or stress-free single crystals. Furthermore, we
have shown that uniaxial stress experiments are of
value in quantitative analysis of the magnetoelastic
interactions in maganese oxide and related effects
such as the spontaneous magnetostriction which oc-
curs in the magnetically ordered state.
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