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We present measurements of the dynamic longitudinal susceptibility near the Curie temperature of CrBr; in
magnetic fields up to 30 mT applied parallel to the easy magnetic axis. The frequency dependence of x is
monodispersive except very close to T,, where a second unknown relaxation process comprising a small part
of the total x appears at low frequencies. Above T, the critical slowing down of the main (fast) process is
explained with the help of recent mode-coupling results as arising from spin-spin relaxation in an uniaxial
ferromagnet. With rising magnetic field the relaxation rate increases steeply below the dipolar crossover
(€ < 0.03), while above it a gradual decrease is found. Both observations seem to be inconsistent with
existing ideas about the field effect on critical relaxation. Below T, the fast (para-) process is observed to

speed up again.

I. INTRODUCTION

In ferromagnets the magnetic field couples di-
rectly to the order parameter, the homogeneous
magnetization, and thus it can strongly influence
the critical behavior around the magnetic ordering
temperature. As far as static properties are con-
cerned, e.g., susceptibility and magnetization, the
field suppresses the critical anomalies being ob- .
served on a large number of uniaxial and cubic
ferromagnets, among them the archetypal ex-
amples CrBr,,’ Gd,? and Ni,® EuO.* Much less
information is available so far about the magnetic
field effect on the critical dynamics of ferromag-
nets, for instance, on the magnetic relaxation
rate I', characterizing the long-time decay of the
order parameter to an equilibrium state,

M(t =) - M, exp(—TI'?). Though several theo-
retical treatments of the critical behavior of I' in
zero magnetic field exist,>™*! the field dependence
of T" has received only a little attention.

Above T, Maleev® predicts for uniaxial ferro-
magnets that I' will increase anomalously even
in extremely small fields, which do not affect the
static susceptibility. Kawasaki® assumes the mag-
netic field to be of no importance as long as the
Larmor precession cannot disturb the dynamics
of the critical fluctuations, i.e., YB<I -1 is
satisfied. Here I' .,-1 denotes the damping con-
stant of the critical magnetization modes having
wavelengths comparable to the correlation length
£. Assuming to stay within this zero-field limit
for the critical relaxation, several experimental
workers attempted to interpret the critical be-
havior of magnetic resonance linewidths of Ni,2
EuO,'® CrBr,,"* and Gd,"® in terms of the cited
theoretical results. In no case, however, could
convincing agreement be achieved and this has

mainly been ascribed to the non-negligible effect
of the magnetic fields of at least 300 mT applied
in these experiments at X-band frequencies. Only
very recently, a systematic study of the critical
behavior of EPR linewidths in the cubic ferro-
magnet CdCr,Se, !¢ quantitatively confirmed the
theoretical zero-field results. In this system the
linewidths proved to be sufficiently small, so that
(by reducing theé microwave frequency to 0.7 GHz)
the field of resonance could be lowered to 25 mT.
Thereby, at least in a certain (outer) part of the
critical region Kawasaki’s condition, yB<< T -1,
could be shown to hold, in which case the EPR
linewidth of a cubic ferromagnet delivers the
zero-field limit of the longitudinal relaxation rate
r's, 13

A much more suitable but from the experimental
point of view, also more elaborate method for
examining the field dependence of I'" is to mea-
sure it directly via the frequency dependence of
the longitudinal susceptibility of the order param-
eter which, in case of the aforementioned ex-
ponential decay, takes the Debye form

Xeq(Ts B)

x(w; T’B)=1+i[w T(T,B)] @

By this method one eliminates the resonance con-
dition and is therefore able to measure I in
arbitrarily small fields starting from B=0. So

far in low fields, B <20 mT experimental values

of I'(T, B) are available only for the cubic ferro-
magnet, EuS.'” Above T, and for 0SB <20 mT

the critical behavior of the corresponding kinetic
Onsager coefficient, being independent of the shape
of the sample, could simply be described in terms
of the internal equilibrium susceptibility,
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Xeq,i = (Xoq = N)™,
rXeGEL(T’ B) =ﬂXeq,i(T, B)) ’ (2)

which is consistent with the dynamic scaling hypo-
thesis.’® While in EuS the critical fluctuations
can be assumed to be governed by the specific
anisotropy of the dipolar interaction,!® experi-
mental investigations of I'" in cubic ferromagnets
with much stronger Heisenberg exchange inter-
actions CdCr,Se,, CdCr,S, are in progress with
the aim to extend the examination of the field effect
on I' into the direction of the exchange critical
regime.2°

In view of these current activities with cubic
materials, we found it natural and interesting to
proceed a step further by examining the influence
of the field on the critical spin relaxation in an
uniaxial ferromagnet like the hexagonal insulator
CrBr,. In this system, in addition to the Heisen-
berg exchange and the dipolar interaction, two
more magnetic anisotropies are present. As will
be explained below in greater detail, uniaxial
dipolar critical behavior should prevail for
€< 0.03, while at larger € two-dimensional Heis-
enberg behavior should dominate. It is believed
on general grounds that dynamic critical proper-
ties are much more sensitive to details of the
magnetic Hamiltonian than static critical proper-
ties are® and, therefore, we expect new effects
to occur. For the zero-field case and by using
the known magnetic interaction parameters for
CrBr,,?* we intend to perform a quantitative check
of the theoretical estimates existing for the para-
magnetic side. Below T, the present understanding
of the critical relaxation seems to be much less
advanced. We are aware of only one result ob-
tained experimentally by Rutten and Verstelle®
on the uniaxial ferromagnet CuRb,Br, *2H,0
(T,=1.874 K), who could interpret their x(w)
data in terms of a sum of two Debye functions
above 1~ T/T,~0.03. Assuming a predomain
state in this critical part of the ferromagnetic
region, the fast and slow relaxation process, re-
spectively, were ascribed to paramagnetic spins
and strongly coupled spin clusters, rather than
to the relaxation of the mobile wall spins and of
those in domains, as it is usually observed in the
more saturated state.

The remainder of the paper is organized as
follows: in Sec. II we give a brief description
of the experimental setup used for measuring the
longitudinal dynamic susceptibility. The results
are presented in Sec. III, followed by the dis-
cussion in Sec. IV. The summary and the prin-
cipal conclusions of this paper are contained in
Sec. V.

II. EXPERIMENTAL PROCEDURES

The sample under study was an ellipsoid with
principal axes of 5.0 X 3.5x 2.5 mm? cut from a
good quality single crystal. The short axis which
coincided with the easy magnetic direction was
always oriented parallel to the static and alter-
nating magnetic fields. So all relaxation experi-
ments probed the dynamics of the order para-
meter of CrBr,. Figure 1 shows the experimental
arrangement. By means of a sapphire rod pro-
viding good thermal contact to the Ge thermo-
meter, the sample was placed into an inductance
which together with a variable capacitor forms
the resonant circuit held at (constant) low tem-
perature. It is weakly coupled to a broad-band
magic tee (Anzac type H9 and HH108), separating
the reflected from the incident signal. The phases
of both voltages were compared in a vector volt-
meter (hp 8405 A) detecting changes of the res-
onance condition caused by a change of x’(w). By
means of the error signal the voltage controlled
oscillator (Schomandl MS 200 M) was pulled to
the new frequency (counted by hp 5264 L) at con-
stant magnetic field as a function of temperature,
or vice versa. In the present case of small dif-
ferences between the frequencies of the empty
(w) and the filled (w;) resonator, w - w,< w, the
dispersion of the external dynamic susceptibility,
x'(w)=Rey(w), could be easily determined from

2 w-w
’ =2 " f
X' (@) il (3)
In the interesting range of frequencies 10-120
MHz the filling factor 1 does not depend on w,
because we used the same inductivity. The abso-
lute value of n was determined from an adjustment

counter —— load resistor (5082 )
I reference 4| ——sampling heads
vC-
oscillator
B ) }
I load resistor (5082 )
pid-control
} 1. He
vector volt] | —inner vacuum
meter resonance circuit
| —sample
|____ N  —magnet
+—sapphire holder

—Ge - thermometer

FIG. 1. Block scheme of the arrangement measuring
the dispersion of the dynamic susceptibility by frequency
counting. pid: proportional integral differential control.



1308 J. KOTZLER AND W. SCHEITHE 18

of x’(w/27=10MHz) to the isothermal susceptibility
at 7= 33.5 K and B=0, where no relaxation could
be detected (also supported by the absence of any
absorption). The isothermal susceptibility was
measured at 78 Hz by a calibrated mutual induc-
tance bridge (Oxford Instruments MIB 70). As an
example, Fig. 2 shows y’(w) curves as measured
around T, in zero magnetic field and calibrated
according to Eq. (3). Identifying the susceptibility
plateau below T, with 1/N, we find, for the de-
magnetization factor, N=0.48(2), as compared

to 0.47(1) estimated from the sample geometry.
An independent check of the calibration has been
made by fitting the internal 78-Hz susceptibility,
Xr,i= (X7 —N)™, to-the power law

XT.i(T;B=0)=C€-7: 4)

(e=T/T,- 1) using the critical exponent y=1.215
from the magnetization measurements of Ho and
Litster.! As is illustrated by Fig. 3 reasonable
agreement exists between Eq. (4) and the experi-
ment.at € $0.07. The critical amplitude C
=0.023(4) also is consistent with 0.025 from Ref.
1, thus confirming the calibration. On the other
hand, our Curie temperature T,=32.60(2) K is
much closer to the result of Senturia and Benedek,*
32.56(2) than to that of Ref. 1, T,=32.844 K.

Also by the mutual-inductance technique we
measured the isothermal zero-field susceptibility

x(Tw)
x.m.‘:-—-—/v”
2 ‘:‘ -
f%%/% 78Hz CrBr3
\
| s ——1.21MHz 5-0

f? ;%%m |

1228 MHz T

0 : N '
32 . 33 34 35 36
TIK]

FIG. 2. Temperature dependence of the zero-field
dispersion of CrBrj around the Curie temperature,
evaluated from recorded resonance frequencies [cf.
Eq. (3)] and, at 78 Hz, from a mutual inductance mea-
surement. The rf field is aligned parallel to the easy
magnetic axis. Full curves are drawn as guides to the
eye.

3 —+ B= 0 c/d‘{[ a
« X7 f‘
( Xy i) 7 /bf/ A
f .

f ’r/rc-u

e =3260(2)

7=1215
(HO, LITSTER Ref1) |

C=0023(4)

0% 3 TlK] £

FIG. 3. Inverse of the internal zero-field susceptibil-
ity of CrBry measured at 78 Hz parallel and perpendi-
cular to the easy axis. Full curve through 'T,‘,- repre-
sents a power-law fit, assuming v=1.215 from Ref. 1.
The inverse of the perpendicular susceptibility can be
described by displacing x 3'; by Ax1=0.92.

X7 in the heavy direction. As is evident from Fig.
3, the internal values (xz,;)™ = (x7)™ -=N* can
adequately be described by displacing the inverse
of the measured order parameter susceptibility
according to

(X2, (T, B=0)]"=[xp, (T, B=0)]"+ 2%, (5)

where the displacement term Ax™=0.92 is experi-
mentally defined. We shall refer to this result
in Sec. IV.

III. ORDER-PARAMETER RELAXATION

The frequency dependencies of the dispersion
in zero and finite magnetic fields are reproduced
in Fig. 4 for w/2r>1 MHz. It is obvious that all
curves are very closely described by the real
part of the Debye function [Eq. (1)]

w

TP = X (€> B) >
X'(w; € B)= 1+ [(:Jl7]."(€,B)]E * o T

As noted above, this behavior corresponds to a
time-dependent magnetization, tending exponential-
ly towards equilibrium with characteristic time

1 MHz. (6)
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FIG. 4. Frequency dependence of the longitudinal
magnetic dispersion at various temperatures in zero
field above (a) and below (b) T, and in finite magnetic

fields parallel to the easy axis of CrBrs (c). Full
curves indicate fits to the real part of the Debye func-

tion, Eq. (6).

1/T'. In the following we will consider, separately
for zero and finite magnetic field, the critical be-
havior of the quantities of primary interest, i.e.,
the relaxation rate I'(¢, B) and of the plateau sus-
ceptibility x,,(€, B), -both extracted from fitting
the measured dispersion curves to Eq. (6). Be-
cause I'(e, B) still depends on the shape of the
sample, it is meaningful to correct it for demag-
netization in order to deal with the internal re-
laxation rate I';, the quantity usually discussed by
the theory. For this purpose we use the general
relation between external and internal dynamic
susceptibilities

[x(@)]?=[xy(@)] 2+ N

(see e.g., Ref. 25) which, in a frequency region,
where y(w) is described by a single Debye function,
like Eq. (6), leads to

T,(¢, B)=T(¢, B)[1 = Nyyy(c, B)] . o

A. Results in zero magnetic field

We first consider the measured amplitudes of
the Debye function depending on the state of equil-
ibrium to which the magnetization relaxes. In
the right-hand part of Fig. 5 x,,(¢>0, B=0) is com-~
pared to the isothermal susceptibility measured
at 78 Hz. Apparently both susceptibilities agree
up to xp,=1.2, i.e., the whole magnetization of
the sample reaches thermal equilibrium during
1/T for €>0.02. Near T, however, X, remains
below x, with a maximum difference of 15% at
T.. In order to obtain more information about
this effect we carried out an additional dispersion

01 -001 -0001 0001 001 V-1 a1 1
;"%I:B 2F* J\' T —
Xpt || N Ié‘—“* St xw"‘zE*— ]
r a 1 F—o, o—ff-o—
X7 —":\f\l Y, (T X7
150 10 0 W0 ‘,OS'/ % [
’ w2riHz] w2n [Hz]
10t / .
{  T<L T>T o\(
0/ \
o
05+t I \ -
Y
T=T¢
|
0 L T 1 1 1
o 05 1 15 N 15 1 05 0
XT‘ P Xr

FIG. 5. Comparison between the isothermal suscep-
tibilities x  and x ¢, ,, calculated according to Eq. (4)
(T>T,) and Eq. (8) (T<T,), and X, determined from
fits of the high-frequency dispersion to the Debye law
(Eq. 5). Near T, a second relaxation region appears,
indicating a dynamical rounding [cf. insets, showing
x’ (w) at €=0.0316 (O), 0.0064 (+), 0.0010 (8), —0.0015
@), —0.0062 (X), —0.0186 (A)].
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measurement at 90 kHz by means of a double T
bridge.?® As illustrated by the inset to Fig. 5
(right-hand side) a new relaxation appears, es-
tablishing thermal equilibrium between the whole
magnetic system and the lattice at lower fre-
quencies only. The results at 90 kHz indicate the
relaxation rate of this slow process to be of some
orders of magnitude smaller than I".

Passing to the ferromagnetic part of the critical
region, we find from the left-hand side of Fig. 5
(inset) the amplitude of this slow relaxation pro-
cess, 1/N-x,, to increase with 1e| because the
plateau susceptibility of the fast relaxation in the
MHz region x,, is reduced. Moreover this relaxa-
tion is tending to merge with the fast process so
that below ¢ ®—0.02 it is no longer possible to de-
scribe the dispersion x’(w) by a well separated De-
bye function nor by a sum of two. Thus, restrict-
ing ourselves to € > -0.02, we analyzed first
X,p1(€ <0, B=0) by adjusting its internal values to
the conventional power law

Xo1,1(€<0,B=0)=C’(-)™" , @®)

obtaining a good quality fit for -0.02 < €< -0.003
with ¥/ =1.29(5) and C’=0.0053(5). Within the er-
ror margins our results are consistent with those
obtained from magnetization data under the scaling
constraint y=7"=1.215(15),! arriving at C’
=0.0061(5). Thus, it is tempting to identify the
plateau susceptibility measured below T, with the
(external) isothermal paramagnetic susceptibility,
Xo1=Xr,5(€<0,B=0). This would mean, that the
relaxation process occuring in the MHz region
brings the paramagnetic spins to equilibrium,
while the other spins, being strongly coupled with-
in long-range-ordered clusters? are still blocked.
On the left-hand side of Fig. 5, x,, is plotted vs
Xr, as calculated from the power law [Eq. (8)].
Similarly, as above T, the agreement is rather
good up to xr,,=1.5 (€ <-0.004), from whereon

Xp1 levels off joining the corresponding curve from
T=>T, at the Curie temperature. At present we
cannot offer a satisfying explanation for this
“dynamic rounding” in the transition region (note
that the rounding of the static susceptibility oc-
curs much nearer to T, for €<0.001). Perhaps
this effect can be attributed to sample inhomo-
geneities having a different relaxation behavior
near T, which may have been created near the
surface during the shaping procedure of the rather
soft CrBr, material (tending to cleave perpen-
dicular to the hexagonal axis).

The temperature dependence of the internal
relaxation rate T'; [Eq. (7)] in zero magnetic field
is displayed in Fig. 6. Its characteristic feature
is the critical slowing down leading to an absolute
minimum of I'; at T, which takes, however, a

N ) °
3 CrBry , /,,/
~ o
L B=0 v
06 . o S i
T.=3260(2) K V4
e
041 /o/ i
o
o/
l,/
/°/
02t K 4
o. o
% s
OO\%—&Oﬂy
0 1 1 1
21 0 1 2 3
T-T. [K]

FIG. 6. Temperature dependence of the internal relaxa-
tion rate T; around T, in zero magnetic field. Full
curve serves as guide to the eye.

finite value due to the rounding of x,, [cf. Eq. (7)].
As mentioned above, in the ferromagnetic region
I"; becomes less well defined with decreasing
temperature (¢ <-0.02), because y’(w) at w/272 1
MHz can no longer be explained by a single Debye
function.

B. Relaxation in finite magnetic field (7> T, )

In Fig. 7 the field dependence of the internal
relaxation rate is presented for several temper-
atures near T,. For the sake of consistence, the
magnetic field shown there is also corrected for
the demagnetizing field, B,=B - NM (¢, B), with
the help of the magnetization data of Ho and
Litster.! Figure 7 shows us qualitatively quite
different behaviors of I';. At €>0.01 the decay
rate decreases slowly with rising field, whereas
I'; becomes practically independent of B; at
€=0.01. In the immediate vicinity of the Curie

0.6 '_,L_\ 1
] — .
TT— ——
I \
0.2 L Y 1
o5 of
"::1_\,_’__ _._n:-.——u’—--ﬁ——i—i'
T/‘/:,/{,/( e
y -3 -2
o1 1» « 1.0 x107 ' 1.01x10 1
008 ¥ 024 x107° o 199x1072
o +49x107 & 3.99x107°
0.06 « 7.9 x107 s 552x107° +
0 5 10 5 20 25
B;i [mT]

FIG. 7. Internal relaxation rate of the magnetization
vs. internal magnetic field at different temperatures
above T,.
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temperature I'; exhibits a steep increase with
magnetic field, which soon reaches a limiting
value of 0.16 GHz being independent of B; and €.
The behavior of x,, in finite magnetic fields is
shown in Fig. 8. For reasons of comparison the
isothermal susceptibility x,(e€, B) calculated from
the existing magnetization data' is indicated, too.
At first, i.e., atlow fields, the difference between
Xr and x,, becomes larger with increasing B.
This would be consistent with the conclusion that
near T, the magnetic relaxation of CrBr, is dom-
inated by spin-spin interactions?’ establishing
thermal equilibrium within the spin-system only,
and, therefore, the plateau susceptibility should
be equal to the adiabatic susceptibility of the spin-
system. According to thermodynamics, ¥,q is
given by x, - T(8M /8 T)%/c 51, with (8M /8T)3 in-
creasing from zero (at 7> T,) when a magnetic
field is applied. Thus x,4 remains always smaller
than y, in finite magnetic fields above 7,. Un-
fortunately, the existing data about the specific
heat at constant field ¢, (Ref. 28) are not precise
enough near T, to allow a reliable estimate of the
difference x,— X,4- In Sec. IV, however, which
discusses the decay rate in more detail, we
will obtain additional arguments favoring a dom-
inance of the spin-spin interactions in the critical
relaxation. At large magnetic fields x, and Xy,
tend to coincide which cannot be explained by the
disappearance of (8M /8T),/cy alone. This result,
of course, also requires that the low-frequency
relaxation process observed in low fields has
merged in the relaxation region of the bulk of
the susceptibility located between 10 and 100
MHz, similarly as it is seen in some distance
from the critical point at zero field (cf. Fig. 5).

IV. DISCUSSION

As noted in the introduction, it is the kinetic
(transport) coefficient of the homogeneous mag-
netization

L=Tyxy, ,

which is of primary concern in critical dynamics.
By considering L instead of I', we eliminate the
thermodynamic slowing down caused by the static
susceptibility and, moreover, we deal witha quantity
which, as we shall see, is intimately related to
the dynamics of the magnetic fluctuations. We
also recall the fact that L constitutes a material
constant, independent of its (ellipsoidal) form, in
which field effects enter only via the internal mag-
netic field. ‘As a principal result of this work

Fig. 9 represents the temperature dependgnce of
the kinetic coefficient of CrBr; at constant B; in
the critical region above T, as well as-at B=0

CI'BI'_?

""" Xpi (e.B)

— Xy (e,8]

05+t 2 4
£=552007

% 10 20 30 20 50
B[mT]

FIG. 8. Magnetic-field dependence of the plateau
susceptibility x , determined from Debye fits to the
high-frequency relaxation region [Eq. (5)]. For com-
parison are shown the isothermal susceptibilities
calculated from the magnetization data of Ref, 1.
Error bars contain the combined uncertainties of mea-
surement and calculation of x .

below T.. On the paramagnetic side of T, and in
zero field, L decreases gradually for €2 0.01
while in the immediate vicinity of T, it behaves
noncritically. This is in contrast to the region
below T, [Fig. 9(b)], where L diminishes approx-
imately like (—€)™ " < x9;% for €<-0.004, i.e.,
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FIG. 9. Kinetic coefficient of the homogeneous easy-
axis magnetization, L =Ty vs reduced temperature:
(a) at different internal magnetic fields above T.; and
() at zero field below T,.
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outside the range of the dynamic rounding.

In finite fields at T>T_, L exhibits a simpler
behavior than I';: the overall effect of B; is to
reduce the kinetic coefficient, especially in the
immediate neighborhood of T,. Thus the steep
rise of I'; at small € and B; in Fig. 7 must entirely
be ascribed to the strong decrease of the thermo-
dynamic factor y;} ;, which overrides the sup-
pression of L by the magnetic field. With in-
creasing € the field effect on L becomes less
significant which appears to be consistent with
Kawasaki’s idea® outlined in the introduction: due
to the growing decay rate of the critical fluctua-
tions, I' .1, the field-induced Larmor preces-
sion loses its importance for the critical dynam-
ics. In Secs. IVA and IV B these behaviors of
L(e, B) are explained in more detail, separately
for the cases of zero- and finite-magnetic field
at T>T,.

A. Kinetic coefficient in zero field

Recently Maleev® and Finger,!! employing dif-
ferent theoretical methods, calculated the kinetic
coefficient of spin-spin relaxation in ferromag-
nets considering simultaneously anisotropic ex-
change and dipolar interaction on a cubic lattice.
For uniaxial systems both treatments arrive qual-
itatively at the same results (in contrast to the
planar and Heisenberg cases). We will base our
discussion on Finger’s mode-coupling calculation
because this formulation also allows quantitative
estimates for L, which in the case of the cubic
ferromagnets EuO (Ref. 29) and CdCr,Se,,'® have
been shown to be in extremely good agreement with
experiment.

The essential quantities entering in the mode-
coupling equations are the static magnetic sus-
ceptibilities at long wavelengths describing the
correlations between the modes of the magne-
tization components 1\7[3_,0 parallel and perpen-
dicular to the easy axis

= 0= Xr,i/gz
xr(d 0) £'2+qz+q§(q,/q)2 s 9)
2
K- 0)= B (10)

respectively. g, and g, represent wave vectors
characterizing the dipolar and exchange aniso-
tropies, and the critical behavior of L depends on
whether the inverse correlation length £ is small
or large compared to g, and g,. In the latter

case, both anisotropies do not affect the critical
correlations (g~ £™) and their dynamics are dom-
inated by exchange-induced isotropic spin dif-
fusion. In this region, the kinetic coefficient of

the homogeneous magnetization is expected to
exhibit a “critical speeding up,” first predicted
by Kawasaki® and Huber.” From Finger’s work!!
we obtain

Liso=Qq3 q8)’?, £2>q% 45, (11)

where

1/2 1
o= ﬁ(_t%ﬂs_ l‘fz'icdka T) , (12)
with Gy= (g1)?/Vepialtto- Roughly speaking this
speeding up can be ascribed to the suppression

of the well-known exchange narrowing of the di-
polar forces responsible for the magnetic relax-
ation by the increasing short-range order when
approaching 7,.3° In the reverse case, i.e., near
T, (where £« ¢,,q,), both anisotropies reduce the
degrees of freedom for the critical fluctuations.
This leads to the so-called conventional behavior®!
of the relaxation rate I" «x;' defined by a non-
critical kinetic coefficient. This behavior is def-
initely observed on CrBr, below €=0.01. Riedel
and Wegner® initially derived this result for iso-
tropic exchange. For the case of uniaxial ex-
change Finger’s generalized treatment'! yielded
the following explicit equations for L depending
on the relative strengths of the exchange and di-
polar anisotropy:

Li=Qq?, £*<qi<q;, (13)

Lo=Ly(qs/q.) /2,

In order to compare these findings quantitatively
with CrBr,;, we have to take account of the hexa-
gonal lattice structure and other sources of an-
isotropy (e.g., single ion a 3?) in this ferromagnet,
all differing from the underlying theoretical model.
Near T, (£2< 4%, ¢2), however, it is possible (see
Appendix) to approximate the correlation functions
of CrBr, by Egs. (9) and (10), and to estimate the
parameters in Eqs. (9) and (10) by the following
expressions:

P<gi<q; . (14)

XT.i/£2=Gd/J2) (15)
a3 = (G M1/ +x5, )], (16)
q2=(G; M,)1/8X) . {€m)

Here J, denotes the second spatial moment of the
exchange interactions defined by Eq. (A7), des-
cribing the dispersion of the transverse (equal to
“easy dipolar”!®' ) modes of the order parameter,
i.e., of S§ propagating perpendicularly to the

z axis. The exchange integrals in CrBr, have been
carefully measured by Samuelsen ef al.?2 up to the
fifth nearest neighbors leading to J,=171 (10)
4eVnm?, The numerical values involved in the



18 FIELD AND TEMPERATURE DEPENDENCE OF CRITICAL... 1313

TABLE L Cdmparison between measured and calculated [Egs. (12)—(17)] kinetic coefficients of the uniaxial ferro-
magnets CrBr; and GdClz(Ref. 17). The following columns contain the parameters involved in the calculation being

estimated by using the magnetic coupling constants from Refs. 22 and 34. All data refer toT>T., B=0.

T, [K] L [GHz] L, [GHz] L, [GHz) G, [peVl J,luevnm?] g2 [nm"%]  ¢% [om™?]
CrBr;  32.60(2) 0.76(4) 0.54(9) 1.73(5) 26.6 171(10) 0.143(9) ©0.074(4)
GdCl3 2.211(1) 19(2) 6(1) 11(1) 28.0 2.20(8) 4.4(8) 3.3(4)

calculation of the kinetic coefficient L, and L; are
compiled in Table I. For CrBr, it is evident that
g% > q3, but the limiting condition of very strong
uniaxial anisotropy underlying Eq. (14) is not ful-
filled. Nonetheless, calculating the kinetic co-
efficient from Eq. (14) we obtain L,=0.54 (9) GHz,
being only slightly smaller than the measured value
L =0.76(4) GHz. L is, moreover, bounded from
above by L, =1.73(5) GHz, calculcated from Eq. (13)
for the other limiting case of dominant dipolar
anisotropy. Obviously our measured L lies within
the crossover region between uniaxial and di-
polar anisotropy and we argue that it can perhaps
be estimated to better accuracy by a numerical
treatment of the appropriate mode-coupling equa-
tions instead of using the asymptotic formula

(14). This method was utilized recently by Ragha-
van and Huber'® to calculate the critical relaxation
in the exchange to dipolar crossover region of
cubic ferromagnets, the results of which were
.shown recently to be consistent with measurements
on Eu0,?® and CdCr,Se,.'®

Table I also includes corresponding data of the
low-temperature ferromagnet GAdCl,,'” where the
exchange coupling is known up to the second near-
est neighbors.* Owing to the smaller exchange
interaction and uniaxial anisotropy in this system
the kinetic coefficient is predicted to be more than
one order of magnitude larger than in CrBr, and
also should be closer to L; than to L,. From
Table I it is evident that again the experimental
value confirms these expectations.

It might be interesting to estimate the tempera-
ture range where the conventional behavior should
hold for CrBr,. Using Eq. (15), the inequalities
£72<< ¢ q% can be reduced to Xz, ; > 1 +X%;,
which ceases to be valid for Xp, ; (€*)~1 +X7, ;(€*).
Inserting our experimental susceptibilities for
CrBr, we obtain €* =0.03, where the measured L
has in fact already left the plateau (Fig. 9). Ob-
viously, around €* a dynamic crossover occurs
which is complicated by the fact that not only do
the dipolar and uniaxial anisotropies become less
important here for the critical fluctuations (@
= £7'), but that just in this same region CrBr, be-
comes a quasi-two-dimensional Heisenberg ferro-
magnet®® because of the weakness of J;; parallel

to the ¢ axis.’® The two-dimensional (2-D) short-
range order can be observed, e.g., by the signi-
ficant reduction of the Curie temperature relative
to the mean-field value 7,="73.5 K following from
Eq. (A5) with exchange parameter of Ref. 22. One
may also conjecture, that the critical exponent of
the static susceptibility, ¥ =1.215, represents an
effective value'® in the crossover between 2-D
Heisenberg [large ¥ (Ref. 35)] and uniaxial dipolar
(y =1.07),%" rather than a short-range 3-D Ising
exponent (¥ =1.25). The critical behavior of L in
such a 2-D ferromagnet has not yet been calcula-
ted. Richards® argued that I" should strongly di-
verge approaching 7., which, however, is not born
out by our data at large €.

B. Kinetic coefficient in finite field

In order to compare the magnetic-field effect
on the kinetic coefficient of CrBr, with the results
of the corresponding investigation on EuS,!” where
L was found simply to depend on € and B; via the
static susceptibility, i.e., L(€,B;)=f(Xy,:(€,B;))
we have plotted L vs X, ; in Fig. 10. It is evident
that, in contrast to EuS, where all datd in this
representation collapsed onto a single curve, the

T
o8 ; CrBr.
77
AW e
04f / : 1.0 x107
g g

I 7.9 x107
3 1.01 x10°2
3 1.99 x10°
/ -2

3.98x10
4.6 x10°?
A 5.52x10°2

4
or1r < a
008r
©
. " 1
o1 1 10

Xp/,i

FIG. 10. Kinetic coefficient of the order parameter
vs internal plateau susceptibility. Upper curve corres-
ponds to B=0, all others are for constant temperature
and internal fields B; <25 mT, except for €=0.046,
where B; extends up to 165 mT.
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transport coefficient of CrBr, does not show this
simple behavior. Especially in low fields there is
a considerable divergence of the L isothermes
from the curve at B=0. Looking for a confluence,
one finds an indication at small € and large B;,
but unfortunately there are not enough data to sup-
port this trend. Thus, it is convenient to assume
that the different field effect on the critical dy-
namics of CrBr, is associated with its uniaxial
anisotropy and/or with the quasi-two-dimension-
ality of the magnetic system. The latter should
manifest itself for X, ;< 2, where the magnetic
field effect on the L —X,,; plot appears tobe
strong. As noted above no theory is available to
date for critical relaxation in 2-D ferromagnets,
neither for B =0 nor finite fields.

On the other hand, for € <e* CrBr, can be
characterized as a 3-D uniaxial dipolar ferro-
magnet and, thus it might be appropriate to com-
pare the results from this region to Maleev’s cal-
culation.® Recalling the steep increase of I'; in
small fields, B;<1 mT (Fig. 7), his prediction
that I'; should increase anomalously in small
fields, appears to be satisfied. However, con-
sidering the kinetic coefficient we find from Mal-
eev’s work [Eq. (48)] that L also increases with
growing magnetic field. Such a behavior is incon-
sistent with our observation (Fig. 9) of a strong
reduction of L even in very small fields.

A final remark should be devoted to previous
EPR work by Seehra and Gupta'* on CrBr, near its
Curie temperature. The authors based their dis-
cussion of the critical behavior of the linewidth on
the zero field estimates for the relaxation rates
of the order parameter and of the perpendicular
magnetization. Our results show, however, that
this assumption leads to incorrect conclusions
near T, (€ <€*), because the critical behavior of
T’ is strongly modified even in moderate fields up
to 20 mT (Fig. 7) while the EPR measurements
were carried out at 320 mT. In the quasi-two-
dimensional region of CrBr, (€ >€*) L also signi-
ficantly depends on the field, indicating that Kawa-
saki’s condition (deduced for isotropic 3-D ferro-
magnets) as applied to CrBr, in Ref. 14 does not
hold here.

V. SUMMARY AND CONCLUSIONS

In the preceding sections we have described and
discussed the temperature and field dependence
of the relaxation rate I' of the order parameter
around the Curie temperature of the uniaxial ferro-
magnet CrBr,, where I' was extracted from the
Debye shape of X’ (w) at w/27>1 MHz. The ob-
served conventional critical behavior of I in zero
magnetic field for 0<€< 0,01 is in full qualitative

and good quantitative agreement with recent re-
sults of the mode-coupling approach assuming the
spin-spin relaxation to be dominant. Though no -
quantitative estimate exists so far for the magni-
tude of the spin-lattice interaction in CrBr,, the
corresponding kinetic coefficient Ly is expected to
be essentially independent of temperature in the
critical region®” and, therefore, we can infer from
our results, Fig. 9, that L4< 0.3 GHz. Thus, Ly
is significantly smaller than the measured L

=0.76 GHz, so that our quantitative comparison
for L is not seriously affected. Somewhat above,
at €> 0.01, a dynamic cross over to nonconvention-
al behavior is found which might originate from the
increasing two dimensionality of the critical fluc-
tuations.

When passing T, we found T to behave contin-
uously and most likely to arise at T<T, from the
relaxation of paramagnetic spins in the ferro-
magnetic phase which would be consistent with an
earlier observation on RbCu,Br, * 2H,0.?® In con-
trast to above T, T exhibits unconventional be-
havior (T'; <X;{'#) which remains unexplained as
well as the appearance of a second relaxation pro-
cess in the vicinity of 7., —0.004< € < 0,02, de-
noted as dynamical rounding, affecting a small
part of the total susceptibility.

Applying a magnetic field, the relaxation rate
rises steeply at low fields for € < 0.03, while at
€> 0,03 a gradual decrease is observed. Both re-
sults differ distinctly from the field effect as ob-
served on the cubic dipolar ferromagnet EuS.}”
They cannot be understood within the frame of ex-
isting ideas and have to be clarified. In view of
these results it might also be advantageous to re-
vise the simple model of CrBr, as a 3-D-Ising
ferromagnet so far used to explain the critical
behavior of the static magnetization® in the
B; — € region examined here,
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APPENDIX: STATIC MAGNETIC CORRELATIONS
INCiBry (T >T,)

From Samuelsen’s ef al. neutron work? and
Bené’s EPR measurements on Cr® pairs on Bil,,*
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it follows that the magnetic Hamiltonian of CrBr,
consists of a dominant Heisenberg exchange plus
an anisotropic part

H=- ZJ;;E'E; +Hy .
=]

H, contains contributions from dipolar, exchange,
and single-ion interactions

Hy= E§ *Dy; 8- EJ,S Sj ZD(S P, (A1)

pes L1 (8Hg P (0%% vy (A2)
Y2 amp, \ri 4T ’

A

Xr(a" 0) =X;-' (-q." 0) =

While accurate numbers for J5; and D are not yet
available, it seems to be certain that the exchange
is responsible for the alignment parallel to c(J*
>0), while the smaller crystalline D < 0 and dipolar
fields both direct the magnetization into the per-
pendicular direction. To discuss the critical corre-
lations of such an uniaxial ferromagnet with dipolar
interaction we follow the treatment given in detail
by Ref. 39. As starting point we use the mean-
field approximation (MFA, e.g., Ref. 40), where
the susceptibilities of the order parameter and

of the heavy modes of the magnetization can easily
be shown to take the form

Xr(@—~0)=

Here X denotes Curie’s constant, S +1)G;/3kg,
and the Curie temperature is given by

2SS 1
T,- ‘ + ’(E iy 4955+

i(#)

i) +D> (A5)

and
25(S +1) LS.
S
1520 3 h0nenE), o)
13

where the summations are to be carried out within
the Lorentz sphere. Similarly the expansion co-
efficients of the §-dependent terms are determined
by the magnetic interactions: they reduce to the
simple form in Eqs. (A3) and (A4) when the small
part H, is neglected, with

EICEIV I S e S(S+1)J
3ky =)
(AT)
0, ;&.i.l_) Z Jay 87 = ,_S_.(.S._’t_ll J:.  (A8)
3ky ;G0

With these preparations we can now write

_ T-Ty g2, S/,
Xr(@=0)= /[pl "+ 1+x;‘(ql/q)

() (FE )] o

T-T,+p. 9% +P. 9% +M/[1 +X7, 1. /a1 /2P

(a3)

FXF@=0)+xP @~ 0)] =A/(T - Ty +p, 43 +P43) . (A4)

G, T-T T -T*
X;@*0)=f [ 5 - 4+q? 4 —0—20
2 L

. (Lj? - ) qi] (A10)

Approaching T, we know from the theory'® that the
first term of the denominator in Eq. (A9) is re-
normalized by the critical fluctuations, whereas
the other entities are assumed to retain their
mean-field values. Consequently, by comparing
Eq. (A9) with Eq. (9), the homogeneous suscepti-
bility is found to be related to the correlation
length £ by Eq. (13). Due to the depolarization term
in Eq. (A9) «(¢,/4)?, arising from the long-range
part of the dipolar interaction, it is only the corre-
lation function between the transverse order-
parameter modes, $%,7, that diverges near T,.

Thus near T, one is allowed to neglect 42 — 0 in
Eq. (A9) and to replace (9./97 by one, so that we
in fact arrive at the form of Eq. (9) assumed by the
mode-coupling theory with g3 given by Eq. (16).

It might be noteworthy that both results, Egs. (15)
and (16), have been found to be consistent with ex-

perimental findings on the uniaxial ferromagnets

LiTbF,,*" %2 and GdCl,,* respectively. Applying
the same arguments to Xz (@~ 0) one obtains, from
(A10), Eq. (20) with g2 =(T,~ T;)/p,. Since the

parameters of H, involved in T, - T, [Egs. (A5)

and (A6)] are not yet known precisely, we mea-
sured the homogeneous perpendicular susceptibility
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near T.. The experimental result, Eq. (5), is in
full agreement with what follows from Eq. (A10):

[x‘T(q=Q)]‘IE(x*T, Ahe ,
Z(XT,i)-l‘*'(EZ/XT,i)qi, (All)

from which one obtains directly Eq. (17) using Eq
(15). Comparing our measured value of Ax=x7 ;
(T,,M =0)=1.09 with x4 (T,, 185 mT)=M/B,=0.83,

following from Dillons** measurement of the ani-
sotropy field by ferromagnetic resonance at 23.4
GHz, B,(T_,)=200 mT, and the corresponding
magnetization M(T,)=185 mT,* a slight discrep-
ancy is observed which indicates that x7, ; dimin-
ishes with increasing magnetization. This is also
supported by the neutron®* and FMR results both
yielding B, =650 mT at 6 K, where M =340 mT,
and thus x7, (6 K, 340 mT)~0.52.
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