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ac susceptibility of a DyFeg;Ti single crystal
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A study of the ac initial magnetic susceptibility of a roughly spherical single crystal of QyFis 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 identicdl1fa®] 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.
[S0163-18296)06026-3

[. INTRODUCTION ThMn,, tetragonal structure, space groupmmm(substitu-
tion of Ti is necessary to stabilize the structure as pure
Alternating-current susceptometry is a simple and usefuDyFe;, does not exigt The anisotropy energy can thus be
tool widely employed to study magnetic systems. Its appli-written as
cation to hard magnetic materials, however, has been so far , , 4
limited to observation of anomalies associated with phase Fa=Kysirf o+ (K, +K;cos 4p)sir’'6
transitions. Such restricted practice is explained by the fact / 6
that ac susceptibilitywhich is in essence initial susceptibil- *(Ka*Kscosdp)sin', @
ity) is an extrinsic property and as such it depends stronglwhere the spherical anglé@sand ¢ describe orientation of the
on sample shape, microstructure, impurities, etc. While anagnetization vector with respect to the crystallographic
good general understanding of intrinsic properties of interaxes;K;, K,, etc. are the anisotropy constants. The easy
metallic hard magnets has been achieved, their extrinsidirection at high temperatures coincides with the fourfold
properties, such as parameters of the domain structure and axis, or[001]; at lower temperatures it reorientates towards
susceptibility remain far from being well studied. Experi- the basal plane remaining within th&10) or (110) planes,
mental data are scarce and theoretical models are uncoordie that the angle is equal ton/4+n=/2, wheren=1,2,3,4
nated and inconclusive. corresponds to four possible domains. Therefore, for some
When measured on a polycrystalline sample, ac susceptipplications Eq(1) can be simplified as follows:
bility has its characteristic anomalies smeared out consider-

ably and new anomalies can appear due to impurities, such F 4= KSir? 6+ K,sin 6+ K4sin, 2
as interstitial hydrogen, which are sometimes mistaken for . L
phase transitionga collection of such misinterpretations is Ko=K,—Kj}, K3z=Kz—Kj. (3

given in Refs. 1-8

In order to enable its systematic quantitative analysis, ac The nature of the spin reorientation transitigqi®#RT) in
susceptibility should be studied on single crystals shaped iDyFe;;Ti has been established not without some contro-
some standard way, e.g., as spheres. Both real and imaginargrsy. It was found that a continuous deviation of the easy
parts of the susceptibility should be measured and the unitaxis from the[001] direction starts aT,~200 K (Ref. 6 or
should not be arbitrary. An attempt to accept this challengd ,~220 K,” which constitutes a second-order spin reorienta-
has been recently undertaken by Chen, Skumryev, antion transition(a more refined approach—extrapolation of
Kronmtuller* who studied the ac susceptibility of a mono- the ¢? vs T plot—yields T,=191 K, see Fig. 1 of Ref. 10
crystalline NgFe,B sphere. Unfortunately, no satisfactory The second transition occurs, according to Ref. 6l at58
agreement was achieved between their theoretical model ariland is of the first order, meaning that the angleetween
experimental data. A definite merit of Ref. 4 is the clearthe easy axis anf001] undergoes a discontinuous change
demonstration of irrelevance of eddy current effects to adrom ~40° to 90°(in Ref. 6 the easy direction at low tem-
susceptibility of hard magnetic materials at frequencies beperatures was identified §800] rather thar{110], the mis-
low 1 kHz by directab initio evaluation of the corresponding take was rectified later, see endnote 4 of Ref. 8
contribution to the ac susceptibility. A quite different view on the second transition was sug-

This work is a further attempt of a quantitative study of gested in Ref. 7: af;~120 K a change of slope in th#T)
the ac susceptibility of hard magnetic materials. Our choicalependence takes pla¢ehich was considered a second-
fell on DyFg;Ti, an intermetallic compound whose aniso- order phase transitionrhowever 8 never reaches 90°, the
tropic magnetic properties had been studied in great detail maximum value being 80°. Upon a thorough study of the
and of which suitable single crystals were available. angular dependence of magnetizafidhe interpretation of

DyFe, Ti is a ferrimagne{To-=534 K (Ref. 5] with the  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 X T I T T T
phases, withd=40° and 90°, are essentially different and 1
correspond to two different minima in the anisotropy energy;
no minima have been found at intermediate value8. dthe
apparently continuous variation @fat 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- 0.1
tostatic energy. Theoretically, the necessary conditions for )
the spontaneous spin reorientation transitions taking place in
DyFe, Ti are the following: (1) K.z=K;+K,+K;=0 at

In this work we shall concentrate primarily on the general
evolution of the ac susceptibility of DyEdi with tempera-
ture, including anomalies in the vicinity df,, believed to be 0 ot =
characteristic of many hard magnetic materials. In contrast, 0 100 200 300
the anomalies around,, peculiar to DyFeTi, will receive T (K)
less attention.

FIG. 1. Temperature dependence of transverse external ac sus-
ceptibility: (®) [100], real componentO) [100], imaginary com-
Il. EXPERIMENT ponent;(4) [110], real component{ <) [110], imaginary compo-
' nent.

The DyFa,Ti single crystal was prepared by Song-QuenpearS in the imaginary component. Both directioft)0]

Ji at Natuurkundig Laboratorium in Amsterdam using the . ) X
Czochralski method in a tri-arc furnace. A piece cut from theand [110], give practlc/:ally the,f same results, SO they will be
original boule was polished with abrasive paper to make Jleferred to ay, , OTX% andy’ , for the respective real and
rough sphere about 1.5 mm in diameter. The sphere de]?glg?ryzcsvrzp(?:eigtsthe results alofig01] which we de-
embedded into epoxy resin to form a solid block. That block 9. P

’ n H H
was subsequently faceted with a diamond saw to obtain pote asy; and x; for the real and imaginary components,

prism whose base was perpendicular to [p61] crystal respectively. x, increases continuously with temperature

axis; that base was shaped as an isosceles rectangular Pl i shows I?bmaximé;tjm a(tjzoo lé'dBOtQ. Clgtves show in
angle with the cathetuses aloftp0] and[010] and the hy- €0MmMon a small bump &, and a sudaen dip at.

potenuse alon§110]. The prism could be easily glued with ¢ rrfriggti?gyr?ae\fsgiigcfnse)g{ S?g Xmilﬁftrr?(;an\Z Iétgfri)o:; to 1
vacuum grease onto the sample holder, which had a pla P ' g

- ) Zz with a rconductin antum interferen Vi
parallel to the exciting field of the susceptometer. superconducting quantu erference device

X magnetometer using its ac susceptibility optisee Fig. 3.
The measurements were performed Wlth an ac susceptorq.hey show that the maximum ip, and the dip iny/ do not
eter unde_r ZEro external_ O.k.: field, ges_,crll/bed elsewtfeTae shift in temperature. Only the amplitude of the susceptibility
complex initial susceptibility,y=x"—ix", was measured,

e . / " - shows a dependence on exciting frequency.
wherey’ is the component in phase with the exciting ac field * \ye opserved directly the surface magnetic domain struc-

and " is the quadrature component. The exciting field hadyre of a different single crystal. The shape of the crystal was
the amplitude of 1 Oe and the frequency:6£120 Hz. Be-  ap gplong ellipsoid, which main axes were 8, 2.3, and 0.5

fore the measurements the sample was demagnetized Bym nolished from a platelet cut with its surface parallel to

cooling it from room temperature _o!own to 4.2 K. In this way e (110 plane. The Bitter technique was employed, with a
the sample undergoes the transition to the low-temperature

phase and divides itself into four_types of domains with do- X : ;
main magnetization alonpl10], [110], [110], and[110]. It I X, .
had been provedthat the magnetization at 4.2 K becomes 02 L 001 ..." J

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
N=4m/3~4.19.
The results of measurements alofig0] and[110] are

shown in Fig. 1. A rounded anomaly is observed in the real F|G. 2. Temperature dependence of external ac susceptibility
component(full symbolg and in the imaginary component along the[001] direction: (@) real component, experimentD)
(open symbols at the first-order transition af;. At the  imaginary component, experimer() real component, calculation;
second-order transition at, a sharp peak is observed in the (---) imaginary component, calculation. Inset: Calculated contribu-
real component while just a low and rounded maximum apiion due to coherent spin rotations.

T (K)
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L K’+N[(K’)2+(K”)2]

X
I =
X (THNK)Z+ (N ©
0.2 |
0.15 - " K"
X (1+NK,)2+(NK")2. (6)
0.1
These expressions are well-known in ac susceptometfy,
0.05 - however their implications for hard magnetic materials have
not been understood so far. The inverse transformation,
0
> o X NP+ -
(1=Nx")*+(Nx")?’
FIG. 3. Temperature dependence of external ac susceptibility
along the[001] direction at various frequencie$-) v =976 Hz, Y
(---) v=120 Hz,(--) v=10 Hz,(----) v=1 Hz. K" (8)

= (1_NX/)2+(NXH)2|

visualizing ferrofluid of 0.03 mm particle size, and the ob-
servation was made with a metallographic microsc@pe-

plification factor 250. The (110 sample surface was pol- e S,
ished and the photo was taken in the center of the eIIipsoiX <X .1/N sr_nall errors ny-, A/ or N may lead to" large
ncertainties in the corresponding valuesxofand «” (cf.

(Fig. 4). The sample had been previously demagnetized b L

cooling down to 4.2 K, as described earlier. gef. 14). Such situation seems to take place near room tem-
perature fory, and atT~T, for x, . The absolute values of
the corresponding internal susceptibilities at the above tem-

is obtained simply by permutatiok— y, N« —N.
Inspection of Egs.(7) and (8) shows that when

IIl. DATA ANALYSIS peratures should be therefore taken with caution. For this
o reason, we prefer to transform, by means of E§sand(6),
A. Preliminaries the theoretically found<'s into y's and compare the latter

Examination of Figs. 1 and 2 reveals the presence of nordirectly with experimental data, rather than to “correct the
zero imaginary susceptibility. This fact, although describeddata for demagnetization.” _ -
in previous workg:? has not received sufficient attention so ~ The two main sources of magnetic susceptibility in ferro-

far. Let us denote the internal susceptibility @s«'—i«”.  and ferrimagnets are coherent rotation of the magnetization
Then the external susceptibilityy=x'—ix” can be found Vector and domain-wall motiofDWM). The coherent rota-
from the expression 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

“l=k"'+N (4) i ithi i
X ' of magnetic moments within the wall; in such a process the
wall is effectively displaced and one of the two domains
or, separating the real and imaginary parts, involved gains volume.

FIG. 4. Microscopic photograph of the stripe-
type pattern of 180° domain walls, parallel to the
¢ axis. The pattern was obtained with the Bitter

[001] technique on the surface of a Dyf& single
crystal at room temperature.
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B. ac susceptibility due to coherent rotation To estimate the wall thickness, one needs to know the
of magnetization value of the exchange stiffnes8, which can be deduced
Rotational susceptibilitk, at low frequencies is expected from ine'lastic neqtron—s_cat'tering data. Since no such data for
to be purely real and fully determined by the bulk anisotropyPYF€uTi are available in literature, we shall evaludtefor
constants. So its evaluation proceeds in two steps, first th}d2F€14B. The experimental dispersion cufds parabolic
bulk anisotropy constants are calculated as described in Agit Small wave numberse=&+Dq°", with D=2.5x10 7
pendix A starting from the crystal-fiellCF) parameters and €9 cnf. Then, the exchange stiifness is given ;by
exchange constants of Ref. 6, and theris calculated fol- A= (1/2)D(S/{2)=1.0x10 * erg/cm, where5/()=7.8x 10°
lowing the straightforward but cumbersome procedure deS™M ~ iS thespin density Application of this value ofA to
scribed in Appendix B. DyFe;Ti is justified by the fact that the Curie points of
In the temperature range abog k,, =0 andx, , is given ~ Nd2F€B and DyFe,Ti are close (588 and 534 K,
by Eq.(B2). BelowT,, where the azimuthal anglecan take respectivel§®) and the exchgnge stiffness of |ron-r|cr_1 mag-
four different valuesp=m/4-+nm/2, withn=1, 2, 3 and 4, it "E'S appears to be proportional to thg, cf. for pure iron
is necessary to assume a particular distribution of domains tBTC:1043 K AZZ'OX, 107> erg/em: .
perform the calculation. In view of the near equivalence of 1he effective anisotropy constant ar=200 K is
the experimental results f¢f.00] and[110], as seen in Fig. Ke =K +Ko+ K3=5x10° er_g/cm" (see Appendix ﬁzfor de-
1, we assume an equiprobable distribution of tive1, 2, 3  t@ils) and finally the wall thickness ig=m(A/Keg)"*=140

and 4 domains. Thus, the theoretical expressions used in te Thus, the amplitude of the intrinsic sinusoidal potential
calculations are EqB10) for «, and (B17) for «,, contains a small factoe™"*~10"%? and this contribution to
. : "

the hindering barrier can be neglectghis also justifies the
application of the standard continuum formaljsnConse-

C. ac susceptibility due to DWM 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
aunt?®

The excitation by an alternating field produces two ef-
ects: the walls oscillate within the potential well created by
he defect, or hop from well to well. The type of behavior
?epends on amplitude and frequency of the ac field. In the
irst 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-

onents, as occurs in the present case. Since two different
ypes of domain walls are responsible fQrandx, , one may
expect the hindering barriers to be different for the two di-
erections. For simplicity hereafter we omit the subscripts
and L.

In the simplest approach we propose that the DW hopping

g Process is thermally activated and may be ascribed a relax-
ation time 7 obeying the Arrhenius law

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 conce
trate on DWM susceptibilityx,. Presence of domain walls
separating domains with different values of magnetizatio
along the direction of the ac field is evidently a necessarQ
condition for a nonzero DWM susceptibility.

At room temperature classical stripe 180 ° domains ar
observed in DyFgTi (Fig. 4), the average domain widith
being equal to 78m.® Similar domain structure has been
detected in other easy-axis intermetallic hard magtfets.
One can therefore assume with reason that this structure
stable in DyFg,Ti at temperatures down td,. As no ex-
perimental information on the domain structure in DyHFé
below T, is available at present, we shall consider som
plausible hypotheses.

The canting of the magnetization that occurg abreaks
the fourfold symmetry in th€001) plane, so the 180 ° wall
transform into 180 °-2 walls with simultaneous appearance
of new types of walls separating domains with eqaand
differentygf. The former t)rl)pe of %omain wallejiffe?ent 0, 7= To®XHE/KT), ©)
equale) contributes solely tg;, whereas the lattdlequald,  whereE stands for the activation energy amg-10"1? s is
different ¢) only contributes toy, . Indeed, in recent NMR the characteristic time constant of ferromagnetic resonance.
experiments two types of domain walls have been detected ilf just one type of defect existed, the susceptibility would be

the easy-cone phase of Mtb,,B.*° expressed by the Debye formula
On the basis of these considerations we understand that
below T, whenM41[001], DWM gives no contribution to Ko
«,. Similarly, aboveT,, whenMl[001], it does not contrib- Kd=  fiwr (10

ute tok, . In these cases the intrinsic susceptibility is deter-
mined exclusively by the coherent magnetization rotation. where k; is the susceptibility in the statiGor<<1) limit. «

An elaborate particular case, which is believed to apply tanay depend on temperature and be related to various pos-
permanent magnet materials, is that of narrow domain wallssible mechanisms, such as bulging of walls pinned at defects,
In that case the potential hindering the DWM is approxi-considered by Kerstefi, but we shall refrain from compli-
mately sinusoid&? with the amplitude proportional & cating the model and assume thaf remains temperature
exp(—md/A), and hence significant only when the wall thick- independent.
nessé is not much larger than the lattice period in the direc- The above expression holds for just one activation energy,
tion perpendicular to the wall\. For DyFq;Ti at T>T,, a  however, a very broad distribution of energy barriers should
simple 180 ° domain structure is expected with the wallsbe involved in the pinning of walls by defects, so averaging
lying in the (110 planes; hencé=a/,2~6 A. over the barrier distribution expressed as a function of acti-
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vation energied(E) needs to be performed. The simplest

distribution one may propose is rectangular, with barriers XL «——— 3741 i
spanning from a minimum threshold valkg to a maximum o2
Eo+ W. The distribution height i&V ' to normalize to unity T 1
the integral off (E) over all energies.
The averaged real and imaginary susceptibilities are i T
, Ko EO+W dE 0.1+ T
Ka™ W Eo 1+ (w7)°
and (11) o s Secsies
A Y
0 .—CPM —_— c:h:'.nﬁommo o
y_ Ko [FotW o7dE 0 100 200 300
TW Jg, 1+ (en? T (K)
It follows from Eq. (9) thatdE=kTdr/7; applying this sub- FIG. 5. Transverse external ac susceptibilit®) real compo-
stitution to Egs.(11) and integrating, one obtains the final nent, experiment(O) imaginary component, experimertt-) real
expressions: component including the DWM contribution, calculatidr;-) real

component excluding the DWM contributiofy:-) imaginary com-

Eo\] 7?2 ;
kh==KkT — In ©7g ex;{ _0” } (12) ponent, calculation.

2w kT Eo=1.5x10° K and W/ky, =1.5xX10* K and is shown as the
and continuous line below ,. With these parameters the DWM
contribution sets on at~80 K. The resulting curve is of the
ko [ 7 Eo correct magnitude, although it is sharper than the experimen-
K§j=kTW 5 T arctane exp =, (13)  tal one. Besides, our model correctly predicts a nonzero
imaginary componeny| for T<T,. However, the ampli-
where w=27v is the measuring frequency ang is taken tude of x| is considerably lower than in the experiment.
equal to x10 *s. The same procedure was applied to interpgetThe «;,
contribution shows a steplike increase fram=0 aboveT,
to a finite value below ,, and a spike at; (see Fig. 2, inset
. _ resembling qualitatively the two cusps observed experimen-
The calculation of the different components of the com-ta|ly in y/. However, this contribution is found to be two
plex susceptibility comprised several steps. First, the rotag ders of magnitude lower than the experiment, so it is clear
tional contribution was calculated starting from the crystalina; the predominant contribution to the susceptibility in the
field and exchange parameters known for this compounghsraiel direction is that due to DWM. The DWM contribu-
from other sourcegsee Appendixes A and)BAt each tem-  {ion was calculated with Eq§12) and(13) and corrected for
perature the anisotropy constants were calculated fo”OW'”@emagnetization factd(full line Fig. 2). The adjustable pa-
the procedure described in Appendix A and were subse€rsmeters werd,=2x10° K and W/x,=8x10° K. The dif-
quently substituted into either Eq¢Bl) and (B2), for  ference in the values ofV/x, and E, for the parallel and
T>T,, or, forT<T, into Eqs.(B7) and(B8) in conjunction  perpendicular susceptibilities could be expected since those
with Egs.(B10) and(B17). The resultings, (purely real was  \5jyes are related to two different types of domain walls. The
then .transforn;ed into external susceptibilityusing Eq.(5).  anomaly aff, is predicted as well as the continuous growth,
At this stagey” was zero. . _ essentially due to DWM, fof >80 K. Besides, a nonzero
In _Flg. 5 the resulting curve fc;v_L is drawn as a contmu— x| component also appears &80 K but is much lower
ous line forT>T, and a dotted line fof <T,. The fitis  than the experiment. Thus, the general features of the sus-
excellent forT>T,, proving that only coherent rotation of ceptibility components have been reproduced, as shown in
the magnetic moments is responsible fgr when T>T,.  Figs 2 and 5y, grows with temperature angl has a sharp
Indeed, DWM gives no contribution since the spontaneougeak afT,.
magnetization is perpendicular to the exciting field. The di- | Fig. 6 we have depicted together with the frequency
vergence of| atT=T, results in the finite theoretical value dependence of] atT=150K, i.e., belowT,, the theoretical
of 1/N=3/47~0.24 for x| , which is somewhat higher than prediction calculated with E(12) and the parameters ob-
the experimental result. tained in the temperature dependence fitting. We see that the

However, belOWT2 the coherent rotation contribution frequency dependence also agrees reasonab|y well with ex-
(dotted ling is much lower than the experimentgl ; i.e., periment.

the dominant mechanism is DWM. To take its contribution  The main discrepancy is encounteredTat where our
into account we proceeded to sum calculated above and naive model predicts discontinuities corresponding to the
kg, calculated using Eqg12) and(13) with two adjustable first-order SRT. These discontinuities may be smoothed out
parametersk, andW/k,. The totalk, , which had thus be- by taking into account the previously established coexistence
come a complex number, was then corrected for demagnetodf two phases in a broad temperature interval arolipd
zation, finally yieldingy; andx/ . A reasonable agreement however even then the broad maxima observed Ties80 K

with experiment for x| was obtained with the values in x| andy/| would not be reproduced.

Ko
1+

D. Discussion
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APPENDIX A: ANISOTROPY CONSTANTS AND
ORIENTATION OF THE EASY AXIS

The anisotropy constants entering Et) consist of two

0.05 1 parts contributed by the iron and the rare-earth sublattices,
Kj:Ker"r‘KjR. (Al)
0 U Y S S the rare-earth contribution is calculated in the linear
1 10 100 1000 approximatiorf®
v (Hz)

K1r=—3J?BB3(x) — 400*B,gB7(x) — 1681°B4BS(x),
FIG. 6. Frequency dependence ygf at T=150 K: (@) experi-

ment; (—) calculation. Kr=351"B,oB](x) + 3781°B4B5(X),
Another region difficult to fit is the vicinity of the second Kar=—2311°B4B3(x), (A2)
transition point,T,. It is not too surprising that the peak in A .
x| is rounded out angt/ has a high-temperature “tail,” as Kjr=J"B4sB3(X) +100°BgB3(X),
our model is not valid neaf,, where the domain widtld , 6 6
and the wall thickness are of the same order of magnitude. Kzr=—113"°Bg4B;(X),

The dip observed iy, andy| nearT, is not predicted by
our model. Such a dip was also observed infgl,B under X=5ugNrrMed T)/KT,
similar condition$ as well as in TbFgTi.® It is likely to  whereB)(x) are the generalized Brillouin functions defined
constitute a characteristic attendant feature of this type oh Ref. 29; the CF and exchange parameters are taken from
spin reorientation transitions. It should be noted that the temRef. 6,B,,=0.16 K, B40=1.1><10’3 K, 544=1_o5><10*2 K,
perature dependence of the anisotropy constants does rgL,=1.6x10° K, Bg,=-4.0x10"°% K, and npee=47
provide a simple explanation of this effect. Indeed, the do-x 141. The iron sublattice magnetization is approximated by
main width, wall energy, and thickness are determined byhe following empirical formula®
K rather tharK; and therefore do not show any singularity
atT=T,. MedT)=Mg(0)(1.9t—0.9), t=1-T/Tc, (A3)

with M(0)=1.0 kG (Ref. 6 andT-=534 K (Ref. 5 [Egs.
IV. CONCLUSION (A2) give theK|g in K/fu and to be translated into erg/ém
they should be multiplied by 8.0510°].
The iron sublattice contribution t&; is interpolated as
lows:*

The ac susceptibility of a spherical single crystal of
DyFe;,Ti has been measured along the principal crystallo—fol
graphic directions at various temperatures and frequen-
cies. A theoretical model has been proposed allowing for Kird T)=K;rd0)(0.81t+1.38%-1.1a2%), (A4)
coherent magnetization rotation and domain-wall motion, . ) .
which provides a satisfactory quantitative description of thevhereK,£{0) is taken equal to th&,; of YFe;;Ti, 2.0xX10
real component of the observed susceptibiliy, and a erg/cnt, _Ref. 31. Iron sublattice contributions to higher-
qualitative description of its imaginary componexft, order anisotropy constants are neglected. o

In particular, domain-wall motion is shown to be chiefly ~ The angled between the easy axis and {{#91] direction
responsible for the growing with temperature real part of thdS Set to zero wheiK,>0; if K,<0, the value of¢ is taken
susceptibility along the fourfold axis;| , as well as for the equal to eithel, or /2, whichever delivers a smaller value

growth of x| below the spin reorientation poift,, whereas to the anisotropy energy, E(R), where

coherent rotation accounts for the “tail” of| above its K2— 3K -Kae Ko

peak atT,. A dip in the temperature dependence has been Sir? 6,= 2 v e (A5)
clearly detected aT=T,; it is believed to be a common 3K3

feature of this class of spin reorientation transitions. Its na-

ture, however, remains to be clarified. APPENDIX B: SUSCEPTIBILITY DUE

TO COHERENT ROTATION
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k=0, (B1)

ke =M2I2K . (B2)

When 6+0, the initial rotational susceptibility along the di-

rection of the field is given by

K= MS| [cosd sina cog ¢— B)—sind com]((‘j—e)

d(P> ]
dH '
H=0

To find the derivatives entering EGB3), we minimize the
free energy,

H=0

—siné sina sin(¢— B) (B3)

F=F,—MgH[cosf cosx+sinf sin acog¢—B)],
(B4)

with respect tof and ¢; then the necessary conditions of

minimum are derivated with respect tb, andH is set to
zero. Thus we get

d_H) =2D M cosf sina cog¢— B)—singd cosx],
H=0
(BS)
de B sina sin(B— ¢)
(m)H_O_Z 2Ms sing ’ (86

where we have taken into account thatit=0 the equilib-

rium is reached atgp=ml4+nm/2, where #F,/9699=0,

PF106°=1/(2D,), and &°F ,/dp®=(sirf6)/(2D,),
D,=[4K,(1—2sir? )+ 8K (3 sirf6—4 sirf )

+12K (5 sirf6—6 sirPa)] L, (B7)

D,=[32sirf§(K,+Kjsirfg)] 1. (B8)

Substituting Egs(B5) and (B6) into (B3), we arrive at the
following general answer:

2

2 . T N .
Kk, =2Mg) D4| cosd sina co Z+7_'3 —Sind cosx
. . T N
+DZS|n2a sir? Z'ﬁ‘?—ﬁ)] (B9)

4099
Finally, putting in Eq.(B9) a=0 and#/2, we get
Kk =2M2Dsir? 6, (B10)
2 o n
kr, =2MZ D,cog6 cog YR
+D,sir| T4 27 B11
23| Z 7_ﬁ ( )

The transverse susceptibility, appears to depend essentially
on the domain structure. Suppose that onlyrik€2 domains

are present. Then, for the principal directions in the basal
plane one has

B=0: K 109=MZ(D;c0€6+D,), (B12)
B=ml4:  Ky119=2MZD;c0S0, (B13)
B=ml2:  Kyo19=MZ(D1c0g0+Dy),  (BL4)
B=37l4:  K110)=2MZD5. (B15)

In thIS case, iﬂ:)z«Dl, then Kr[110]~2’<r[100]-
If now one assumes that the domains with1, 2, 3, and
4 are distributed equiprobably, then

n n 1
<sin2 ;+77T—,8)>:<cos’- ;+§—ﬁ)>=§

16)

and

Kr[100)= Kr[110= Kr1 = MZ(D;co$6+D,). (B17)

This settles the dispute between Refs. 4 and 11 on whether
Kr110) Should be twice as large as1o; OF equal to it. The
authors of the two works simply proceeded from different
assumptions. Our daté&ig. 1) indicate thaty;;1q= X100 €V-
erywhere except the neighborhood of the pdipt where
both susceptibilities are determined mainly by the shape of
the sample. As the latter was only approximately spherical,
the difference between;;q and xp;oq Observed neaf,
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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