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Measurements on KMnF3 have revealed several anomalies in the magnetic susceptibility
near T& = 87. 9 'K. Wbten a crystal is cooled below Tz a small field-dependent susceptibility
component, saturating at -100 Ge, is seen; near Tz —1'K this component disappears; it is
much weaker upon subsequent warming, but recovers when the sample is again cooled from
slightly above Tz, a negative-field hysteresis and a low-frequency oscillatory behavior are
also observed. Since this anomaly is much smaller in powdered samples, it is assumed to be
associated with a weak moment induced by residual local stresses, caused by the crystallo-
graphic distortion at Tz. A more basic property of the bulk material, seen in all samples,
is an increase of -8% in the antiferromagnetic susceptibility below Tz, the data are inconsis-
tent with an exchange-magnetostriction mechanism. Many of the experimental results, in-
cluding those of Heeger, Beckman, and Portis can be explained in terms of a magneto-
elastic coupling mechanism. When the effective elastic constant, for strains which result
in magnetic canting, is very low, then a large enhancement in the transverse antiferro-
magnetic susceptibility is expected, and a field-induced canting transition can occur.
This transition and the first-order canting transition at T,=82 K will occur in the pres-
ent model only if a stable crystallographic state with a spontaneous strain exists inde-
pendently of magnetic interactions, at low temperatures. In samples of decreasing particle
size, the width and thermal hysteresis of the canting transition increase until in particles- 25 pm and smaller, the canted state can persist up to Tz. The measured canted moment at
77 'K is 9.6 emulmole, approximately half the low-temperature value, which suggests that the
canting angle of the antiferromagnetic sublattices is practically constant below T,. It is pro-
posed that an observed abrupt decrease in the ultrasonic attenuation below T~ is due to mag-
netoelastic propagation of sound waves across the crystallographic domain walls, which above

T~ cause a large amount of scattering and attenuation.

I. INTRODUCTION

The basic crystallographic'3 and magnetic'
properties of KMnFS have been known for some
time„Two structural. transitions are found to
occur in this perovskite-type crystal, and the
transition from the high-temperature cubic phase
to a tetragonal phase' near 184 'K has recently
received much attention. The second transition,
near 88'K, to orthorhombic or monoclinic sym-
metry'~ has been less extensively studied, prob-
ably because of the additional complication owing
to the antiferromagnetic order' which sets in at
this temperature. It has been assumed3 that this
is a first-order transition and is driven by ex-
change magnetostriction, although there is no ex-
perimental evidence in support of this a.ssumption.

A further instability of the crystal structure is
indicated by the existence of a magnetic canting
transition' near 82 'K, which appears to be as-
sociated with a displacement of the fluorine ions
but not with a change in lattice constants. ' The
distortion of the fluorine octahedra, surrounding
the magnetic Mn ' ions, can causes effective aniso-
tropy fields which are noncollinear at sites of op-
posite Mn spins; this type of single-ion anisotropy
leads to a small amount of canting of the antifer-
romagnetic sublattices3 below -82 K, resulting in

a weak ferromagnetic moment. The over-all be-
havior of KMnF3 seems to have a number of fea-
tures in common with that of HbFeF~. However,
in the latter material, one of the lattice distor-
tions appears to be driven by a Jahn-Tell. er type
of instability in the Fem' ions9; this factor, at
least, is absent in the S-state Mn ' ions.

Our interest in KMnF, arose out of some anoma-
lous results obtained by means of ac susceptibility
measurements in low fields, especially a strange
field-dependent behavior superposed on a field-
independent step in the susceptibility just below
the Neel point. Consequently, the temperature
region including T„and the canting transition
has been studied in single crystal+ and in powders
of various particle sizes. The resul. ts common to
all. samples below T„have been interpreted in
some detail, since they can be related to basic
microscopic processes. It has been possible to
explain many of the experimental results, includ-
ing those of Heeger et al. , s by using a simple
magnetoelastic model. An ultrasonic propagation
experiment has given additional information on
the canting transition in the crystal.

II. EXPERIMENT AND RESULTS

In order to eliminate sample-dependent effects
in our results as much as possible, KMnF3 sam-
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It should also be noted that the shape of the Low-

field anomaly is slightly different after thermaL
cycling. The broken curves in Fig. 1(a) show the
zero-field behavior during the first two coolings
of an experimental run; for subsequent cycles
(sol. id curves) the changes are much small. er.

A negative hysteresis is seen in Fig. 2 for the
field dependence of the spikes: The maximum sus-
ceptibility occurs before the field passes through
zero. Thus, if a net magnetic moment is asso-
ciated with the spikes, it changes most rapidly be-
fore the external field reverses; Fig. 3 shows
H„, taken as half the field difference between spike
maxima, swept in both field directions (an offset
of -Q. 6 Oe in the recorded data apparently results
from the ambient field component parallel to h„).
A rapid reduction is seen in IH~ I as the tempera-
ture decreases; Fig. 3 shows a sign change in H~
near T~ —O. 8 'K, but this may be due to the per-
pendicular component of the ambient field. Where
measurements with increasing temperature are
possible, H~ is found to be the same during cool-
1ng and warmly.

In the region of maximum I H~ I, just below T„,
all cooling runs show an oscillatory behavior in
the spikes close to zero field. This is seen as
the ripples in one of the traces of Fig. 2 and in
the thickness of the zero-field trace in Fig. 1(a).
The oscillations have a frequency of the order of
10 Hz and an amplitude of about 10-' emu/mole Oe.
It is not clear whether these oscillations are in-
duced only by temperature or by field changes, or
are a steady-state phenomenon. Experiments us-
ing precise temperature control and careful shield-
ing of the ambient field will be necessary for
further studies nf this effect.

Before considering the effect of particle size
on the behavior near T„, the magnetic canting
transition will be described. It is known from
torque measurements' that a hysteresis of about

2 'K occurs between cooling and warming through
this transition. This is also observed in the low-
field rf susceptibility, ' where, in addition, a
dependence on thermal and magnetic cycling is
noted. Furthermore, a large latent heat is as-
sociated with the transition, Rs shown in tem-
perature-drift runs by the constancy of the crys-
tal's temperature while going through the transi-
tion. No specific-heat anomaly can be seen near
88 K with this simple method, eventhoughachange
in lattice parameters occurs there, but not at the
canting transition. '

The ultrasonic propagation results show an abrupt
decrease in the attenuation as the crystal cools
slowly through the canting transition, while at the
same time the echo pattern shifts rapidly in a
random fashion, as if acoustic reflections occur
from a number of moving boundaries within the
sample. Below the transition the echo pattern
again becomes stationary, with an attenuation
about &~~ of that above the transition, that is, with
a characteristic time for echo decay which is 10
times as long. Upon warming, the lossy state is
rapidly reestablished; this state is seen to exist
only between the canting transition and the crystal-
lographic transition near 184 K.

The susceptibility behavior of the powdered
samples (Fig. 4) shows the following differences,
relative to the single crystal. In general, all
transitions are broadened in temperature, but
the step at T~ is least affected; its amplitude and
width change only slightly as the particle size is
reduced. The temperature at this transition is
constant, within experimental error. The spikes
below T~, however, are much reduced in ampli-
tude, and persist to lower temperatures as the
particles become smaLLer; the differences be-
tween cooling and warming are also reduced, if
the samples have not been cooled to the canted
state. The canting transitions broaden considera-
bly in powdered samples. The decreased initial
susceptibility in the canted region can be accounted
for by the increased coercive force of the weak
ferromagnetic moment, i. e. , the magnetic hyster-
esis loops are wider in small particles. In sam-
ples of particles less than about 25 p, m in size,
the canted state partly remains up to the Neel
point. This can be seen in Fig. 4 as the difference
in height of the step at T& between cooling and
warming runs. It can also be seen that in aLL

cases, the uncanting transition is narrower than
the canting transition.

Magnetic-moment measurements made with a
vibrating sample magnetometer confirm the step
in the susceptibility p at T„. The data obtained
from a 490- p, m powder sample are as follows At
-90'K, X =1.VO&& 10 ~ emu/mole Oeandat-86'K,
g =1.84&&10 ~ emu/mole Oe in a 1-kOe applied
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energy owing to single-ion anisotropy, which is
taken to be linearly dependent on a strain param-
eter ~. This parameter is normalized to the dis-
tortion coordinate e of the fluorine octahedra in
the spontaneously canted state, as defined by
Heeger et al. ~ Here we consider only the magneti-
cally induced part of the distortion of the octahedra,

.away from the crystallographically established
equilibrium. The last term in Eq. (1) is the elas-
tic energy associated with the induced strain; c
is an appropriate elastic constant, which must be
small if we are to have observable magnetoelastic
effects in this model. Not included in the free en-
ergy of Eq. (1) is the temperature-dependent lat-
tice energy E,(T), which leads to the crystal
structures with &=0 between T, and T„' and & 40
(equivalent to 5=1) below T,. It is not important,
in the simple model, whether the condition that
a=0, in the region below T~, reflects the static
equil. ibrium positions of the fluorine ions, or is
a spatial or dynamic average of the true distor-
tions of the octahedra, as long as the canting term
in Eq. (1) is allowed by the crystal symmetry.
The assumption of a spatial variation within the
magnetic unit cell giving (c),„=0would imply a
four-sublattice antiferromagnetic structure with
h1dden canting.

B. Uncanted State

The equilibrium values of the sublattice canting
angle & and the induced strain &, in the case of
e =-0, are found by minimizing Eq. (1) with respect
to + and &, taking &«1. With H applied al.ong
the x axis, i.e. , perpendicular to the antiferro-
magnetic z axis, with K, &0 in Eq. (1), we get

Here y~ = I/A is the normal antiferromagnetic sus-
ceptibility, which can be obtained from measure-
ments slightly above T„. H = c/M is defined as
an effective strain-anisotropy field; its value can
be determined from the measured enhancement
+X~ = X~ —X~, below T~, since HD can be found
from the measured weak moment for T & T,.

In the molecular-fieM theory X, is constant be-
low T~, and thus any temperature dependence of
X, must come from a variation in the enhance-
ment factor of Eq. (5). The susceptibility paral-
lel to the antiferromagnetic axis will. notbe changed
by the magnetoelastic interaction, since 5(H It z)
= 0, and it will rise from g „(0)= 0 to y „(T„)= g, ,
as usual. The idealized behavior with a temper-
ature-independent X, is drawn in Fig. 5. The
predicted discontinuity in X, —X „at T~ thus pro-
vides a ready explanation of the torque discontinuity
found in KMnF3 by Heeger et al. , without in-
voking the exchange-magnetostriction mechanism, '
which has been shown to be inconsistent with the
available exper imental data.

To estimate the value of c, the results given at
the end of Sec. II may be used. These data have
been obtained from a powdered sampl. e, but their
values in a singl. e crystal will be essentially the
same, because of the twinned crystal structure. '~
There is no conclusive information on the direc-
tions of the magnetic moment in the canted state '"
and on the stability of the distortion directions in
the orthorhombic structure below T„; that is, it
is not known whether the orthorhombic axes can
be made to assume several equivalent directions

&= (K,/e) &= &(H) .
» this case, a,s long as the denominator in Eq. (2)
is nonzero, the magnetic interactions do not cause
a spontaneously induced strain (with H= 0) to lower
the energy by canting at the expense of exchange
and elastic energy, in the manner of a Jahn- Teller
effect. The important result is that the transverse
susceptibil. ity is now

aa

2A.M' 2AM'
~N

TEMPERATURE

Writing Eq. (4) in terms of the usual effective ex-
change, anisotropy, and canting fiel.ds, II~= M4,
H„=K,/M, and H~ =K&/M, we have, with H„«Hz, ,

XL-Xi 1- -Xi 1+ 8 . 5

FIG. 5. Schematic description of the susceptibility be-
havior in the molecular-fiel. d model of a uniaxial antiferro-
magnet where Xj is enhanced by magnetoelastic coupling;
X& is the susceptibility of a polycrystalline sample or a
heavily twinned cryst, al; the anisotropy ~ -X„will result
in a torque discontinuity at Tz, as seen by Heeger et al.
(B,ef. 3).
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relative to the pseudocubic axes in an applied
field, as in HbFeF~. 9 Thus, the measured weak
moment m(T) may represent -50-100% of its true
value, while 4y, = l. 4 && 10~ emu/mole Oe may be
3 or —,

' of the correct value, since the antif erro-
magnetic axis coincides with the pseudocubic (100)
crystal axis in the uncanted state below TN. How-
ever, these uncertainties will tend to cancel in
the calculations. If we arbitrarily take &y, (T)
to be constant between T„and T, and use Eq. (5)
with the appropriate values of the effective fields
(see below for the calculation of HJ, ) then c(T, )
=3 x 10' erg/mole.

The field- induced canting transition, seen in tor-
que measurements, 3 can also be treated within the
present model. The magnetoelastic component of
the susceptibility &y, mill lead to an increasing in-
duced strain until, in a critical field H„&= 1,
which is equivalent to the spontaneous strain be-
low T,. E, probably has a local minimum around
&=1, above T„and an absolute minimum below
T,. Thus we have, using Eq. (3) with n=H, /2AM,

H, = 2H~H~/HD.
Substituting the values obtained just below T,

yields H, =7 kGe. The close agreement with the
experimental value' of H, =6. 5 kOe is probabl, y
accidental; however, the physics of the situation
seems clear. The observed lack of hysteresis
in H, in a real crystal. will result from the clamp-
ing of the canted twins at their boundaries with the
uncanted twins which have H parallel to their z axis;
these boundaries will act as effective nucleation
sites for the uncanted state as H is decreased.

C. Canted State

When a spontaneous strain 6 40 exists, the ani-
sotropy term 5IC3 in the canting energy of Eq. (1)
is replaced by (1+ 5) Kz. With H along the x axis,
the equilibrium canting angle is o.'= o.'0+ o' (H),
where e(H) is given by Eq. (2) and

Hn y,
'

m (T)
2H y 2M(T) '

here g~ is the same as in the uncanted state [Eqs.
(4) and (5)]while m(T) is the value of the weak mo-
ment at temperature T. Thus the effective canting
field is H~ = m(T)/y, , rather than the usual value
H~= m(T)/y„ this difference is caused by the mag-
netically induced increase of the spontaneous
strain of the octahedra as the structural distortion
takes place. The equilibrium value of the induced
strain is

with 5(H) as in Eq. (3) and

If we take g, /y, = 1.08, as measured at T„, then
5~ =0. 1; in other words, without an applied field,
the magnetoelastic interaction wil. l drive the strain
-10% beyond the amount required for crystallo-
graphic equilibrium alone, if ~y, has the same
value above and below T,.

This magnetoelastic amplification in the model
can be used to interpret the behavior at the cant-
ing transition. As long as the structure above T„
with E = 0, is crystallographicall. y stable, there is
no self-induced strain, as pointed out earlier.
However, near the temperature of structural. in-
stability nucleation of the low-temperature phase
with & W0 will bring the magnetoelastic interaction
into play which, together with E„will encourage
an increase in the strain and its propagation away
from the nucleation site until. the whole crystal is
in the canted state. A broadening of the transition
region in powdered samp1es will result from the
spread of critical temperatures among individual
particles, due to a decrease in the number of nu-
cleation sites (such as strained regions near twin
boundaries) as the particles become smaller. These
a.rguments can also be applied to the uncanting
transition at the upper critical temperature, where
the canted state will collapse around sites with e = 0.
Upon warming, l.ack of suitable nucleation sites will
allow the canted state to persist up to T~, as is ob-
served in the present experiment (Fig. 4) and in
that of Hirakawa et al.

The fact that a KMnF, crystal is acoustically
very lossy between T, and 184 'K is presumably
the result of scattering of the elastic waves by the
large number of twin boundaries present below
184 'K. There is no reason to believe that these
boundaries physically disappear below T,. A rea-
sonable explanation for the observed decrease in
the acoustic attenuation below T, is that the magne-
toelastic coupling allows an elastic wave to be
propagated across bvin boundaries, through modu-
lation of the strain parameter e'. The shifting echo
pattern seen at T, is consistent with a process of
nucleation and growth of the canted phase at T,.

The broadening of the transition in powdered
samples is the reason that the latent heat anomaly
at T, is not resolved in the measurements by
Deenadas et al. '7 The latent heat I. can be only
crudely estimated in the present experiment, from
the known specific heat" near T„ the change in
cooling or warming rate, and the width of the tran-
sition (-0.1 'K) in the single crystal. Thus we
can say that L(T,) ) 10' erg/mole. This relatively
large latent heat is consistent with our assumption
that the canting transition is enabled by a crystallo-
graphic instability [which allowed the use of slight-
ly different. 'orms of the canting term in Eq. (1)
for the canted and uncanted states]. In contrast,
the change in magnetic energy upon canting is only
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——2&[m(T,}j =- 3 && 10 erg/mole (not —60 erg/mole,
as estimated in Ref. 3). Such a small energy by it-
self is insufficient to stabilize the canted state in
the presence of thermal energies of the order of
k Tg

The present measure of m(0) agrees with that
derived from torque data, s while m(77 'K) is a
factor of -12 larger than the previous value. ' The
ratio m(77 'K)/m(0) =0. 5 has the value expected on
the basis of a normal temperature variation of the
sublattice magnetization M(T) and a constant cant-
ing angle &0; this suggests that the strain & is con-
stant below T,.

Little can be said about the temperature depen-
dence of the el.astic constant e. An abrupt change
in e at the canting transition will show itself as a
discontinuity in &X, at T,. It may also be noted
that, for the parallel susceptibility in the canted
state, the model predicts that, at T=O,

Thus y„ is increased, due only to canting, as ex-
pected, "and a discontinuity, 6y „=y„(T,) —y „(T,),
will occur at T,. It will be possible to observe
these changes only in fields high enoughto saturate
the weak moment bel.ow T,. In powdered samples
the discontinuities will be smeared out, as dis-
cussed above, but in small particles which re-
main canted when warmed to T~, a difference be-
tween cooling and warming behavior should be
seen near T„. Such a difference is indeed ob-
served (Fig. 4} for fine powders, and this en-
chancement can then be ascribed to the sum of
4X „and any change in &y~, and the initial sus-
ceptibil. ity of the weak moment remaining near
T~. The latter component decreases as the parti-
cles are made smaller.

Returning now to the anomalous behavior of the
KMnFS crystals near T„, the spikes seen during
cooling (Figs. 1 and 2) can be explained as the
field-dependent susceptibility of a net moment in-
duced by local residual stresses (essentially a
piezomagnetic moment"). The large change in
the lattice parameters incurred in the crystallo-
graphic distortion at T~'3 will result in strained
regions near tetragonal twin boundaries, with
e 40, so that a spontaneous weak moment propor-
tional to e(T)M(T) can occur. The assumption
that e(T) can locally be nonzero over a range of
temperatures below T~ is supported by Cooper
and Nathans's'~ observation that the distortion
takes place over an extended range, as well as the
lack of exact reproducibility upon cycling through
T„." The latter effect is also seen in Fig. 1(a),
where the sample has acquired a history after two
cyclings. A slight redistribution of the tetragonal.

twinning structure is probably involved here; the
reproducibility of the behavior at T, for different
samples, as well as for a given sample after cy-
cling, '~ would be similarly affected.

The decreased amplitude of the spikes, seen
when the crystal is warmed [Fig. 1(b)], is ex-
pected from the reduction in the size and number
of strained regions below T„, which took place
during cooling. Similar regions of l.ocal strain
probably exist above T„, upon warming, where
they are not observed because there is no long-
range magnetic order. The fact that the crystal
needs to be warmed only slightly above T„(-0.5 'K)
to recover its normal behavior on cooling implies
thai the crystallographic transition, in the bulk of
the material, occurs over only a narrow tempera-
ture range with little, if any, hysteresis; this
contradicts the observation of Beckman and Knox, '
but agrees with other work.

The smallness of the spikes observed in powdered
samples and their continued presence at tem-
peratures lower than in the crystal suggest that the
strained regions in smaH particles are fewer in
number, but remain over a larger temperature
interval. Since these regions should be effective
nucleation sites of the canted state, the canting
transition in some particles will occur at tem-
peratures higher than T, of a good unstressed crys-
tal; the uncanting transition will not be nucleated
at strain sites and therefore will not occur below
the transition temperature of the crystal. . These
suggestions are consistent with the data in Fig. 4.

The details of the crystal's behavior near T„,
seen in Figs. 1 and 2, are difficul, t to explain.
The small field-dependent peak, seen on the low-
temperature side of T„ inFig. 1(b), may represent
the critical behavior o of the weak moment in the
small number of strained regions remaining after
cooling. If this is true, then either our definition
of T„is incorrect, or the local stresses cause a
slight lowering of T„. The kinks at T„ in Fig.
1(b) probably mark the location of the crystallo-
graphic transition in the bulk of the sample. The
reasons for the negative H„of the spikes (Fig. 3)
and the susceptibility oscillations close to T„are
not clear, although the magnetoelastic interactions,
which apparently lead to practically all other ano-
malous effects in KMnF3, probably are also re-
sponsible for these unusual phenomena. Lastly,
in comparing the actual behavior of the bulk sus-
ceptibility underlying the low-field spikes in Fig.
1 with the idealized behavior in our simple model
(broked line in Fig. 5) is should be realized that
the antiferromagnetic susceptibility in real ma-
terials decreases slightly at T~ and has an inflection
point. " Thus the curvature of X in Fig. 1 below
T~ does not invalidate our assumption that 4y, is
relatively temperature independent between T,
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IV. CONCLUSIONS

We have shown how a simple magnetoelastic
coupling mechanism can account for most of our
experimental data, as well as the torque data of
Heeger et a/. , ' for KMnF, in theantiferromagnetic
region. Whenever the crystal symmetry is such
that it allows this mechanism to operate, the mag-
netoelastic interaction will cause an enhancement
of the transverse antiferromagnetic susceptibility.
The effect is easily observed in KMnF3 because
of the existence of a crystallographic state, be-
low T~, with an extremely small effective elastic
constant for the shear strain which leads tomag-
netic canting.

In considering the transition at T„where spon-
taneous strain and canting set in, several objec-
tions must be raised against the simple assump-
tions that canting begins when the magnetic energy
is large enough to equal the elastic energy of the
associated distortion of the fluorine octahedra.
Without additional interactions, the energy dif-
ference between canted and uncanted states is

many orders of magnitude less than kT, and a
static distortion would not be stable. A simple
crossing of the energies of the two states would
not lead to the observed first-order behavior. On
either side of the crossover temperaturethe anti-
ferromagnetic susceptibility would rise to a maxi-
mum at T„ the same would be expected for the
ultrasonic attenuation. Therefore, we have had
to assume that the spontaneous strain which exists
below -82 K arises from an inherent instability
of the KMnF, crystal structure, whilethe magneto-
elastic interaction acts as a perturbation.

The inclusion of higher-order terms in the free-
energy expression, including the lattice energy,
with an explicit temperature dependence in the con-
stants should result in a better description of the
first-order transitions; however, the present
simple model is adequate for a basic description
of the experimentally observed effects. Further
experiments should include accurate specific-heat
measurements, as well as a determination of the
fieM and pressure dependence of T, and the fre-
quency dependence of the magnetoelastic com-
ponent of the susceptibility caused by relaxation
effects on the strain amplitude.
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