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Orientational phase transitions in the vicinity of the Curie 
point in terbium-gadolinium alloys 

S. A. Nikitin, A. S. Andreenko, A. K. Zvezdin, and A. F. Popkov 
Moscow State University 
(Submitted 19 December 1978) 
Zh. Eksp. Teor. Fi. 76, 2158-2165 (June 1979) 

By measurements of the magnetization and of the magnetocaloric effect in monocrystals of the rare-earth 
alloys Tb,Gd,-, (x <0.94) along various crystallographic directions, it is shown that in the region of the 
Curie temperature, in a magnetic field directed along an axis of diffcult magnetization, a magnetic phase 
transition of the spin-reorientation type occurs in an anisotropic ferromagnet. The experimental results 
are discussed on the basis of Landau's thermodynamic theory of phase transitions. By means of the 
Ginzburg-Levanyuk criterion, the theory is shown to be applicable over a quite broad temperature 
interval near the Curie point. 

PACS numbers: 75.30.Kz, 75.30.Cr, 75.30.Sg. 75.50.C~ 

In the study of magnetic phase transitions a t  the Curie 
point (of the order-disorder type), use  i s  often made of 
Landau's theory of phase transitions of second order.' 
On the basis  of it ,  there exists for an isotropic magnet- 
ic material a well developed thermodynamic-coefficient 
procedure2 that enables one to determine the spontaneous 
magnetization o,(T) and also the Curie point 8. 

But in a strongly anisotropic ferromagnet in the pre- 
sence of a magnetic field, there is a possibility, in the 

of phenomena of the reorientation type on phase transi- 
tions in the Curie-point region of a uniaxial magnetic 
material. The experimental investigations were  made 
on Tb,Gd,, alloys with various contents of gadolinium 
(x < 0.94). These compounds are solid solutions and 
provide a typical example of a strongly anisotropic uni- 
axial ferromagnetic crystal. They have a hexagonal 
s tructure,  with the axis  of hard magnetization along the 
hexagonal axis c. 

temperature range T < f3 below the Curie point, of re-  
The technology of growing monocrystalline terbium- 

orientation phenomena, which may produce changes in 
gadolinium alloys and the monitoring of their quality 

the phase-transition picure near W and, accordingly, 
have been described earlier.5 

may lead to a change of the physical properties of the 
magnet. Here the order parameter  in the theory of a 
phase transition i s ,  in contrast to the isotropic case,  
multicomponent. The effect of the anisotropy of the fer-  
romagnet manifests itself in the fact that the vanishing 
of the thermodynamic coefficients of the second-order 
t e rms  in the expansion of the thermodynamic potential 
will occur a t  different temperatures for  different com- 
ponents. This, in particular, may lead to anisotropy of 
the paramagnetic Curie 

The literature6 contains information about the investi- 
gation of the magnetic properties of gadolinium in a 
magnetic field directed along the axes of easy and of 
hard magnetization. Gadolinium, however, has a mag- 
netic anisotropy two orders  of magnitude smal ler  than 
the anisotropy of heavy rare-ear th  metals. Therefore 
Tb,Gd,, alloys a r e  of considerable interest, s ince no 
investigation has hitherto been made of high-anisotropy 
ferromagnets, near the Curie point, in a magnetic field 

The present paper is devoted to study of the influence directed along the axis of hard magnetization. 
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FIG. 1. Variation of the magnetocaloric effect with field in 
the alloy Tb0.09Gd0.91, in a field applied along the hexagonal 
axis c (solid curve) and along the axis b (dotted curve), in the 
region of the Curie temperature. 

In the present work, measurements were made of the 
magnetization and of the magnetocaloric effect in fields 
along the c axis and in the basal  plane. It should be  
noted that the magnetocaloric effect i s  very informative 
in the study of magnetic phase transitions, s ince i t  i s  
very sensitive to changes of the magnetic structure.? 
This effect occurs during any changes of the entropy of 
the magnetic subsystem, and in a number of cases  a re-  
versa l  of the sign of the effect i s  observed when the 
character  of the magnetic ordering changes.' 

The curves in Fig. 1 show the variation of the magnet- 
ocaloric effect (AT effect) with magnetic field for  the 
alloy Tbo.ogGdo.,, near the Curie point, for  the cases  in 
which the field is directed along axes b and c. The AT(H) 
curves for the b axis have the character  that i s  usual for  
ferromagnets: A T  > 0, and the magnetocaloric effect in- 
c reases  monotonically with the field. On the AT(H) 
curves along the c axis, the absolute value of the AT ef- 
fect increases in weak fields, where AT <O. But begin- 
ning with a certain threshold field Hm i s  ze ro  a t  the 
Curie point (determined from measurements of the mag- 
netization in a field directed in the basal  plane). Below 
8, the field Hth increases sharply in magnitude (Fig. 2). 

FIG. 2. Theoretical and experimental relations Ht,(T) for the 
alloys Tbo,50Gdo.50 (Curve 11, Tbo.20Gdo.80 (Curve 21, and 
Tbo.09Gdo.a (Curve 3). The dark points were obtained from 
measurements of the magnetization, the light points from mea- 
surements of the AT effect. 

FIG. 3. Temperature variations of the magnetization in a 
field applied along the c axis, with H = 1.7  kOe (Curve l ) ,  
8 kOe (Curve 2), and 12 kOe (Curve 3); and in a field of 8 kOe 
applied along the axis b (Curve 4). Curve 5 shows 6, calcul- 
ated by formula (11) in field 8 kOe. Curve 6 shows the temp- 
erature variation of the angle rp that the magnetization vector 
makes with the c axis, at field 8 kOe. The alloy is  
Tb0.09Gd0. 91 - 

The temperature dependence of the magnetization in a 
field directed in the basal  plane has the s ame  character  
a s  in cubic ferromagnets with smal l  magnetic anistropy: 
a monotonic decrease of the magnetization on increase 
of temperature, with a sha rp  drop of 0, near 8 (Fig. 3, 
Curve 4). 

The curves of temperature variation of the magnetiza- 
tion 0(T), measured in a constant magnetic field along 
the c axis, reveal  a maximum in a l l  the Tb,Gdl, alloys. 
In weak fields it is close to the Curie point, but on in- 
c r ease  of field it shifts toward lower temperatures (Fig. 
3, Curves 1, 2, and 3). This maximum occurs a t  the 
temperature for  which the given constant magnetic field 
is the threshold field, a t  which a sharp  bend i s  observed 
on the AT(H) curves. Figure 2 shows the temperature 
variations of the threshold field, o r  transition field, Hth 
for  terbium-gadolinium alloys. The values of Hth de- 
termined by the two methods-from the maximum of the 
u(T) curve measured in a constant magnetic field along 
the c alds, and from the sharp  bend in the curve AT@) 
of the magnetocaloric effect-practically coincide. With 
increase  of the terbium content in the alloys, the H,(T) 
curve r i s e s  more  abruptly on cooling below the point 8 
This can be  explained by the fact that with increase of 
the constant of uniaxial magnetic anisotropy, la rger  val- 
ues of the magnetic field a r e  required for  rotation of the 
magnetization vector into the direction of the c axis. 

The experimental results  obtained can be  explained by 
the fact  that the magnetic phase transition near t hecu r i e  
point of an anisotropic ferromagnet that retains a large 
magnetic anisotropy even near  8 has an entirely differ- 
ent character  in a magnetic field along the b axis  and 
along the c. In the f i r s t  case,  the magnetic field pro- 
duces an intense paraprocess near the paramagnetism- 
ferromagnetism transition temperature. In the second 
case,  the field induces not only a paraprocess but also 
spin reorientation: rotation of the magnetic moment of 
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the crystal from the basal plane toward the hexagonal 
axis along which the magnetic field is directed. 

The experimental results obtained on spin reorienta- 
tion near the Curie point, in a magnetic field applied 
along the axis of hard magnetization, can be  interpreted 
on the basis of Landau's thermodynamic theory of phase 
transitions of second order.' 

We write the thermodynamic potential of a uniaxial 
ferromagnet near the Curie point for the case of axial 
symmetry, when the magnetic field is oriented along the 
hard axis of magnetization (the c axis): 

where a, and a,, a re ,  respectively, the projections of the 
magnetization vector on the basal plane and on the c ax- 
is; a , ,  a2 ,  &, P2, and y a r e  thermodynamic coefficients; 
and H is the external field. 

For existence of a phase transition of the second kind, 
i t  is necessary that a thermodynamic coefficient of the 
second-order terms vanish and that the quadratic form 
of the higher-order terms be positive definite in the 
vicinity of the phase transition; that is, 

In the case of a uniaxial magnet with axis of hard mag- 
netization along c ,  a2  > a, always, s o  that a, vanishes 
at a higher temperature than a z ;  therefore 

The necessary conditions for a minimum of the therm- 
odynamic potential (1) lead to the equations 

These equations show that there a r e  two phases in the 
magnet. 

A. High-symmetry phase o, = 0 

The high-symmetry (paramagnetic) phase is charac- 
terized by the fact that when H+ 0, we have U, =O. Then, 
as is evident from the condition (5), u,, is described by 
the equation 

aZ(T-0~2')+$,oi,Z=H/o,,. (6) 

The conditions for stability of this phase have the form 

a2$/a~,lZ-~2+3gp~l,")01 (7) 
a z ~ ~ a ~ , z = a , + ~ ~ , ~ ~ ~ ,  (8) 

since a2cp/ao,ao,, =o. 
Condition (7) is satisfied if condition (6) is. Therefore 

the high-temperature phase loses i ts  stability when the 
condition (8) is violated, i.e., when 

oIIz=a, (T-@I)) 17. (9) 

On substituting formula (9) in equation (6), we find the 
limit of stability of this phase: 

The curve H,(T) is a curve of phase transition of 
second order. Decrease of H,(T) as T-- 8"' occurs ac- 
cording to a (8"'- T ) " ~  law. The temperature 8"' i s  

essentially an "ordinary" Curie point, below which, 
when H =0, a spontaneous magnetization a, f 0 appears 
(u,, =O). But the paramagnetic Curie point 8'*), a s  i s  seen 
from the magnetization equation (6), does not coincide 
with the ordinary Curie point 8"'. 

B. Low-symmetry (ferromagnetic) phase o, f 0 

From Eqs. (4) and (5), we get for 0, + 0 

It is interesting that the magnetization equation (12) is 
similar in form to equation (6) for the paramagnetic 
phase. 

The conditions for stability of the low-symmetry 
phase with o,+ 0 have the form 

~ Z ~ / ~ ~ = = Z ~ , ' J ~ ~ > O ,  (13) 

From the last  relations (if we also take Eq. (2) into 
account) i t  is seen that destruction of the stability of the 
low-symmetry phase occurs when 0, = 0, which accord- 
int to (11) is equivalent to the condition 

'~~,Z--a,/y. (16) 

On substituting (16) in (12), we again get a phase-transi- 
tion curve described by Eq. (10). The phase diagram 
for the case under consideration is shown in Fig. 4. To 
the left of the solid curve in the (H, T)  plane, the phase 
with U, + 0 exists; to the right of this curve, the high- 
symmetry phase with 0, = 0. 

We shall now consider the features of the magnetocal- 
oric effect on the basis of the above-described behavior 
of the magnetic system of the ferromagnet. 

Thermodynamic relations lead to the following expres- 
sion for the magnetocaloric effect: 

where C, is the specific heat at constant magnetic field 
H. 

In the high-symmetry phase ( ~ , = 0 ) ,  we have from Eq. 
(6 ) 

FIG. 4. Phase diagram 
for the alloy Tbo.osGdo.91. 
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therefore 

Hence i t  is evident that when the fields a r e  not too 
large and when the coefficient &(T) varies only slightly 
with temperature, d ~ / d ~  > 0 in the paramagnetic phase. 

In the low-symmetry phase (u, # 0), we get from (12) 

Thus on the curve of phase transition from the para- 
magnetic to the low-temperature phase, a sharp  bend 
should be  observable on the field-dependence curve of 
the magnetocaloric effect AT(H). In the low-symmetry 
phase (u,# 0), even a change of sign, ~ T ' ~ ' / ~ H c O ,  is 
possible, a s  is observed in terbium-gadolinium alloys 
(see Fig. 1). 

It should be noted that the temperature interval within 
which molecular-field theory is applicable is limited by 
the growth of fluctuations of the order parameters near 
the phase- transition point. According to the phenomeno- 
logical theory of Ginzburg and ~ e v a n ~ u k , ~ " ~  the magni- 
tude of this temperature interval near T = @ " I ,  for H 
=0, is 

whereA is an exchange constant. 

By using the experimentally determined values 0, 
= 3.9.10~ G-2, a, = a(~,/aT 1. = 2.1 deg", A 5 2.6.104erg/ 
cm, I,= 2.15-lo3 G, and @= 3.10, deg, we get, according 
to formula (21), AT/@= 

This estimate shows that the thermodynamic theory 
developed may be  used to describe the experimental re- 
sults obtained, except within a quite narrow tempera- 
ture interval (-0.3 degree). 

W F shall make an analysis of the experimental data on 
the basis of the thermodynamic theory presented. 

Figure 5 shows the relation H/u,, =f(U;) for a field di- 
rected along the hexagonal axis c. According to equa- 
tion (6), for H > H, a linear variation of H/u,, with U: 

FIG. 5. Variation of H/u with u2 for the alloy Tb0.09Gd0.91 in a 
field applied along the c axis and for a field applied in the basal 

FIG. 6. Temperature variation of thermodynamic ooeffecients 
in the slloy Tbo.ogGdo.a. 

should b e  observed; this is confirmed experimentally 
(Fig. 5). When the magnetic field is directed in the basal 
plane (along an axis of easy magnetization), as  is easily 
shown by minimization of the thermodynamic potential 
(I),  the equation that holds is 

a,+ fii~iZ=Hloi, (22) 

this also describes well the experimental data near the 
Curie point (Fig. 5). 

The thermodynamic coefficients al, a,, B1, and /3, for 
the alloy Tb,ogGdo.,l, found from measurements of the 
magnetization in fields Hllc and Hlc ,  a r e  shown in Fig. 
6. The temperatures 6"' and et2' a t  which a, and 0, 

vanish differ by almost 6 K, and 0',' < a"). 
Another conclusion characteristic of the theory of 

phase transitions of the second kind is that H,- (Ti1' 
- T)"~, where T;'=O; that is ,  T;" coincides with the 
Curie point. The theoretical curves plotted in Fig. 2 
show that H, does in fact increase as ( 6  - T)" with 
distance from the Curie point, although some deviations 
a r e  observed near O; these a r e  presumably due to the 
presence near @ of fluctuations, which the Landau theo- 
r y  does not take into account. 

Equation (11) enables us to calculate DL in the low- 
symmetry phase for a given value of the magnetic field 
(the dotted curve 5 in Fig. 3). I t  is seen that 0, = O  on 
the curve H,(T) of the phase diagram and increases 
monotonically on cooling. The angle cp that the magnetic 
moment of the crystal  makes with the c axis is zero on 
the curve of the phase diagram that separates the low- 
symmetry phase from the high-symmetry, and i t  in- 
creases rapidly on cooling (Curve 6,  Fig. 3). 

Figure 4 shows the magnetic phase diagram in the (H, 
T)  plane. To the left of the solid curve, the phase with 
u,#O exists; to the right of this curve, the high-sym- 
metry phase with 0, = 0. 

Thus we may conclude that in ferromagnets with strong 
magnetic anisotropy , such as the rare-earth terbium- 
gadolinium alloys, there is a magnetic phase transition 
of the spin-reorientation type near the Curie point in a 
field directed along the axis of hard magnetization. This 
transition is well described by Landau's thermodynamic 
theory of phase transitions and is a phase transition of 
the second kind. 

Reorientation phenomena lead to a distinctive temper- 
ature variation u,,(T) of the magnetization in a magnetic 
field near the Curie point, and accordingly to peculiar- plane. 
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ities of the magnetocaloric effect (see Figs. 1 and 3). I t  
is obvious that the above-described behavior of the mag- 
netic system in the vicinity of the Curie point should 
manifest itself a l so  in others of its physical properties, 
such as, fo r  example, the specific heat, the magneto- 
striction, and the scattering of light. 
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Effect of fluctuations on the properties of the phase 
transition from a nematic liquid crystal to an isotropic 
liquid 

A. L. ~orzhenevskii and B. N. Shalaw 
Leningrad Electrotechnical Institute 
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Zh. Eksp. Teor. Fiz. 76, 2166-2177 (June 1979) 

The critical properties are investigated of a model in which the order parameter is a symmetrical zero- 
trace n X n  tensor. The particular case n = 3 corresponds to the model of the nematic liquid 
crystal-isotropic liquid phase transition. It is shown that the critical anomalies near this transition can 
be due to the specific properties of the interaction of the fluctuations of the order-parameter tensor field. 
An experimental method is proposed with which to establish the cause of the pre-transition anomalies. 

PACS numbers: 64.70.E~ 

INTRODUCTION 

We employ in this paper the method of field renormal- 
ization groups (RG) for  the investigation of the cri t ical  
behavior of the Q-model, in which the order  parameter  
is by definition a zero- t race  n X n  tensor. Part icular  in- 
terest  attaches to the c a s e  n =3, which corresponds to 
the model proposed by d e  Gennes for  the description of 
phase transitions of the type nematic liquid crystal- iso- 
tropic liquid (NLC-IL).' Most of them a r e  accompanied 
by strong pre-critical phenomena, and the Landau ex- 
pansion for  the f r ee  energy contains a third-order in- 
variant. Therefore, in the sp i r i t  of the predictions of 
the phenomenological theory, the anomalous behavior of 
the thermodynamic quantities near the NLC-IL transi- 
tion was previously attributed to the presence, on the 
curve of the f irst-order phase transitions (or  near this 
curve), of an isolated singular point a t  which the coef- 
ficient of th is  invariant vanishes. The cr i t ica l  proper- 
t i e s  of the NLC-IL transition, assuming that such a 
point exists, were  investigated by Vigman, Larkin, and 
Filev, as well as by Lubensky and 

Recently Gorodetskir and ~ a ~ r u d s k i r :  and independ- 

ently of them one of us6 have proposed another explana- 
tion for  the appearance of cri t ical  anomalies near  this 
phase transition, without resort ing to the assumption 
that i s  close to an isolated singular point. It was 
shown that in contrast to the conclusions of the pheno- 
menological theory the NLC-IL transition can be  con- 
tinous if the system of the RG equations has a scale-in- 
variant solution satisfying definite conditions, and the 
assumption was advanced that the experimental values 
of the cri t ical  exponents a t  y =  1.0 for the susceptibility 
and a! =0.3-0.5 for  the heat capacity can  pertain to the 
fluctuation region and not to the region of the Landau 
theory. In this ca se  the proximity of the exponent y to 
unity can b e  attributed to mutual cancellation of the con- 
tribution made to i t  by the tr iple o r  quadruple vertices. 
Fo r  the value n = 3 the scale-invariant solution of the 
system of the RG equations in the single-loop approxi- 
mation was obtained by ~ o r o d e t s k i r  and ZaprudskiF 
without taking into account the renormalization of the 
Green's function, a procedure which in general is in- 
consistent for  the given problem. Nor did they ascertain 
whether this solution sat isf ies the condition that the 
phase transition be  continuous. 
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