can be used to determine the Hermitian components of
the diffusion tensor with the aid of the relation

Lt ngie’
(87t 07at e =—
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in the transformations that follow.

1p, M. Tomchuk and A. A, Chumak, Ukr. Fiz. Zh. 18, 1818
(1973).

2yu. L. Klimontovich, Kineticheskaya teoriya neideal’nogo
gaza i neideal’noi plazmy (Kinetic Theory of Nonideal Gas
and Nonideal Plasma), Nauka, Chap. 3, §18, 1975.

3P. M. Tomchuk and A. A. Chumak, Preprint No. 9, Phys. Inst.
Ukr. Acad. Sci., 1971.

4P, M. Tomchuk and A. A. Chumak, Phys. Tver. Tela (Lenin-

grad) 15, 1011 (1973) [Sov. Phys. Solid State 15, 697 (1973)].
5S. S. Rozhkov, Zh. Eksp. Teor. Fiz. 77, 170 (1979) [Sov. Phys.
JETP 50, 86 (1979)].

€A. A. Tarasenko and A. A. Chumak, ibid. 73, 625 (1977) [46,
327 (1977)].

’s. D. Beneslavskii and N. A. Polevaya, Fiz. Tverd. Tela
(Leningrad) 20, 2687 (1978) [Sov. Phys. Solid State 20, 1553
(1978)1.

8A. A. Zlobin and P. S. Zyryanov, Proc. Symp. on Plasma
Physics and Electric Instabilities in Solids, Vilnius, 1971.

%. S. Gantsevich, V. L. Gurevich, and R. Katilius, La Rivista
del Nuovo Cimento 2, 5 (1979).

Vg v, Gantsevich, V. L. Gurevich, and R. Katilius, Phys.
Cond. Matter 18, 165 (1974).

115h, M. Kogan and A. Ya. Shul’man, Fiz. Tverd. Tela (Lenin-
grad) 9, 2259 (1967) [Sov. Phys. Solid State 9, 1771 (1968)].

2y, A. Bareikis, A. P. Gal’dikas, and Yu. K. Pozhela, Fiz.
Tekh. Poluprovod. 11, 365 (1977) [Sov. Phys. Semicond. 11,
210 (1977)].

Translated by J. G. Adashko

Domain structure of uniaxial ferrimagnets with a
compensation point in strong magnetic fields

I. E. Dikshteln, F. V. Lisovskil, E. G. Mansvetova, V. V. Tarasenko, V. |., Shapovalov, and

V. l. Shcheglow

Institute of Radio Engineeing and Electronics, Academy of Sciences, USSR

(Submitted 6 November 1979)
Zh. Eksp. Teor. Fiz. 79, 509-527 (August 1980)

Results are presented of theoretical and experimental investigations of the domain structure of uniaxial
ferrimagnets of finite dimensions during second-order phase transitions in the vicinity of the magnetic

compensation point. The theoretical analysis is carried out for the magnetic-field range from zero to the “flip”
field of the magnetization vectors of the sublattices. Domains in fields above 100 kOe were observed on the
*“Solenoid” installation at the P.N. Lebedev Physical Institute of the Academy of Sciences, USSR.

PACS numbers: 75.50.Gg, 75.60.Ch

INTRODUCTION

Investigation of orientational second-order phase tran-
sitions induced in uniaxial magnetic materials by a
magnetic field H perpendicular to the axis of easy mag-
netization (AEM) is of great interest both for physics
and for applications. In theoretical papers':?devoted
to the analysis of the nucleation of a domain structure
in the vicinity of suchtransitions in plates of uniaxial
ferromagnets (with n|AEM, where n is the normal to
the plate surface), it was shown that because the static
susceptibility of the crystal increases on approach to
the phase-transition point (line), the effect of the de-
magnetizing field on the distribution of magnetization
within the plate is considerably enhanced. Neverthe-
less, in the vicinity of lines of second-order phase
transition the presence of a small parameter (the am-
plitude of the magnetization within a domain) makes it
possible to find all the parameters of the domain struc-
ture directly from the equations of state and the equa-
tions of magnetostatics, with allowance for the boundary
conditions on the magnetization and on the magnetic
field, without resorting to any model-type assump-
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tions. It should be noted that allowance for the non-
uniformity both along the length and along the thickness
of the plate is in principle important both for determin-
ation of the type of phase transition and for calculation
of the temperature and field dependences of the param-
eters that characterize the nonuniform state. In other
theoretical papers in this direction, the authors have
determined the limits of stability of the uniform mag-
netic state®™ and have also, on the basis of model re-
presentations of the nature of the nucleating domain
structure, similar to those of Ref. 7, calculated cer-
tain parameters of the structure. Obviously, accord-
ing to the considerations indicated above, thelast-men-
tioned results are correct only at a sufficient distance
from the transition point.

In the present paper, we carry out a theoretical and
experimental investigation of the domain structure of
uniaxial ferrimagnets with a compensation point. In
such magnets, as was first shown in Ref. 8 (seealso
Ref. 9), for an infinite medium a noncollinear state
originates at arbitrarily small fields; this shows up
especially clearly in the vicinity of the magnetic com-
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pensation point. Therefore allowance for noncollin-
earity of the magnetization vectors of the sublattices
is in principle necessary in analysis of the domain
structure near lines of second-order phase transition
in ferrimagnets when Hi AEM; this was not taken into
account in Refs. 10-16. In contrast to Ref. 17, the
theoretical treatment in the present paper relates to
the vicinity of lines of second-order phase transition,
separating regions of existence of the noncollinear
phase andof the high~ and low-temperature collinear
phases. It is shown that a thermodynamically stable
domain structure exists in strong magnetic fields, up
to the flipfield of the magnetization vectors of the sub-
lattices. The objects of experimental investigation
were quasiuniaxial epitaxial films of magnetic garnets,
in which a domain structure was observed in fields
above 100 kQe,

1. Theory

We consider a uniaxial ferrimagnet inthe formof a
plane-parallel plate of thickness I, with the AEM di-
rected along the normal n | e,to the developed surface,
in an external magnetic field H|je,. The free energy
of the plate, for a two-sublattice model of the magnet,
can be written in the form

P }' o[ 2o (VML) (VM) +OMAML—73, M M~ M, H—/MH, ], (1)

where 7 and j are the indices of the magnetic moments
of the sublattices, M=M, + M, is the resultant magne-
tization vector, «,, and ¢ are the constants of nonuni-
form and of uniform exchange interaction, respectively,
8;; are the anisotropy constants, Hj, is the dipole-di-
pole interaction field, and the integration extends over
the whole volume of the magnet V. In the vicinity of
points of phase transition of the second kind, the vec-
tors M, and M, are almost collinear with H, and IM,,|
and JM"I < IM, I'; therefore the free energy can be
expanded as a power series in M, and M, to the second
and fourth orders, respectively. We further transform
to the variables M and L=M, - M,. Then, minimizing
(1) with respectto L for given M, we write the effec-
tive free energy in the form

F..,=F+ jdv[‘/ga(V.ll:)-'%—‘,/'_,a(\’J[:)5~‘ oM} (2)
+ ' MAH DM 1/, MH, ],

where
a=aytoa (A) A =22’ AVA,,  a=ayta(B') /B —22/B'IB,.
a=—Ay+(4)/4,. a'=By—(B')B,.
b=Cy [ 1+ (A4") AL )1+20" (A" AL — 4D A 1A, [+ (A7) 4.,

’13:‘—‘1/:((‘&:1‘9‘21':'5'“:2)- ’11_211’:(’111“'2’11z+’13_'>-
OL,=1/';(OL“~(:4:3), -‘1,\1=B\1_l‘/;(§1;+2§5|;+}3;3). (3)
Bu=(AMM,) [ —8 (M, — M) +H. (M, +M.) .
CormCrm (32M M)~ [ — 6 (M — M)+ H, (M 4+ M) 1.
A =B (Bu—2BrFpe), Bom(AM L)~ (M ALY [—8 (L, +10,)+H.].
A =B =Y (31=p), D'=CGNIL) (M —M)[§(M +-11].

C'=3Cu—8(M M), D'=(32M, M) [§ (M — M) —H. (M=) .

In formulas (3), M, and M, are the projections of the
magnetic moments of the sublattices on the y axis for
the uniform state of the magnet; they may be either
positive or negative (to denote the modulus of these
projections, we shall use the index 0). The values of
M,, and M,, are functions of the temperature and of the
magnetic field. It follows from (2) that the problem
under consideration formally reduces to analogous
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problems concerning a phase transition in ferromag-
nets.?!

The condition for vanishing of the coefficient ¢ deter-
mines the equation that describes the lines of phase tran-
sition in an infinite crystal,

Ho="1.[8(M,+M,)+p,.M,
B M T, {6 (M M) (4)
—26[ (BosM,—BauMy) (M~ M)
4B M M, 1+ (B M, —BM.)¢
+4B,,°M M.} ",
To make the subsequent discussion specific, we sup-
pose that the ferrimagnet possesses a magnetic com-
pensation point and that at low temperatures (T < T,)
M\, < My, while at high temperatures (T = T,) M,,
> M,,. A typical phase diagram of a two-sublattice
uniaxial ferrimagnet for this case, first obtained in
Ref. 8, is shown in Fig. 1. The lines P @R, and
G,W,U,S,, which separate the regions of existence of
the low-temperature collinear phase (LTC) (M, ++ M,
t4 H), the noncollinear (NC) phase (M, nonparallel to
H, M, nonparallel to H), and the high-temperature col-
linear (HTC) phases (M, +4 M, 44 H below the dashed-
dotted line W /,, and M, ¢t M, ¢4 H above W [ ) are sim-
ultaneously lines of second-order phase transition in an
infinite crystal. It is evident that to each fixed value of
the temperature, there in general correspondthree cri-
tical values of the magnetic field intensity, Hg'' < Hg?
<H®, where

H =1 (BouM o+ BoaMn®—25 oM oMoo) (M —Mae) Y, (5)
Hn“):Ié (M —My)— (ﬁu"‘ﬁ:z—zﬁu)ﬂ[mMeu (Myo—-Man) 1, (6)
Ham'=5 (M +M)+ (ﬁ«1+ﬁzz_2ﬁ1z)M1uM:o (M, +Mo)-" (7)

The position of the points ¢, and U, of the diagram is
determined by the system of equations

Moo (TS B ) (1223, +820—2812) 6771

_ (%o, L) (@09
=M., (T, VH, ), (8)

I = (8" (ButBea—2810) "
2 (B Bua) 1Moo (T 1),
and that of the point W by the system of equations

(W) (Wa) Al (W)

My(Te . H, }=0, . Vl)=6luxu(]\frw“-,na ). (9)

The curve W/, in the diagram of Fig. 1, which cor-
responds to vanishing of the magnetization M,q by vir-

FIG. 1. Phase diagram of a uniaxial two-sublattice ferrimag-
net when H1 AEM.
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tue of the paraprocess, is not a line of phase transi-
tion.

In order to determine the form of the nonuniform dis-
tribution of the resultant magnetization in the vicinity
of the lines of phase transition of the second kind for
a specimen of finite dimensions (a plate of thickness
1), we shall carry out a minimjzation of (2) with re-
spect to M and shall solve the resulting equations of
state

Hpy'=a'M,, Hpy'=—aV'M,—aM+bM;} (10)

simultaneously with the equations of magnetostatics
for the field H
rot Hp=0, div (Hp+4aM)=0. (11)

From (10) and (11) we get the equation that describes
the spatial variation,

9 0*M, i*M.
e (a——2+aM.—bM}) —
> (a aM.—bM ) 4n 3

= =0.
0z*

(12)

z%

In the derivation of Eq. (12) we have restricted our-
selves to consideration of plates that are thick enough
so that the inequality a(1 +4n/a’)< [? is valid. In this
case the contribution of the surface solutions of Eq.
(12) to the total energy of the crystal may be neglected,
since their depth of penetration is proportional to a'/2
<<, and since the characteristic scale of the nonuni-
formity along the plate considerably exceeds the cor-
responding scale through its thickness (| BM‘/BzI

<« |8M_/ax1). In the approximation adopted, the bound-
ary conditions reduce to

AaMolicuie=(H )ilimar e (Ho)slimara=(H5" Vilimarse,  (13)

where H{¢ is the dipole field in a vacuum.

The solution of the nonlinear Eq. (12) with the bound-
ary conditions (13) simplifies considerably in the vicin-
ity of a line of phase transition. In fact, it was shown
in Ref. 1, on the basis of general considerations, that
in finite crystals the dipole energy does not change the
type of phase transition. Therefore on approach to
lines of second-order phase transition from the side of
the noncollinear phase (M, #0), the magnetization dis-
tribution approaches the form that is obtained by solu-
tion of Eq. (12) without the cubic nonlinear term:

M,=A cos kx cos qz, (14)

where k= 2r1/D is the reciprocal period of the domain
structure, and where g=n/l. Since for small depar-
tures from a phase-transition line the spatial distribu-
tion of the magnetization should not differ appreciably
from the distribution (14), we write the solution of Eq.
(12) in the form

M= 2;3"“.4:,,“ (2)cos (2n+1) kz, (15)

n=0

where A is a formal small parameter that determines
the degree of closeness to lines of phase transition in
the plate; thesein general differ from the lines of phase
transition in an infinite ferrimagnet. It isevident from
the expressions (14) and (15) that the magnetization dis-
tribution near lines of phase transition is significantly
nonuniform. It should be noted that the domain struc-
ture being studied is thermodynamically in equilibrium,
since it corresponds to an absolute minimum of the free
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energy of the ferrimagnet.

Using the method developed in Ref. 1 for ferromag-
nets, we find the period D of the domain structure,
the critical domain dimension D, and the amplitude
of the nonuniform component of the magnetization:

(1
M. (z=0;2=0) =*/5(Aa/b)",

D=:D,+ Aa, D = (4npal?)™,
6n*
where
p=1i+én/a’, Aa=a— (4n’a/pl?)". 1mn

The lines of phase transition of the secondkind for a
ferrimagnetic plate of thickness I, which bound the re-
gions of existence of the states of uniform magnetiza-
tionand of nonuniform (witha domain structure), are
denoted by the letters PQR and SUWG in the diagram of
Fig. 1. They are located in the region of noncollinear-
ity of the magnetization vectors of the magnetic sub-
lattices near the lines of second-order phase transition,
P,Q.R, and S,U,W,G,, for an infinite medium, The dis-
placement of the position of the lines of phase transition
because of finite dimensions of the magnet, for speci-
mens in the form of plates, is inversely proportional
to I:

4nt: ,
11“'=H0“ - l:’" (oo M ot otaeMog* =20 M M 5)
w270 ( MM,
He =g+ { 920 [ (Bay—Brz) M
) 5l M:o—Mw[(ﬁ.z Bi2) Mz

Y2
i(pu‘ﬂiz)Mlo]((lu+(lzz—2a12) } )

where
p,=1"|'4.ﬂ (M,o—Mzo) 2(pnMxoz+pzzMzoz—2312*”101”20) -

It is seen that in the upper part of the diagram, the dis-
placement of the lines of second-order phase transition
with respect to the field, in a plate of finite thickness,

is smaller than in the lower part by a factor 67'(maxs;,).

At point @ of the diagram,

B ta—20, 1%
ATQO=T@_T (m___i(T W) _p @ [ A1y ] ,
R B e )

4 f2
AHO=HO—H® =My~ (+ tar—200) .

3

In the vicninity of line P@ in Fig, 1,

Du(“‘= { 4nl2?1|M102+azzlwzuz—‘2anztugaMzo [ 1

(M0~ Ms0)? (18a)
431: vilwu)—ﬂ{zo) 2 ] }‘/'
BuM o>+ BoeMao®—2p12M 1Mo '
4 2(HW—H) (Myo—My)* 1%
Mo 5=00= 5 [ G g ) (18b)
Near the point @ we have
totp—2a, 1
DC(Q)z 4nSl Oyy T Qg2 12
[ 4 p“+pn—zp,,] (192)
4 |H-HW@
M,(z=0; z=0)=—’;—|——-l—. (19b)
3¥5 [}
For the lines QR and GW we get, respectively,
2,3 (Mm¥1‘”20)2(“A|+azz_2aw) “
D. @9+ § gns2 (203
{ T [(ﬁzz"‘ﬁlz)Mzoi(Bu_plz)ﬂlm]z} ’ )
e __i (B2Z_ﬁl2)M20i(BH_BiZ)MW £ M Moy (H—H?) 1%
M (z=0; 2=0)=5- MM, [ 8 (MuTM.0) ] ‘
(20b)
Dikshtein et al. 258



In formulas (18b), (19b), and (20b), H%’ (i=1,2,3,Q,
or W) represents the transition field for a magnet in
the form of a plate of finite thickness. Analogous for-
mulas can also be obtained for lines of the phase dia-
gram when T>T,.

The dependence of the domain dimension on the mag-
netic field intensity is described by an expression of
the form

D@=D. +C|(H/H")—11+C,| (H/HD)—1]?, (21)

where C, and C, are constants, dependent on the tem-
perature and on the plate parameters (C, and C, are
quantities of the same order everywhere except in the
vicinity of the points @,, U,, and W,, where C, = 0).
The value of D’ increases with increase of the mag-
netic field intensity; and in the upper part of the dia-
gram of Fig. 1, Dc‘“ is larger than in the lower by a
factor of about {d(masBu)"}”z. Therefore experimen-
tal detection of domain structure in the vicinity of lines
of second-order phase transition in strong magnetic
fields is facilitated in materials with strong anisotropy
and with weakened exchange interaction.

2. Experiment

In the experiments, we investigated epitaxial films
of magnetic garnets (YGdYbBi),(FeAl),0,,, of thickness
5-15 um, grown on substrates of Gd,Ga,O,, cut in a
{111} plane. The domain structure of the films was ob-
served in polarized light, by means of a microscope,
on the basis of the Faraday effect. The films, ina
thermostat, were placed in a magnetic field directed
approximately parallel to the developed plane (along
the axis y in Fig. 2); the light was propagated along
the axis z. The anisotropy of films of magnetic gar-
nets differs from uniaxial (cubic and rhombic compon-
ents are also present; see, for example, Refs. 13 and
18); therefore a second-order phase transition, for a
chosen position of the film with respect to azimuth (¢
=const),occurs within a narrow interval of angles ¢ be-
tween H and the developed surface of the film (in gen-
eral ¢ #0). The source of the magnetic field was an
electromagnet of the “Solenoid” installation of the
P.N. Lebedev Physical Institute of the Academy of
Sciences, USSR, which enabled us to perform the ex-

periments in stationary magnetic fields up to 150 kQe.'®

The results of the experiments are shown in Figs. 3
and 4 for one of the films investigated, of thickness
~5 um, with compensation point 7,~310 K and Curie

z

atifin]

FIG. 2. Geometry of the experiment.
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FIG. 3. Variation of the period D of the domain structure with

the biasing field H in a film of (YGdYbBi)3(FeAl);0y, of thick-
ness 5 um, at T=212 K.

temperature T, ~420 K. The AEM in the film was in-
clined to the normal (the {111} axis) at an angle ~1°;
the uniaxial anisotropy field, at any temperature 0
<T<T,, exceeded the saturation magnetization 47M,
and therefore the domain structure that existed in the
film was of the “open” type.2° At H=0, within the
temperature intervals T< 250 K and 375 K< 7'< 420 K,
an ordinary maze domain structure was observed in
the film. With increase of the magnetic field, which
was so orientedthat the disappearance of the domain
occurred via a second-order phase transition, the per-
iod of the domain structure decreased accordingto a
linear law (see Fig. 3); at the instant of disappearance
of the Faraday constant between domains with opposite
signs of M,, the period D=D, remained finite. Near
the compensation point 7, when H =0, a single-domain
interval.?"?? was observed (250 K< T< 375 K); but
with increase of H, a domain structure originated
anew!’ near the critical values of the magnetic field
H=H, (see Fig. 4). In Fig. 4 are ploited the tempera-
ture variations of the critical field H, and of the reci-
procal critical dimension D;' of the domains in zero
field. It is evident that the form of the H,(T) curves
agrees well with the form of the branches PQ and SU
in the theoretical diagram of Fig. 1. With approach
to the compensation point, D, and H, increase; the
single-domain interval with respect to “high-field” do-
mains is 290 K< 7'< 335 K. For T<290 K, coarsedo-
mains (D,=100 um) were observed at magnetic field
strength H, ~110 kOe.

For observation of a domain structure in strong mag-
netic fields, it is necessary carefully to maintain the
conditions necessary for occurrence of a second-order
phase transition (or of a first-order transition close to
it). For chosen values of the temperature 7 and of the
angle ¢, this takes place only within a very narrowin-

#,kOe,mm~1
130 - 300

100 \ 200+ -1 ~
\? 4, X{ Dtl

opml AN / Y,

200 254 4 Jst wy
T.K

FIG. 4. Temperature variation of the inverse period D;?! of
the domain structure in zero field, of the inverse critical
period D! of the domain structure, and of the critical field
Hy, in a film of (YGdYbBi)3(FeAl);Oy, of thickness 5 um.
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terval (s1°) of variation of the angles ¥ of inclination
of the film and of the magnetic field intensity H. Within
the permissible interval of variation of the angle ¢,
there is a certain critical value y, for which the field
for vanishing of the domain structure is a maximum

(it is this field that was taken as H, in Fig. 4). At
H=H, the Faraday constant between domains vanishes;
the width of the magnetic-field interval for existence
of these domains is a maximum. On departure from
the critical value ¢,, the transition field decreases
abruptly; the process of disappearance of domains
acquires a tendency to proceed by squeezing out of one
phase by the other, and the Faraday constant between
neighboring domains persists up to the transition point
itself.?’ At appreciable departures of ¢ from ¥, (>1°),
a domain structure is not observed at all, and increase
of the field leads only to a replacement of one phase by
the other by motion of the interphase houndaries. On
change of T or ¢ or both, the values of §, and H, also
change; this is due to the different temperature depen-
dences of the constants of uniaxial, rhombic, and cubic
anisotropy.

It is known that many-sublattice magnetic materials
have the capacity to form a thermodynamically stable
domain structure in strong magnetic fields, up to the
“flip” field of the magnetization vectors of the sublat-
tices (~10° Oe).2673%9 In the experiments performed, a
domain structure in uniaxial ferrimagnets in strong
magnetic fields was observed during second-order
phase transitions of the second kind, which are not
accompanied by a jump of the resultant magnetization.
Thus in many-sublattice magnets, the presence of a
first-order transition is not a necessary condition for
existence of a domain structure.

The authors express their gratitude to V.G. Veselago,
V.E. Makhotkin, and L.P. Maksimov for help in the
organization and conduct of the experiments on the
“Solenoid” installation, and to I.G. Avaeva for growing
the films.

DIn Ref. 23 it was shown that in an ideal crystal in the form of
an infinite plate, there is no single-domain interval, but the
domain dimension increases without limit on approach to the
compensation point. But in practice, near T. there is always
either a single-domain interval (if the specimen is subjected
to magnetic “shaking”; see, for example, Ref. 22) or (in the
absence of magnetic “shaking”) a temperature interval within
which the domain dimension remains unchanged. This is
due to the fact that because of the abrupt decrease of the
magnetostatic energy (M —0) near T., the role of the coer-
cive force increases greatly, and it prevents the establish-
ment of a thermodynamic-equilibrium domain structure in
real crystals.

DWe note that in epitaxial films of magnetic garnets, layers
are often observed that differ in their parameters (for ex-
ample, in the compensation temperatureu); therefore the
possibility is not excluded that the domains observed in
strong magnetic fields are ones that do not run all the way
through (see Ref. 25).
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