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A study of the ac initial magnetic susceptibility of a roughly spherical single crystal of DyFe11Ti is reported.
Both the real and imaginary parts of the complex susceptibility have been measured in absolute units along the
principal crystallographic directions, the results being practically identical for@100# and@110#. The underlying
mechanisms—coherent magnetization rotation and domain-wall motion—are considered. It is demonstrated
that the thermally activated domain-wall displacements provide the clue to understanding the main features of
the temperature dependence of both the real and imaginary parts of the observed susceptibility.
@S0163-1829~96!06026-2#

I. INTRODUCTION

Alternating-current susceptometry is a simple and useful
tool widely employed to study magnetic systems. Its appli-
cation to hard magnetic materials, however, has been so far
limited to observation of anomalies associated with phase
transitions. Such restricted practice is explained by the fact
that ac susceptibility~which is in essence initial susceptibil-
ity! is an extrinsic property and as such it depends strongly
on sample shape, microstructure, impurities, etc. While a
good general understanding of intrinsic properties of inter-
metallic hard magnets has been achieved, their extrinsic
properties, such as parameters of the domain structure and ac
susceptibility remain far from being well studied. Experi-
mental data are scarce and theoretical models are uncoordi-
nated and inconclusive.

When measured on a polycrystalline sample, ac suscepti-
bility has its characteristic anomalies smeared out consider-
ably and new anomalies can appear due to impurities, such
as interstitial hydrogen, which are sometimes mistaken for
phase transitions~a collection of such misinterpretations is
given in Refs. 1–3!.

In order to enable its systematic quantitative analysis, ac
susceptibility should be studied on single crystals shaped in
some standard way, e.g., as spheres. Both real and imaginary
parts of the susceptibility should be measured and the units
should not be arbitrary. An attempt to accept this challenge
has been recently undertaken by Chen, Skumryev, and
Kronmüller4 who studied the ac susceptibility of a mono-
crystalline Nd2Fe14B sphere. Unfortunately, no satisfactory
agreement was achieved between their theoretical model and
experimental data. A definite merit of Ref. 4 is the clear
demonstration of irrelevance of eddy current effects to ac
susceptibility of hard magnetic materials at frequencies be-
low 1 kHz by directab initio evaluation of the corresponding
contribution to the ac susceptibility.

This work is a further attempt of a quantitative study of
the ac susceptibility of hard magnetic materials. Our choice
fell on DyFe11Ti, an intermetallic compound whose aniso-
tropic magnetic properties had been studied in great detail5–9

and of which suitable single crystals were available.
DyFe11Ti is a ferrimagnet@TC5534 K ~Ref. 5!# with the

ThMn12 tetragonal structure, space groupI4/mmm~substitu-
tion of Ti is necessary to stabilize the structure as pure
DyFe12 does not exist!. The anisotropy energy can thus be
written as

Fa5K1sin
2u1~K21K28cos 4w!sin4u

1~K31K38cos4w!sin6u, ~1!

where the spherical anglesu andw describe orientation of the
magnetization vector with respect to the crystallographic
axes;K1, K2, etc. are the anisotropy constants. The easy
direction at high temperatures coincides with the fourfold
axis, or @001#; at lower temperatures it reorientates towards
the basal plane remaining within the~110! or ~11̄0! planes,
so that the anglew is equal top/41np/2, wheren51,2,3,4
corresponds to four possible domains. Therefore, for some
applications Eq.~1! can be simplified as follows:

Fa5K1sin
2u1K̄2sin

4u1K̄3sin
6u, ~2!

K̄25K22K28 , K̄35K32K38 . ~3!

The nature of the spin reorientation transitions~SRT! in
DyFe11Ti has been established not without some contro-
versy. It was found that a continuous deviation of the easy
axis from the@001# direction starts atT2'200 K ~Ref. 6! or
T2'220 K,7 which constitutes a second-order spin reorienta-
tion transition ~a more refined approach—extrapolation of
the u2 vs T plot—yieldsT25191 K, see Fig. 1 of Ref. 10!.
The second transition occurs, according to Ref. 6, atT1558
K and is of the first order, meaning that the angleu between
the easy axis and@001# undergoes a discontinuous change
from ;40° to 90°~in Ref. 6 the easy direction at low tem-
peratures was identified as@100# rather than@110#, the mis-
take was rectified later, see endnote 4 of Ref. 8!.

A quite different view on the second transition was sug-
gested in Ref. 7: atT1;120 K a change of slope in theu(T)
dependence takes place~which was considered a second-
order phase transition! however u never reaches 90°, the
maximum value being 80°. Upon a thorough study of the
angular dependence of magnetization9 the interpretation of
this SRT given in Ref. 7 has been refuted. The phase transi-
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tion has been confirmed to be of the first order; the two
phases, withu540° and 90°, are essentially different and
correspond to two different minima in the anisotropy energy;
no minima have been found at intermediate values ofu. The
apparently continuous variation ofu at T;50–70 K is ex-
plained by coexistence of the 40° and 90° phases in that
temperature interval, stabilized, in all likelihood, by magne-
tostatic energy.9 Theoretically, the necessary conditions for
the spontaneous spin reorientation transitions taking place in
DyFe11Ti are the following: ~1! Keff5K11K̄21K̄350 at
T5T1 ; ~2! K150 atT5T2 .

In this work we shall concentrate primarily on the general
evolution of the ac susceptibility of DyFe11Ti with tempera-
ture, including anomalies in the vicinity ofT2, believed to be
characteristic of many hard magnetic materials. In contrast,
the anomalies aroundT1, peculiar to DyFe11Ti, will receive
less attention.

II. EXPERIMENT

The DyFe11Ti single crystal was prepared by Song-Quen
Ji at Natuurkundig Laboratorium in Amsterdam using the
Czochralski method in a tri-arc furnace. A piece cut from the
original boule was polished with abrasive paper to make a
rough sphere about 1.5 mm in diameter. The sphere was
embedded into epoxy resin to form a solid block. That block
was subsequently faceted with a diamond saw to obtain a
prism whose base was perpendicular to the@001# crystal
axis; that base was shaped as an isosceles rectangular tri-
angle with the cathetuses along@100# and @010# and the hy-
potenuse along@110#. The prism could be easily glued with
vacuum grease onto the sample holder, which had a plane
parallel to the exciting field of the susceptometer.

The measurements were performed with an ac susceptom-
eter under zero external dc field, described elsewhere.11 The
complex initial susceptibility,x5x82ix9, was measured,
wherex8 is the component in phase with the exciting ac field
andx9 is the quadrature component. The exciting field had
the amplitude of 1 Oe and the frequency ofn5120 Hz. Be-
fore the measurements the sample was demagnetized by
cooling it from room temperature down to 4.2 K. In this way
the sample undergoes the transition to the low-temperature
phase and divides itself into four types of domains with do-
main magnetization along@110#, @11̄0#, @1̄10#, and @1̄1̄0#. It
had been proved9 that the magnetization at 4.2 K becomes
zero after such a zero-field-cooling process. This was found
to be a simple, efficient and cheap way of starting the mea-
surements always from the same condition of full demagne-
tization. After this process the temperature was increased in
steps and each point was measured upon waiting for the tem-
perature to become stable within 0.1 K. To obtain absolute
measurements, the susceptometer was calibrated against Mn
Tutton salt. Dimensionless susceptibility was expressed in
Gaussian units, the demagnetizing factor was taken equal to
N54p/3'4.19.

The results of measurements along@100# and @110# are
shown in Fig. 1. A rounded anomaly is observed in the real
component~full symbols! and in the imaginary component
~open symbols! at the first-order transition atT1. At the
second-order transition atT2 a sharp peak is observed in the
real component while just a low and rounded maximum ap-

pears in the imaginary component. Both directions,@100#
and @110#, give practically the same results, so they will be
referred to asx' , or x'8 andx'9 , for the respective real and
imaginary components.

In Fig. 2 we depict the results along@001# which we de-
note asx i8 and x i9 for the real and imaginary components,
respectively.x i8 increases continuously with temperature
while x i9 shows a maximum at 200 K. Both curves show in
common a small bump atT1 and a sudden dip atT2.

Frequency dependences ofx' andxi , from 77 K to room
temperature, have been measured in the range of 1 Hz to 1
kHz with a superconducting quantum interference device
magnetometer using its ac susceptibility option~see Fig. 3!.
They show that the maximum inx'8 and the dip inx i8 do not
shift in temperature. Only the amplitude of the susceptibility
shows a dependence on exciting frequency.

We observed directly the surface magnetic domain struc-
ture of a different single crystal. The shape of the crystal was
an oblong ellipsoid, which main axes were 8, 2.3, and 0.5
mm polished from a platelet cut with its surface parallel to
the ~110! plane. The Bitter technique was employed, with a

FIG. 1. Temperature dependence of transverse external ac sus-
ceptibility: ~d! @100#, real component,~s! @100#, imaginary com-
ponent;~l! @110#, real component;~L! @110#, imaginary compo-
nent.

FIG. 2. Temperature dependence of external ac susceptibility
along the@001# direction: ~d! real component, experiment;~s!
imaginary component, experiment;~–! real component, calculation;
~---! imaginary component, calculation. Inset: Calculated contribu-
tion due to coherent spin rotations.
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visualizing ferrofluid of 0.03 mm particle size, and the ob-
servation was made with a metallographic microscope~am-
plification factor 250!. The ~110! sample surface was pol-
ished and the photo was taken in the center of the ellipsoid
~Fig. 4!. The sample had been previously demagnetized by
cooling down to 4.2 K, as described earlier.

III. DATA ANALYSIS

A. Preliminaries

Examination of Figs. 1 and 2 reveals the presence of non-
zero imaginary susceptibility. This fact, although described
in previous works,4,12 has not received sufficient attention so
far. Let us denote the internal susceptibility ask[k82ik9.
Then the external susceptibility,x[x82ix9 can be found
from the expression

x215k211N, ~4!

or, separating the real and imaginary parts,

x85
k81N@~k8!21~k9!2#

~11Nk8!21~Nk9!2
, ~5!

x95
k9

~11Nk8!21~Nk9!2
. ~6!

These expressions are well-known in ac susceptometry,13,14

however their implications for hard magnetic materials have
not been understood so far. The inverse transformation,

k85
x82N@~x8!21~x9!2#

~12Nx8!21~Nx9!2
, ~7!

k95
x9

~12Nx8!21~Nx9!2
, ~8!

is obtained simply by permutationk↔x, N↔2N.
Inspection of Eqs. ~7! and ~8! shows that when

x9!x8'1/N small errors inx8, x9 or N may lead to large
uncertainties in the corresponding values ofk8 and k9 ~cf.
Ref. 14!. Such situation seems to take place near room tem-
perature forxi and atT'T2 for x' . The absolute values of
the corresponding internal susceptibilities at the above tem-
peratures should be therefore taken with caution. For this
reason, we prefer to transform, by means of Eqs.~5! and~6!,
the theoretically foundk’s into x’s and compare the latter
directly with experimental data, rather than to ‘‘correct the
data for demagnetization.’’

The two main sources of magnetic susceptibility in ferro-
and ferrimagnets are coherent rotation of the magnetization
vector and domain-wall motion~DWM!. The coherent rota-
tion process consists in spatially homogeneous tilting of all
magnetic moments within a particular domain towards the ac
exciting field. DWM is a process of inhomogeneous rotation
of magnetic moments within the wall; in such a process the
wall is effectively displaced and one of the two domains
involved gains volume.

FIG. 3. Temperature dependence of external ac susceptibility
along the@001# direction at various frequencies:~–! v5976 Hz,
~•••! v5120 Hz,~---! v510 Hz, ~•-•-! v51 Hz.

FIG. 4. Microscopic photograph of the stripe-
type pattern of 180° domain walls, parallel to the
c axis. The pattern was obtained with the Bitter
technique on the surface of a DyFe11Ti single
crystal at room temperature.
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B. ac susceptibility due to coherent rotation
of magnetization

Rotational susceptibilitykr at low frequencies is expected
to be purely real and fully determined by the bulk anisotropy
constants. So its evaluation proceeds in two steps, first the
bulk anisotropy constants are calculated as described in Ap-
pendix A starting from the crystal-field~CF! parameters and
exchange constants of Ref. 6, and thenkr is calculated fol-
lowing the straightforward but cumbersome procedure de-
scribed in Appendix B.

In the temperature range aboveT2 kr i50 andkr' is given
by Eq.~B2!. BelowT2, where the azimuthal anglew can take
four different valuesw5p/41np/2, with n51, 2, 3 and 4, it
is necessary to assume a particular distribution of domains to
perform the calculation. In view of the near equivalence of
the experimental results for@100# and @110#, as seen in Fig.
1, we assume an equiprobable distribution of then51, 2, 3
and 4 domains. Thus, the theoretical expressions used in the
calculations are Eq.~B10! for kr i and ~B17! for kr' .

C. ac susceptibility due to DWM

Rotational susceptibility is usually small in comparison
with a larger contribution from domain-wall motion, unless
the latter vanishes for some reason. We shall now concen-
trate on DWM susceptibility,kd . Presence of domain walls
separating domains with different values of magnetization
along the direction of the ac field is evidently a necessary
condition for a nonzero DWM susceptibility.

At room temperature classical stripe 180 ° domains are
observed in DyFe11Ti ~Fig. 4!, the average domain widthd
being equal to 78mm.15 Similar domain structure has been
detected in other easy-axis intermetallic hard magnets.16–18

One can therefore assume with reason that this structure is
stable in DyFe11Ti at temperatures down toT2. As no ex-
perimental information on the domain structure in DyFe11Ti
below T2 is available at present, we shall consider some
plausible hypotheses.

The canting of the magnetization that occurs atT2 breaks
the fourfold symmetry in the~001! plane, so the 180 ° walls
transform into 180 °-2u walls with simultaneous appearance
of new types of walls separating domains with equalu and
different w. The former type of domain walls~different u,
equalw! contributes solely toxi , whereas the latter~equalu,
different w! only contributes tox' . Indeed, in recent NMR
experiments two types of domain walls have been detected in
the easy-cone phase of Nd2Co14B.

19

On the basis of these considerations we understand that
below T1, whenM s'@001#, DWM gives no contribution to
ki . Similarly, aboveT2 , whenM si@001#, it does not contrib-
ute tok' . In these cases the intrinsic susceptibility is deter-
mined exclusively by the coherent magnetization rotation.

An elaborate particular case, which is believed to apply to
permanent magnet materials, is that of narrow domain walls.
In that case the potential hindering the DWM is approxi-
mately sinusoidal20 with the amplitude proportional to21

exp~2pd/L!, and hence significant only when the wall thick-
nessd is not much larger than the lattice period in the direc-
tion perpendicular to the wall,L. For DyFe11Ti at T.T2, a
simple 180 ° domain structure is expected with the walls
lying in the ~110! planes; henceL5a/A2'6 Å.

To estimate the wall thickness, one needs to know the
value of the exchange stiffness,A, which can be deduced
from inelastic neutron-scattering data. Since no such data for
DyFe11Ti are available in literature, we shall evaluateA for
Nd2Fe14B. The experimental dispersion curve22 is parabolic
at small wave numbers,e5e01Dq2, with D52.5310229

erg cm2. Then, the exchange stiffness is given by23

A5(1/2)D(S/V)51.031026 erg/cm, whereS/V57.831022

cm23 is the spin density.Application of this value ofA to
DyFe11Ti is justified by the fact that the Curie points of
Nd2Fe14B and DyFe11Ti are close ~588 and 534 K,
respectively24! and the exchange stiffness of iron-rich mag-
nets appears to be proportional to theTC , cf. for pure iron
~TC51043 K! A52.031026 erg/cm.25

The effective anisotropy constant atT5200 K is
Keff5K11K̄21K̄3553106 erg/cm3 ~see Appendix A for de-
tails! and finally the wall thickness isd5p~A/Keff!

1/25140
Å. Thus, the amplitude of the intrinsic sinusoidal potential
contains a small factore273;10232 and this contribution to
the hindering barrier can be neglected~this also justifies the
application of the standard continuum formalism!. Conse-
quently, it seems reasonable to assume that the potential is
caused mainly by defects. These are supposed to be small,
sparsely distributed objects, so that the overall picture corre-
sponds to the case of ‘‘strong pinning’’ as defined by
Gaunt.26

The excitation by an alternating field produces two ef-
fects: the walls oscillate within the potential well created by
the defect, or hop from well to well. The type of behavior
depends on amplitude and frequency of the ac field. In the
first case there is no imaginary component since there is no
time delay in such reversible motion. On the contrary, the
hopping process gives rise to both real and imaginary com-
ponents, as occurs in the present case. Since two different
types of domain walls are responsible forki andk' , one may
expect the hindering barriers to be different for the two di-
rections. For simplicity hereafter we omit the subscriptsi

and'.
In the simplest approach we propose that the DW hopping

process is thermally activated and may be ascribed a relax-
ation timet obeying the Arrhenius law

t5t0exp~E/kT!, ~9!

whereE stands for the activation energy andt0;10212 s is
the characteristic time constant of ferromagnetic resonance.
If just one type of defect existed, the susceptibility would be
expressed by the Debye formula

kd5
k0

11 ivt
, ~10!

wherek0 is the susceptibility in the static~vt!1! limit. k0
may depend on temperature and be related to various pos-
sible mechanisms, such as bulging of walls pinned at defects,
considered by Kersten,27 but we shall refrain from compli-
cating the model and assume thatk0 remains temperature
independent.

The above expression holds for just one activation energy,
however, a very broad distribution of energy barriers should
be involved in the pinning of walls by defects, so averaging
over the barrier distribution expressed as a function of acti-
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vation energiesf (E) needs to be performed. The simplest
distribution one may propose is rectangular, with barriers
spanning from a minimum threshold valueE0 to a maximum
E01W. The distribution height isW21 to normalize to unity
the integral off (E) over all energies.

The averaged real and imaginary susceptibilities are

kd85
k0

W E
E0

E01W dE

11~vt!2

and ~11!

kd95
k0

W E
E0

E01W vtdE

11~vt!2
.

It follows from Eq.~9! thatdE5kTdt/t ; applying this sub-
stitution to Eqs.~11! and integrating, one obtains the final
expressions:

kd85
1

2
kT

k0

W
lnH 11Fvt0 expS E0

kTD G
22J ~12!

and

kd95kT
k0

W H p

2
2 arctanFvt0 expS E0

kTD G J , ~13!

wherev52pn is the measuring frequency andt0 is taken
equal to 1310212 s.

D. Discussion

The calculation of the different components of the com-
plex susceptibility comprised several steps. First, the rota-
tional contribution was calculated starting from the crystal
field and exchange parameters known for this compound
from other sources~see Appendixes A and B!. At each tem-
perature the anisotropy constants were calculated following
the procedure described in Appendix A and were subse-
quently substituted into either Eqs.~B1! and ~B2!, for
T.T2 , or, forT,T2 , into Eqs.~B7! and~B8! in conjunction
with Eqs.~B10! and~B17!. The resultingkr ~purely real! was
then transformed into external susceptibilityx8 using Eq.~5!.
At this stagex9 was zero.

In Fig. 5 the resulting curve forx'8 is drawn as a continu-
ous line forT.T2 and a dotted line forT,T2 . The fit is
excellent forT.T2 , proving that only coherent rotation of
the magnetic moments is responsible forx'8 when T.T2 .
Indeed, DWM gives no contribution since the spontaneous
magnetization is perpendicular to the exciting field. The di-
vergence ofk'8 atT5T2 results in the finite theoretical value
of 1/N53/4p'0.24 forx'8 , which is somewhat higher than
the experimental result.

However, belowT2 the coherent rotation contribution
~dotted line! is much lower than the experimentalx'8 ; i.e.,
the dominant mechanism is DWM. To take its contribution
into account we proceeded to sumkr' calculated above and
kd' calculated using Eqs.~12! and ~13! with two adjustable
parameters,E0 andW/k0. The totalk' , which had thus be-
come a complex number, was then corrected for demagneti-
zation, finally yieldingx'8 andx'9 . A reasonable agreement
with experiment for x'8 was obtained with the values

E051.53103 K andW/k0'51.53104 K and is shown as the
continuous line belowT2. With these parameters the DWM
contribution sets on atT'80 K. The resulting curve is of the
correct magnitude, although it is sharper than the experimen-
tal one. Besides, our model correctly predicts a nonzero
imaginary componentx'9 for T,T2 . However, the ampli-
tude ofx'9 is considerably lower than in the experiment.

The same procedure was applied to interpretxi . Thekr i

contribution shows a steplike increase fromkr i50 aboveT2
to a finite value belowT2, and a spike atT1 ~see Fig. 2, inset!
resembling qualitatively the two cusps observed experimen-
tally in x i8 . However, this contribution is found to be two
orders of magnitude lower than the experiment, so it is clear
that the predominant contribution to the susceptibility in the
parallel direction is that due to DWM. The DWM contribu-
tion was calculated with Eqs.~12! and~13! and corrected for
demagnetization factor~full line Fig. 2!. The adjustable pa-
rameters wereE0523103 K andW/k0583103 K. The dif-
ference in the values ofW/k0 and E0 for the parallel and
perpendicular susceptibilities could be expected since those
values are related to two different types of domain walls. The
anomaly atT1 is predicted as well as the continuous growth,
essentially due to DWM, forT.80 K. Besides, a nonzero
x i9 component also appears forT.80 K but is much lower
than the experiment. Thus, the general features of the sus-
ceptibility components have been reproduced, as shown in
Figs. 2 and 5:x i8 grows with temperature andx'8 has a sharp
peak atT2.

In Fig. 6 we have depicted together with the frequency
dependence ofx i8 atT5150 K, i.e., belowT2, the theoretical
prediction calculated with Eq.~12! and the parameters ob-
tained in the temperature dependence fitting. We see that the
frequency dependence also agrees reasonably well with ex-
periment.

The main discrepancy is encountered atT1, where our
naive model predicts discontinuities corresponding to the
first-order SRT. These discontinuities may be smoothed out
by taking into account the previously established coexistence
of two phases in a broad temperature interval aroundT1,

9

however even then the broad maxima observed nearT580 K
in x'8 andx'9 would not be reproduced.

FIG. 5. Transverse external ac susceptibility:~d! real compo-
nent, experiment;~s! imaginary component, experiment;~—! real
component including the DWM contribution, calculation;~•••! real
component excluding the DWM contribution;~---! imaginary com-
ponent, calculation.
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Another region difficult to fit is the vicinity of the second
transition point,T2. It is not too surprising that the peak in
x'8 is rounded out andx'9 has a high-temperature ‘‘tail,’’ as
our model is not valid nearT2, where the domain widthd
and the wall thicknessd are of the same order of magnitude.

The dip observed inx i8 andx i9 nearT2 is not predicted by
our model. Such a dip was also observed in Nd2Fe14B under
similar conditions4 as well as in TbFe11Ti.

28 It is likely to
constitute a characteristic attendant feature of this type of
spin reorientation transitions. It should be noted that the tem-
perature dependence of the anisotropy constants does not
provide a simple explanation of this effect. Indeed, the do-
main width, wall energy, and thickness are determined by
Keff rather thanK1 and therefore do not show any singularity
at T5T2 .

IV. CONCLUSION

The ac susceptibility of a spherical single crystal of
DyFe11Ti has been measured along the principal crystallo-
graphic directions at various temperatures and frequen-
cies. A theoretical model has been proposed allowing for
coherent magnetization rotation and domain-wall motion,
which provides a satisfactory quantitative description of the
real component of the observed susceptibility,x8, and a
qualitative description of its imaginary component,x9.

In particular, domain-wall motion is shown to be chiefly
responsible for the growing with temperature real part of the
susceptibility along the fourfold axis,x i8 , as well as for the
growth ofx'8 below the spin reorientation pointT2, whereas
coherent rotation accounts for the ‘‘tail’’ ofx'8 above its
peak atT2. A dip in the temperature dependence has been
clearly detected atT5T2 ; it is believed to be a common
feature of this class of spin reorientation transitions. Its na-
ture, however, remains to be clarified.
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APPENDIX A: ANISOTROPY CONSTANTS AND
ORIENTATION OF THE EASY AXIS

The anisotropy constants entering Eq.~1! consist of two
parts contributed by the iron and the rare-earth sublattices,

Kj5KjFe1KjR . ~A1!

the rare-earth contribution is calculated in the linear
approximation,29

K1R523J2B20BJ
2~x!240J4B40BJ

4~x!2168J6B60BJ
6~x!,

K2R535J4B40BJ
4~x!1378J6B60BJ

6~x!,

K3R52231J6B60BJ
6~x!, ~A2!

K2R8 5J4B44BJ
4~x!110J6B64BJ

6~x!,

K3R8 5211J6B64BJ
6~x!,

x55mBnRFeMFe~T!/kT,

whereB J
n(x) are the generalized Brillouin functions defined

in Ref. 29; the CF and exchange parameters are taken from
Ref. 6,B2050.16 K,B4051.131023 K, B4451.0531022 K,
B6051.631025 K, B64524.031026 K, and nRFe54p
3141. The iron sublattice magnetization is approximated by
the following empirical formula:30

MFe~T!5MFe~0!~1.9At20.9t !, t512T/TC , ~A3!

with MFe~0!51.0 kG ~Ref. 6! andTC5534 K ~Ref. 5! @Eqs.
~A2! give theKjR in K/fu and to be translated into erg/cm3

they should be multiplied by 8.053105#.
The iron sublattice contribution toK1 is interpolated as

follows:30

K1Fe~T!5K1Fe~0!~0.81t11.38t221.19t3!, ~A4!

whereK1Fe~0! is taken equal to theK1 of YFe11Ti, 2.03107

erg/cm3, Ref. 31. Iron sublattice contributions to higher-
order anisotropy constants are neglected.

The angleu between the easy axis and the@001# direction
is set to zero whenK1.0; if K1,0, the value ofu is taken
equal to eitheru0 or p/2, whichever delivers a smaller value
to the anisotropy energy, Eq.~2!, where

sin2 u05
AK̄2

223K1K̄32K̄2

3K̄3

. ~A5!

APPENDIX B: SUSCEPTIBILITY DUE
TO COHERENT ROTATION

Let the orientation of the spontaneous magnetization and
applied magnetic field with respect to the crystallographic
coordinate system be described by spherical angles~u,w! and
~a,b!, respectively. We shall consider the general case,uÞ0,
the answer for the essentially different particular caseu50
being well known:27

FIG. 6. Frequency dependence ofx i8 at T5150 K: ~d! experi-
ment; ~—! calculation.
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k r i50, ~B1!

k r'5Ms
2/2K1 . ~B2!

WhenuÞ0, the initial rotational susceptibility along the di-
rection of the field is given by

k r5MsH @cosu sina cos~w2b!2sinu cosa#S du

dHD
H50

2sinu sina sin~w2b!S dw

dHD
H50

J . ~B3!

To find the derivatives entering Eq.~B3!, we minimize the
free energy,

F5Fa2MsH@cosu cosa1sinu sin acos~w2b!#,
~B4!

with respect tou and w; then the necessary conditions of
minimum are derivated with respect toH, andH is set to
zero. Thus we get

S du

dHD
H50

52D1Ms@cosu sina cos~w2b!2sinu cosa#,

~B5!

S dw

dHD
H50

52D2Ms

sina sin~b2w!

sinu
, ~B6!

where we have taken into account that ifH50 the equilib-
rium is reached atf5p/41np/2, where ]2Fa/]u]w50,
]2Fa/]u251/~2D1! , and]2Fa/]w25~sin2u!/~2D2! ,

D15@4K1~122sin2u!18K̄2~3 sin
2u24 sin4u!

112K̄3~5 sin
4u26 sin6u!#21, ~B7!

D25@32 sin2u~K281K38sin
2u!#21. ~B8!

Substituting Eqs.~B5! and ~B6! into ~B3!, we arrive at the
following general answer:

k r52Ms
2HD1Fcosu sina cosS p

4
1
np

2
2b D2sinu cosa G2

1D2sin
2a sin2S p

4
1
np

2
2b D J . ~B9!

Finally, putting in Eq.~B9! a50 andp/2, we get

k r i52Ms
2D1sin

2u, ~B10!

k r'52Ms
2FD1cos

2u cos2S p

4
1
np

2
2b D

1D2sin
2S p

4
1
np

2
2b D G . ~B11!

The transverse susceptibility, appears to depend essentially
on the domain structure. Suppose that only then52 domains
are present. Then, for the principal directions in the basal
plane one has

b50: k r @100#5Ms
2~D1cos

2u1D2!, ~B12!

b5p/4: k r @110#52Ms
2D1cos

2u, ~B13!

b5p/2: k r @010#5Ms
2~D1cos

2u1D2!, ~B14!

b53p/4: k r @1 1̄0#52Ms
2D2 . ~B15!

In this case, ifD2!D1 , thenk r [110]'2k r [100].
If now one assumes that the domains withn51, 2, 3, and

4 are distributed equiprobably, then

K sin2S p

4
1
np

2
2b D L 5 K cos2S p

4
1
np

2
2b D L 5

1

2
~B16!

and

k r @100#5k r @110#5k r'5Ms
2~D1cos

2u1D2!. ~B17!

This settles the dispute between Refs. 4 and 11 on whether
kr [110] should be twice as large askr [100] or equal to it. The
authors of the two works simply proceeded from different
assumptions. Our data~Fig. 1! indicate thatx@110#5x@100# ev-
erywhere except the neighborhood of the pointT2, where
both susceptibilities are determined mainly by the shape of
the sample. As the latter was only approximately spherical,
the difference betweenx@110# and x@100# observed nearT2
should be attributed to the sample’s asphericity, rather than
to anisotropy ofk in the basal plane. Thus, equiprobable
distribution of domains is adopted in the present work.
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