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The b-axis dielectric anomaly at the commensurate-incommensurate phase-transition tempera-

ture in BaMnF4 has been calculated. Its shape and magnitude agree with the data of Samara and

Richards. The a-axis anomaly below TN is also explained; its shape and magnitude are due to the

canting of Mn spins. It is a first-order effect and -105 larger than in Rado's second-order theory

for Cr203.

BaMnF4 undergoes a continuous structural distor-
tion at about 250 K, ' in which the primitive unit cell
doubles in the bc plane. '~ The wavelength of the dis-
tortion along the twofold a axis is incommensurate
with the lattice constant of the high-temperature
phase. ' The transition is characterized by the presence
of a "soft" optical phonon, which is polar in the in-

commensurate phase, with dipole along the a axis. '
Measurement of the temperature dependence of this
optical mode allowed predictions' of a A.-shaped a-axis
dielectric anomaly for temperatures near Tc =250 K;
these predictions were confirmed in detail by the re-
cent measurements of Samara and Richards. Their
work also showed the presence of a b-axis dielectric
anomaly, unpredicted in previous work, with shape
opposite that of the a-axis anomaly; i.e., sb(T) rises
rapidly from its value 21.5 at Tc to 23.0 for T «180
K. The purpose of the present note is to suggest an
explanation for that anomaly.

In the original Raman study' of BaMnF4, two low-

frequency optical modes were found. One was strong-
ly temperature dependent, with low-temperature fre-
quency 40 cm ', and was inferred to have polarization
along a. The second was weakly temperature depen-
dent, with frequency 28 cm ' at 77 K, and was in-
ferred to have polarization along b. The intensities of
these two modes vanished above T~.

The presence of the mode at -28 crn ' in the in-
commensurate phase of BaMnF4 should increase the
b-axis dielectric constant. The value eb below Tc can
be related to Rb at T ~ T& by the equation

This value 23.0 = ~b is in exact agreement with the
data of Samara and Richards for T &( Tc but T
greater than the temperature (-70 K) at which mag-
netic ordering begins.

The shape of the curve ~t, (T) vs T below Tc can be
explained in the following way. The mode at about 28
cm ' has zero oscillator strength above Tq (since it is
not at zero wave vector). Because the structural tran-
sition is continuous, the oscillator strength of this
mode increases with decreasing temperature below T&,
approximately as the magnitude of the displacement
parameter.
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where mLp and GOTp are for the mode at about 28 cm '.
For all other 82 modes present below T~ but not
above Tc, the ratio Q)Lo/caro is assumed nearly unity.

Far infrared measurements at 2.4 K give'

o)tp 34.9 cm ' and ~Tp —33.7 cm ' for BaMnF4,
from which Eq. (2) predicts

~b = ~bx1.07, ~b =21.5X1.07 =23.0 .

ay (0) = ay (0) (MLQ/To) (2)

where n& is the b-axis index of refraction; cubo, aI(o
are the j transverse and longitudinal optical-mode fre-
quencies of long wavelength; and the product is over
the modes of 82 symmetry. This can be approximated
as
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FIG. 1. Dielectric anomaly b, eb'(T) vs T for 8aM nF4,
from Ref. 6. 4~b is taken as zero (~& =21.5) at T& -248 ~ 2

K. The dashed line is the mean-field expectation.
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[n Fig. 1 the ap'(T) are plotted on a log-log plot,

and compared with the mean-field prediction

isap'(T) =d((Tc —T)/Tc]'t', (4)

where d is a dimensionless constant. Good agreement

is found between 180 «T «235 K. Between 220 K
and T~ =247 K, Shapiro et al. ' found that the order

parameter varied as
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&(T) = &o[(Tc —T)/Tc]"" . (5)

The data of Ref. 6 do not seem suicient to deduce an

exponent in this region, but the apparent deviation of
the data in Fig. 1 from the —, mean-field exponent1

near T~ is not incompatible with the results of Shapiro
e~ al. '

The theory presented here does not explain the
abrupt saturation of ab'(T) at about 180 K. Below 70
K another b-axis anomaly occurs. It is thought to be
due to the onset of in-plane spin ordering' and to
the paramagnetoelectric effect. "

Below Tc BaMnF4 lowers its symmetry from C2„ to
C~. The distortion along the a axis is not commen-
surate with the high-temperature lattice; but this
characteristic does not alter the C2 point-group sym-

metry. The magnetoelectric properties are therefore
assumed characteristic of magnetic point group sym-

metry 2'. For this symmetry, the magnetoelectric ten-
sor n,j defined as
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involves the square of the total electric field, where
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FIG. 2. Dielectric anomaly he, '(T) vs T for BaMnF4,

from Refs. 6 and 9, compared with M(T) from Ref. 15.
M(T) varies approximately as a Brillouin function for spin-
5
2'

H' = n„.E;H,. &r.~.i = Eo+ $.pp, {8)

has the form

0 0 n)3

a„- 0 0 +23,
A3] &32 0

where a is axis 3; b is 1; and c is 2.
In BaMnF4 the spins are canted" along c (a fact

unknown in Refs. 4 and 5). The a;, in Etl. (7) pro-
duce a nonzero term cr„E,H, when averaged over all

spins. This term will renormalize the a-axis dielectric
constant below Trr, where (H, ) becomes nonzero.
The presence of such a ha(T) renormalization was
first pointed out by Rado, '4 who derived explicit ex-
pressions for Cr203. His theory cannot readily be ap-
plied to BaMnF4, which has an off-diagonal rnagne-
toelectric tensor and canted spins. Rado's theory for
/se(T) yields a number of order 10 6 at T -0 for
Cr203, an unmeasurably small quantity, and an M'(T)
temperature dependence (M is the sublattice magneti-
zation). In contrast, the measured6 p ha, (T) in
BaMnF4 is 0.1 at T =0 and varies as M(T), as
shown" in Fig. 2.

The disagreement between the experimental d ~, (T)
and Rado's theory arises primarily from the canted
spins. For a ferroelectric like BaMnF4 the free energy

V = Npsga~(m ~S,S„~m)$,» &0 (10)

(here S, is the spin component along the 6 axis; S„ is
an orthogonal component) since (S,) cr M sing, where
qb is the canting angle (3 mrad in BaMnF4). This
gives'0

as observed, and a magnitude" of order 10 ' (dimen-

where Eo is the electric field due to the spontaneous
polarization (Ep-4mP, ) and g,. pp is the external ap-
plied field. Thus, the free energy is of form

F aEQ +2aEQg»p + sgppp

and is linear in applied fields for small E pp %e
would like to use perturbation theory to calculate a
correction to F linear in g,pp.

In Rado's theory the renormalization ha(T) below
TN due to magnetoelectric effects is zero to first order
and proportional to at(T) in second order. Since a is
of order 10 —10, this gives an unmeasurably small
effect and one proportional to M2(T).

For canted spins, several mechanisms' ' give
first-order contributions to /sa(T) Either Rado'.s
single-ion anisotropy, or Dzyaloshinskii anisotropic
exchange involves terms of form
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se" = XE„2H„, {13)

where E„, H„are local fields at the nth ion. Two
things favor the later interpretation. First, since H„ is
= H~b, the specific form" of the tensor y„k in Eq.
(12) predicts a large ~, anomaly but no large ~b ano-
maly. Second, from Eq. (13) the temperature depen-
dence of ab(T) should be given by (gS, S~), i.e.,
proportional to the magnetic energy, which is predict-
ed to be'2 a sigmoidal curve from T=0 to T —2T~,
with inflection point at T~. The b-axis dielectric data
agree with this description, as shown in Fig. 3.

sionless), instead of Rado's 10, and in agreement
with the measured 10 '.

In summary, the shape and magnitude of Ash(T)
for T ~ Tc and h~, (T) for T ~ T~ are calculated to
be in agreement with experiment. The 4mb anomaly
at the in-plane spin-ordering temperature has not been
calculated, but could be due to paramagnetoelectric in-

teraction of form

X'= xy;,kE, H&Hk

or to a linear interaction taken to second order
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FIG. 3. Dielectric anomaly b, ~b'(T) vs T for BaMnF4,
from Ref. 6, compared with the nearest-neighbor magnetic

energy (Ref. 22) normalized to unity at T =0.
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