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Susceptibility of the weak ferromagnets ErCr03 and YCrQ3
near the critical anomaly
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To investigate the nature of the magnetic properties of canted antiferromagnets in ErCr03

and YCr03, ac measurements have been made of the magnetic susceptibility as a function of
temperature in the vicinity of T~ using weak magnetic fields less than 1.5 Oe and frequencies

from 10 Hz to 100 kHz. The sharp peak in perpendicular susceptibility X& was successfully ob-

served and measured at T& and found to exhibit a dependence on dc magnetic field which is

well described by thermodynamic theory of magnetic phase transition in a weak ferromagnet.

As a function of a magnetic field 0 the value of the susceptibility at the peak varies with a

0 power law. Below T& where magnetic domain effects are expected, viscous damped wall

motion appears to explain the susceptibility behavior versus frequency in ErCr03 at least for

T&77 K.

I. INTRODUCTION

Crystals of ErCr03 and YCr03 just below the or-
dering temperature T~ are canted antiferromagnets in

which a ferromagnetic component occurs in the crys-
tallographic c direction due to canting of the two anti-
ferromagnetic sublattices which otherwise align along
the easy direction parallel to the a axis. '

Both compounds have a distorted perovskite
(orthorhombic) crystal structure, and each becomes a

weak ferromagnet below T~ which equals approxi-
mately 133 and 140 K, respectively. That the direc-
tion of the ferromagnetic component is along the c
axis is due to the antisymmetric exchange interaction
between Cr'+ spins.

In ErCr03 the Er + spins are oriented along the c
axis by the effective field exerted by the ordered Cr'+

spins. 2 Complex interactions between two kinds of
magnetic ions exhibit a variety of magnetic phenome-
na. Particular interest has arisen regarding the spin-
reorientation (SR) transition whereby the spin con-
figuration changes from the weak ferromagnetic
phase to the antiferromagnetic phase below Ts~
( =9.8 K).3 4 Although the properties of this spin
reorientation have been extensively investigated in

the last ten years, ' ' only very few reports' ' have
pointed out that a critical divergence in &he magnetic
susceptibility Xq, measured perpendicular to the anti-
ferromagnetic a axis, is expected to appear at T~ in

weak ferromagnets according to Borovik-Romanov's
theory. ' Among the orthochromites series, an in-

crease in Xq was observed for LaCr03 (Ref. 13) and
YCr03. '" However, the published susceptibility re-
ported for ErCr03 (Refs. 2 and 7) shows no anomaly

at Tg.
The critical divergence of Xq appears only in the

immediate neighborhood of T~ and is very sensitive
to an external magnetic field. Therefore, it is impor-
tant to make measurements using a small magnetic
field together with careful temperature control,

With the above considerations in mind, we have
undertaken ac susceptibility measurements over a

range frequency between 10 Hz and 100 kHz, and

using measuring ac fields of only 0.1-0e peak orient-
ed along the c axis have successfully observed ex-
tremely sharp peak anomalies in X~ of both ErCr03
and YCr03. We interpret the observed variation of
Xq on external magnetic field 0 around T~ within the
framework of Landau's phenomenological theory of
phase transitions.

At temperatures well below T& we have observed
in ErCr03 an anomalously large value of the suscepti-
bility, which reflects the contribution of Ising-like
Er'+ spins. This anomaly decreased monotonically
with frequencies higher than 10 kHz. Interpreting
this result in terms of domain-wall motion, we have
estimated the domain-wall mobility from the frequen-

cy dependence of the macroscopic, susceptibility down

to 77 K.

II. EXPERIMENTAL

Samples are roughly rectangular-shaped single crys-
tals of ErCr03 (4X2X0.15 mm3 ) and YCr03 (2x2
X0.1 mm3) having (110) and (010) faces, respective-

ly, which have been gro~n by the flux method. The
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tibility are obtained as follows:

1 p 1—+, fofT)T~ (2)B B~aT Tj—y
Xl—= ' ='1 2 1—+ B,forT&Ty, (3)B 2B*u(Tg T)—

30 ~ ~
0

and

Bmx

BH„B (4)

Nl Fo"
20

3

0
g k0 ~

where Xi and Xii correspond to the susceptibility
along the c and a axis in the orthorhombic structure,
respectively.

The observed sharp maxima of Xi common to both
ErCr03 and YCr03 are a direct consequence of the
second term in Eqs. (2) and (3). The sensitivity of
the equipment is too small to see the first term. Ac-
tually we have detected no signal for the measure-
ment of Xti in which no increase at TN is predicted
from Eq. (4). Taking into account the applicability of
the approximation used, we obtain the limitation on
the closeness to T&. The temperature interval near
T~ for which the expression in Eqs. (2), (3), and (4)
is to be satisfied, for not very strong field H, is given
by

' 2/3
g1/2~T=& "0"3. (5)B n

For ~T Tjy~&'T, t—he expression for X'is modified
by nonlinear-in-H terms which leave finite values at
TN and lead to the field dependence. Equations (2)
and (3) predict that the slope of X'vs (T T„) '—
below T& is twice as steep as that above T&. The
temperature dependence of the reciprocal suscepti-
bility of frequencies 18.5, 27.4, and 99.4 kHz on
ErCr03. is shown in Fig. 4. The plots for T & T& and
those for T & T~ multiplied by two are nearly aligned
in the same straight line for each frequency, in accor-
dance with the theory except for the immediate vicin-
ity of T& where nonlinear terms become prominent.
From this result, we can estimate AT= 0.03 K for
H =0.1 Oe.

Next, we investigated the effect of applied dc mag-
netic fields on the critical divergence. According to
results in Figs. 1 and 2, the susceptibility in the tem-
perature region of the divergence does not seem to
be affected by the macroscopic mode presumably
caused by magnetic domain-wall motion at frequen-
cies higher than 10 kHz. The peak susceptibility
values at T& have been plotted against applied fields
on a log-log scale in Fig. 5. The results for 27.4 kHz
on ErCr03, and for 27.5 and 89.2 kHz on YCr03 lie
along the straight lines representing Xz ~ H . It is
evident that a nonlinear susceptibility is well de-
scribed with a H ' power law as a function of an ap-
plied field.
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At T = T&, a field-dependent susceptibility ob-
tained from the free energy of Eq. (1) is given by

'1/3

x~ (T= T~) = — 0, '"+—
3 B4C (6)
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FIG. 5. Dependence of the susceptibility at T& on an ap-

plied field for ErCr03 at 89.2 kHz (0), and for YCr03 at
27.5 kHz (o), and 89.2 kHz (5). Straight lines indicate a fit
to X 0 '/'.

T —TH I (K)
FIG. 4. Temperature dependence of the reciprocal suscep-

tibility in the immediate neighborhood of T& for ErCr03.
The measuring frequencies are 18.5 kHz ( 5), 27.4 kHz (O)
and 99.4 kHz (0) below TN. Above T~, the values of the
reciprocal susceptibilty are duplicated and the frequencies are
corresponding data indicated by solid points.
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Good qualitative agreement is found between the ex-
perimental field dependence on Xq at T~ ahd Eq. (6).

Below T~ the anomalously large values of the ac
susceptibility in ErCr03 decreased when the measure-
ments were made with an applied dc field or with the
use of higher frequencies. These facts suggest that
the anomaly is at least partly due to the domain-wall
motion. Any contribution to susceptibility from a
macroscopic mode such as domain-wall motion must
be much smaller for weak ferromagnets than for pure
ferromagnets because of a smaller resultant magneti-
zation. But this is not the case for ErCr03. The
macroscopic mode is enhanced by the Er'+ spins
which are polarized along the c axis by a molecular
fields from ordered Cr + spins.

We assume a simple model of a 180' wall to ex-
plain the relation between the macroscopic suscepti-
bility and the domain-wali motion. As viscous damp-

ing applies in weak ferromagnets, the wali mass is

negligible. ' The ac motion of the wall is described
by the familiar equation for damped oscillatory
motion

p—+ cxx = 2M, h (co)dx
dt

(7)

where x represents small displacements of the wall

from demagnetized equilibrium, M, the resultant
magnetization in a weak ferromagnet, h(ru) = h

x exp(input) the measuring ac field of frequency &o, a the
restoring force constant, and p the viscous damping
factor. The corresponding equation for the total
magnetization is

where Mo = (4M, Ah) /n' is the low-frequency limit

of M(cu) and co,
' = u'/P is the relaxation frequency.

The response of the magnetization lags the field by
the angle @=tan ' (co/cu, '). The mobility p„defined
in the usual way as the slope of the wall velocity
versus the amplitude of a measuring field curve, is

given by

2Ms
p =

p

Mo uc

2MsAh
(10)

Introducing the complex expression in the form of
X'(&o) for the macroscopic susceptibility, we obtain

~. -&/z

X'((u) =Xo 1+, exp(-iy)
c, ,

p
" ~~M(~) =4M,'~ [h(~) WM(~)]-, (8)

dt

where A is a total area of the cross section of the wall

per unit volume and N is the demagnetizing constant.
Introducing the shape-dependent restoring force
parameter o.'= o. +4M, AN, we have

' 2 —1/2

M(o)) =Mo' 1+, exp[i(cot —y)], (9)

where Xo =4M, A /n' is the low-frequency limit of
X (cu). The finite sample's susceptibility Xo is con-
nected with the corresponding shape-independent
susceptibility X0=4M, A/a by the relation (Xo)
= (Xo) '+N. At the low-frequency limit, the dis-
placement of the domain wall compensates the mea-
suring field by demagnetization: Xo =IV ' =Mo/h.
Therefore, from Eq. (10) the mobility is rewritten in
the convenient form

I
o)c

2M, AN
(12)

p, =2 cm sec 'Oe '

Not enough is known at this point to attempt to
determine the precise value of mobility, because it is

impossible to determine the domain-structure-
dependent parameter A for the sample which was not
treated in such a way that an individual domain-wall
motion can be studied. The domain structure in

orthochromites has not yet been observed. This
matter is one of the present questions pending.

V. CONCLUSIONS

In the preceding section we have discussed the fre-
quency and the field dependences of the magnetic
susceptibility as a function of temperature in the
weak ferromagnets, ErCr03 and YCr03, around TN.

Our most interesting result is the observation of
divergence in the perpendicular susceptibility at T~
that is expected from the existing theory. For Er-
Cr03, we have, for the first time, bared the sharp
peak in the magnetic susceptibility, which is buried
under the contribution from Er'+ spin systems, by

The typical results for ErCr03 of the frequency
dependence of ReX"(&o) near T~ are shown in Fig. 3.
In the vicinity of the critical temperature the curves
are well described by Eq. (11) with N =0.23. As
temperature is decreased from T~, despite the
curve's deviations from the monodispersive form,
the relaxation frequency increases more than ten
times.

Let us now estimate the value of the mobility from
Eq. (12) assuming a striped domain structure having
domain width 5. The wall area parameter A may
roughly then be approximated according to A =5 '.
We adopt 5=5 X10 cm as suggested by photographs
of the domain structure in DyFe03 (Ref. 19) and
TmFe03, The other numerical values are
M, =0.2ps, At =(4m)0.23, and ru,'=(2m)2X10~ at 77
K where eo,

'
is determined from ReX'(~)/Xo =

z in

Fig. 3. We find for ErCr03 at 77 K
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the ac method, This crystal is distinguished from
others in that it contains two kinds of magnetic ions
and they interact with each other. The susceptibility
at T~ varies very closely with a H ' power law as a
function of the applied field H.

In ErCr03, the mobility of the domain wall is es-
timated to be 2 cm sec ' Oe ' at 77 K, from the fre-
quency dependence of the macroscopic susceptibility.
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