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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. 
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INTRODUCTION t ions. It should b e  noted that allowance f o r  the non- 

Investigation of orientational second-order  phase t ran-  
sitions induced in uniaxial magnetic mate r ia l s  by a 
magnetic field H perpendicular to  the ax i s  of easy mag- 
netization (AEM) i s  of g rea t  in te res t  both f o r  physics 
and for  applications. In theoret ical  papers' . '  devoted 
to the analysis  of the nucleation of a domain s t ruc ture  
in the vicinity of such t rans i t ions  in  plates  of uniaxial 
ferromagnets  (with ~ I I A E M ,  where n i s  the normal  to 
the plate sur face) ,  i t  was  shown that because the s tat ic  
susceptibility of the c rys ta l  increases  on approach to 
the phase-transition point (line), the effect of the de- 
magnetizing field on the distribution of magnetization 
within the plate i s  considerably enhanced. Neverthe- 
l e s s ,  in the vicinity of l ines  of second-order  phase 

uniformity hoth along the length and along the thickness  
of the plate  i s  in  principle important  both for  determin-  
ation of the type ofphase  t ransi t ion and for calculation 
of the t empera ture  and field dependences of the p a r a m -  
e t e r s  that  charac te r ize  the nonuniform state .  In o ther  
theoret ical  papers  in th i s  direct ion,  the au thors  have 
determined the l imi t s  of stability of the  uniform mag- 
netic ~ t a t e ~ - ~  and have a l so ,  on the  b a s i s  of model re- 
presentat ions of the nature of the nucleating domain 
s t ruc ture ,  s i m i l a r  to  those of Ref. 7, calculated cer- 
tain p a r a m e t e r s  of the s t ruc ture .  Obviously, accord-  
ing to the considerat ions indicated above, the  last-men- 
tioned r e s u l t s  are c o r r e c t  only a t  a sufficient distance 
f rom the t ransi t ion point. 

t ransi t ion the presence  of a s m a l l  p a r a m e t e r t h e  a m -  In the presen t  paper ,  we c a r r y  out a theoret ical  and 
plitude of the magnetization within a domain) makes it  experimental  investigation of the domain s t r u c t u r e  of 
possible  to  find a l l t h e  p a r a m e t e r s  of the domain s t r u c -  uniaxial fe r r imagne ts  with a compensation point. In 
t u r e  direct ly  f r o m  the equations of s t a t e  and the equa- such  magnets ,  as was  f i r s t  shown in Ref. 8 ( see  a l so  
tions of magnetostat ics ,  with allowance f o r  the boundary Ref. 9), for a n  infinite medium a noncollinear s t a t e  
conditions on the magnetization and on the magnetic or iginates  a t  a rb i t ra r i ly  s m a l l  f ie lds;  this  shows up 
field, without resor t ing  to any model-type assump- especially clear ly 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 
i s  in principle necessary in analysis of the domain 
structure near lines of second-order phase transition 
in ferrimagnetswhen H I  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 i s  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 kOe. 

I 1. Theory 

We consider a uniaxial ferrimagnet in the form of a 
plane-parallel plate of thickness 1, with the AEM di- 
rected along the normal n 1) e,to the developed surface, 
in an external magnetic field H 11 e,. The f ree  energy 
of the plate, for  a two-sublattice model of the magnet, 
can be written in the form 

where i and j a r e  the indices of the magnetic moments 
of the sublattices, M= M, + M, i s  the resultant magne- 
tization vector,  ai j  and 6 a r e  the constants of nonuni- 
form and of uniform exchange interaction, respectively, 
B i j  a r e  the anisotropy constants, H, i s  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, a r e  almost  collinear with H, and l MJx I 
and I M,, I << I Mi I ; therefore the f ree  energy can be 
expanded a s  a power s e r i e s  in Mix and iMf, to the second 
and fourth orders ,  respectively. We further transform 
to the variables M and L = MI - M,. Then, minimizing 
(1) with respectto L for given M, we write the effec- 
tive free energy in the form 

where 
r*=~, ,+r*,(A')~/A,'- l )~l .4':  AL* o=z,,+c*~(B')'/B~~-~~L'B'IB~. 

n=-A,,+(.4')'/.4,, n'=B,,-(B')2/B,. 
h=C,,[ I+(.4')'/A,']+2C'(.4')2/.4L'-4D'A'/.-l~[l+ ( . 4 ' ) ' / A r Z ] .  

z, ,= ' / , (~ ; ,+2r* .?~t~~~) .  z L = ' , ' , ~ z l , - 2 ~ 1 2 + z : ~ ~ .  
a ' = ' / , ( a , , - ~ . ~ ) .  .~l,r=B,r-",(jj,,t.)lj124~i2). (3) 
B , ( =  (421!,.t12)-'[-6 (.lIj-.lJ~)2+l~,,(L~Ii+!l12) I. 

C ~ , = C ~ = ( : ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ ~ ) - ~ [ - ~ ( . I ~ , - - . I I ~ ~ ) ~ + H , , ( ~ ~ I , ~ + . ~ I : ~ )  I .  
~ , = ~ ~ - ' / , ( p , , - 2 p , ~ + a , , ) ,  B ~ = (  ~ . ) I , . I J ~ ) - ~ ( . I I , + . ~ I ~ )  [ - f i ( . ~ I , t . 1 r ~ ) + r r , , i .  

,l'=B'Ll/ I , ? , , - J > ~ ) ,  B~=(~I~,.~I.)-~(.II,-.I~~)[~:(.I~,+.~/~~-I~~I. 

C1=3C,,-6 ( M , M , ) - ' ,  Df= (32.1~,~.1/:')~'[6(.11,~-~1~~) - I f , ,  (.11i'-.V23) I .  

In formulas (3) ,  MI and M, a r e  the projections of the 
magnetic moments of the sublattices on the y axis for  
the uniform state of the magnet; they may be ei ther  
positive o r  negative (to denote the modulus of these 
projections, we shall use the index 0). The values of 
MI, and M,, a r e  functions of the temperature and of the 
magnetic field. It follows from (2) that the problem 
under consideration formally reduces to analogous 

257 Sov. Phys. JETP 52(2), Aug. 1980 

problems concerning a phase transition in ferromag- 
nets. 

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

To make the subsequent discussion specific, we sup- 
pose that the ferrimagnet possesses a magnetic com- 
pensation point and that a t  low temperatures (T 2 T,) 
M,, < M,,, while a t  high temperatures (T 2 Tc) MI, 
> M,,. A typical phase diagram of a two-sublattice 
uniaxial ferrimagnet for  this case ,  f i r s t  obtained in 
Ref. 8,  i s  shown in Fig. 1. The lines P0Q&, and 
G,W,U,S,, which separate the regions of existence of 
the low-temperature collinear phase (LTC) (MI t t M, 
t t  H), the noncollinear (NC) phase (M, nonparallel to 
H, M, nonparallel to H), and the high-temperature col- 
linear (HTC) phases (M, + t MI t t H below the dashed- 
dotted line Wd,, and M, t t M, t t  H above WJ,)  a r e  sim- 
ultaneously lines of second-order phase transition in an  
infinite crystal. It i s  evident that to each fixed value of 
the temperature, there in general correspond three cr i -  
tical values of the magnetic field intensity, Hf'< H?' 
< H:', where 

~ t " = l  (fit,M,,'+p,,M1,~-2~,LJIiOM20) (M,,-Man)- 'I ,  (5) 

The position of thepoints Q, and U, of the diagram i s  
determined by the system of equations 

and that of the point W by the system of equations 
( T F ~ ~  (no) ( 5 1  U, 

M ( 1  I 0 ,  H:" ' = R M , , ( T ,  ,II:"") (9) 

The curve WJ, in the diagram of Fig. 1, which cor-  
responds to vanishing of the magnetization r\/l,, by vir-  

+ 
Gal -fuJ - wJ 

- 0,)" ,/, r W I  

FIG. 1. Phase diagram of a unias~al twc-sublattice ferrimag- 
net when H I  AEM. 



tue of the paraprocess,  i s  not a line of phase transi- 
tion. 

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

HDT=a'M,, HDZ=-aVzJV1,-aM,+bMZ3 (10) 

simultaneously with the equations of magnetostatics 
for the field H, 

rot HD=O. dir  (HD+4nM) =O. (11) 

From (10) and (1 l )we get the equation that describes 
the spatial variation, 

In the derivation of Eq. (12) we have restr icted our- 
selves to consideration of plates that a r e  thick enough 
so  that the inequality a ( 1  + 47r/af) << 1' i s  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 i s  proportional to ffl" 
<< 1, and since the characteristic scale of the nonuni- 
formity along the plate considerably exceeds the cor-  
responding scale through i ts  thickness (I a ~ , / a z  I 
<< I aMx/ax I ). In the approximation adopted, the bound- 
ary  conditions reduce to 

where H?' i s  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 E  + 01, the magnetization dis- 
tribution approaches the form that i s  obtained by solu- 
tion of Eq. (12) without the cubic nonlinear te rm:  

M,=A cos kx 1.0s qz. (14) 

where k = 2 n / ~  i s  the reciprocal period of the domain 
structure,  and where q = n/l. Since for smal l  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 

where h i s  a formal small  parameter that determines 
the degree of closeness to lines of phase transition in 
the plate; these in general differ from the lines of phase 
transition in an infinite ferrimagnet. It i s  evident from 
the expressions (14) and (15) that the magnetizationdis- 
tribution near lines of phase transition i s  significantly 
nonuniform. It should be noted that the domain struc- 
ture  being studied i s  thermodynamically in equilibrium, 
since it corresponds to an absolute minimum of thef ree  

energy of the ferrimagnet. 

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

1 (1 6) 
D-D, + - Aa. D,= (4npa12)"' ,  .kf, (x=O; z=O) ='/, ( A a i b )  '., 

1Gn' 
where 

p=1+4n/a1, Aa=a- (4nb/p12) '" .  

The lines of phase transition of the secondkind for a 
ferrimagnetic plate of thickness I ,  which bound the r e -  
gions of existence of the states of uniform magnetiza- 
tion and of nonuniform (with a domain structure),  a r e  
denoted by the let ters  PQR and SUWG in the diagram of 
Fig. 1. They a r e  located in the region of noncollinear- 
ity of the magnetization vectors of the magnetic sub- 
lattices near the lines of second-order phase transition, 
P0Q&, and SoU,WoGo, 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, i s  inversely proportional 
to I :  

where 
~=~+4n(M~~-M~~)~(fi,~M,,Z+p,,M,,~-2~,~M~~fif~~)-~. 

It i s  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, 
i s  smaller  than in the lower part  by a factor 6-'(maxpi,). 

At point Q of the diagram, 

In the vicninity of line P Q  in Fig. 1, 

4n{Y,,-M,,) +.- 1)" 
p,iM,oZ+B,2MzoZ-2fitzMioMZo ' 

Near the point Q we have 

For the lines QR and GW we get, respectively, 
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In fo rmulas  (18b), (19b), and (20b), H"' ( i=1 ,2 ,3 ,Q,  
o r  W )  represen ts  the t ransi t ion field f o r  a magnet in  
the fo rm of a plate  of finite thickness. Analogous for-  
mulas  can a l so  be obtained f o r  l ines  of the phase dia- 
g r a m  when T > T,. 

The dependence of the domain dimension on the mag- 
netic field intensity i s  descr ibed by a n  expression of 
the  form 

where C, and C, a r e  constants ,  dependent on the tem- 
pera ture  and on the plate  p a r a m e t e r s  (C, and C, a r e  
quantities of the s a m e  o r d e r  everywhere except i n  the 
vicinity of the points Q,,  U,, and IV,, where  C, - 0).  
The value of D:' inc reases  with increase  of the mag- 
netic field intensity; and in the upper p a r t  of the dia- 
g r a m  of Fig. l ,  D:' i s  l a r g e r  than in the lower by a 
factor  of about {d(ma~P,,)-'}"~. Therefore  experimen- 
ta l  detection of domain s t r u c t u r e  in the vicinity of lines 
of second-order  phase t ransi t ion in s t rong  magnetic 
fields i s  facilitated in mate r ia l s  with s t rong  anisotropy 
and with weakened exchange interaction. 

2. Experiment 

In the experiments ,  we investigated epitaxial f i lms 
of magnetic garnets  (YGdYbBi),(FeAl),O,,, of thickness 
5-15 fim, grown on  s u b s t r a t e s  of Gd,Ga,O,, cut  in a 
{ I l l }  plane. The domain s t r u c t u r e  of the f i lms  was ob- 
se rved  in polar ized light, by means  of a microscope,  
on the bas i s  of the Faraday effect. The f i lms ,  in a 
thermostat ,  were  placed in a magnetic field directed 
approximately paral le l  to the developed plane (along 
the ax i s  y in Fig. 2);  the light w a s  propagated along 
the ax i s  z .  The anisotropy of f i lms of magnetic g a r -  
nets  differs  f rom uniaxial (cubic and rhombic compon- 
ents  a r e  a l s o  present ;  s e e ,  fo r  example,  Refs. 13 and 
18) -  therefore a second-order  phase t ransi t ion,  f o r  a 
chosen position of the f i lm with respect  to azimuth ( c p  
=cons t ) ,occurs  within a narrow interval  of angles  II be-  
tween H and the developed sur face  of the f i lm (in gen- 
e r a l  (1 + O ) .  The source  of the magnetlc field was  a n  
electromagnet of the "Solenoid" installation of the 
P . N .  Lebedev Physical  Institute of the Academy of 
Sciences,  USSR, which enabled u s  to per form the ex- 
periments  in stationary magnetic f ie lds  up to 150 kOe.19 

The resu l t s  of the experiments  a r e  shown in Figs.  3 
and 4 for  one of the f i lms investigated, of thickness 
-5 pm, with compensation point Tc - 310 K and Cur ie  

FIG. 2 .  Geometry of the experiment. 

FIG. 3 .  Variation of the period D of the domain structure with 
the biasing field H in a film of (YGdYbBi)3(FeAl)50,2 of thick- 
ness 5 km, a t  T = 212 K.  

t empera ture  T, a 4 2 0  K. The AEM in the film w a s  in- 
clined to the normal  (the { I l l }  ax i s )  a t  a n  angle -lo; 
the uniaxial anisotropy field, a t  any temperature 0 
< 2'< T,, exceeded the saturat ion magnetization 4nM, 
and therefore the domain s t ruc ture  that  existed in the 
film was of the "open" type. 20 At H = 0 ,  within the 
tempera ture  intervals  T 250 K and 375 K <  1'< 420 K, 
a n  ordinary maze  domain s t r u c t u r e  was observed in 
the film. With increase  of the magnetic field, which 
was  s o  oriented that the disappearance of the domain 
occur red  via a second-order  phase t ransi t ion,  the p e r -  
iod of the domain s t r u c t u r e  decreased  according to a 
l inear  law (see  Fig. 3 ) ;  a t  the instant of disappearance 
of the Faraday constant between domains with opposite 
s igns of A!=, the period D =  Dc remained finite. Near  
the compensation point Tc when H = 0 ,  a single-domain 
i n t e r ~ a l . ~ ' . ~ ~  was  observed (250 K c  T <  375 K); but 
with increase  of H,  a domain s t r u c t u r e  originated 
anew" near  the c r i t i ca l  values of the magnetic field 
H = HI ( see  Fig. 4).  In Fig. 4 a r e  plotted the tempera-  
t u r e  variat ions of the c r i t i ca l  field H, and of the reci-  
p roca l  c r i t i ca l  dimension Dil  of the domains in z e r o  
field. It i s  evident that the form of the H,(T) curves  
a g r e e s  well with the fo rm of the  branches PQ and S U  
in the theoretical diagram of Fig. 1. With approach 
to the compensation point, Dc and HI increase ;  the 
single-domain interval  with respect  to "high-field" do- 
mains i s  290 K <  T < 335 K. F o r  T S 2 9 0  K, c o a r s e  do- 
mains (Dc= 100 p m )  were  observed a t  magnetic field 
s t rength H, - 110 kOe. 

F o r  observation of a domain s t ruc ture  in s t rong  mag- 
netic f ie lds ,  i t  i s  necessary  carefully to maintain the 
conditions necessary  for  occur rence  of a second-order 
phase transition (or  of a f i r s t -o rder  transition close to  
it) .  F o r  chosen values of the t empera ture  T and of the 
angle cp, this  takes place only within a very narrow in- 

FIG. 4. Temperature variation of the inverse period D;' of 
the domain structure in zero field, of the inverse critical 
period DF' of the domain structure, and of the critical field 
HI, in a film of (YGdYbBi)S(FeAl),0,2 of thickness 5 pm. 
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t e r v a l  (21") of va r i a t ion  of the  ang les  # of incl inat ion 
of the f i lm  a n d  of the  magne t i c  f ie ld  in tens i ty  H. Within 

t h e  p e r m i s s i b l e  i n t e r v a l  of va r i a t ion  of the  ang le  q!~, 
t h e r e  i s  a c e r t a i n  c r i t i c a l  va lue  #, f o r  which the  f ie ld  
f o r  vanishing of the  domain  s t r u c t u r e  i s  a m a x i m u m  
(it i s  t h i s  f ie ld  that  w a s  taken as H ,  in F ig .  4). At 

H = HI the  F a r a d a y  cons tan t  between d o m a i n s  van i shes ;  
t h e  width of the magnet ic- f ie ld  in t e rva l  f o r  ex i s t ence  
of t h e s e  domains  i s  a maximum. On d e p a r t u r e  f r o m  

the  c r i t i c a l  va lue  qc, t h e  t r ans i t i on  f ie ld  d e c r e a s e s  
abrupt ly ;  the  p r o c e s s  of d i sappea rance  of domains  
a c q u i r e s  a tendency to p r o c e e d  by squeez ing  out of o n e  
p h a s e  by the  o t h e r ,  and  the  F a r a d a y  constant  between 
neighbor ing domains  p e r s i s t s  up  to  the  t r ans i t i on  point  
i t se l f .  '' At apprec iab le  d e p a r t u r e s  of JI f r o m  #, (>lo), 
a domain s t r u c t u r e  i s  not o b s e r v e d  at all, and  i n c r e a s e  
of t he  f ie ld  l e a d s  only to a rep lacemen t  of o n e  p h a s e  by  
the  o t h e r  by mot ion of the  i n t e r p h a s e  boundar ies .  On 

change of T or cp or  both ,  the  va lues  of J,C a n d  H ,  also 
change;  t h i s  is due t o  the  d i f ferent  t e m p e r a t u r e  depen-  
dences  of the  cons tan t s  of uniaxia l ,  rhombic ,  a n d  cubic  
an i so t ropy .  

It i s  known that  many-subla t t ice  magne t i c  materials 
have the  capac i ty  to f o r m  a the rmodynamica l ly  s t ab le  
domain  s t r u c t u r e  in  s t r o n g  magnet ic  f i e lds ,  up to  the  
"flip" f i e ld  of t h e  magnet iza t ion v e c t o r s  of t h e  sub la t -  
t i c e s  (-lo6 Oe).  26-3039 In the  e x p e r i m e n t s  p e r f o r m e d ,  a 
domain s t r u c t u r e  in  uniaxia l  f e r r i m a g n e t s  in  s t r o n g  
magnet ic  f i e lds  w a s  o b s e r v e d  dur ing second-o rde r  
p h a s e  t r ans i t i ons  of t he  second  kind, which are not 
accompan ied  by  a jump of the  r e su l t an t  magnet iza t ion.  
T h u s  in  many-subla t t ice  m a g n e t s ,  t h e  p r e s e n c e  of a 
f i r s t - o r d e r - t r a n s i t i o n  i s  not a n e c e s s a r y  condition f o r  
ex i s t ence  of a domain s t r u c t u r e .  

T h e  a u t h o r s  express t h e i r  g ra t i t ude  to V. G. Vese lago ,  
V. E . Makhotkin,  a n d  L. P. Maksimov f o r  he lp  in  the  
organizat ion and  conduct  of t he  e x p e r i m e n t s  on  the  
"Solenoid" ins ta l la t ion,  a n d  to I. G o  Avaeva f o r  growing 
the  f i l m s .  

')1n Ref. 23 i t  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 i s  always 
either a single-domain interval (if the specimen is  subjected 
to magnetic "shaking"; see,  for example, Ref. 22) o r  (in the 
absence of magnetic "shaking") a temperature interval within 
which the domain dimension remains unchanged. This i s  
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.  

')we note that in epitaxial films of magnetic garnets, layers 
a r e  often observed that differ in their parameters (for ex- 
ample, in the compensation temperaturez4); therefore the 
possibility is  not excluded that the domains observed in 
strong magnetic fields a r e  ones that do not run a l l  the way 
through (see Ref. 25). 
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