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On the basis of the molecular-field method it is shown that at the compensation point of rare-earth 
ferrite-garnets there should occur anomalies of the magnetocaloric effect, the magnetostriction, and 
the coercive force, and also of the entropy, the specific heat, and the specific volume (in the presence 
of an external field). This conclusion is in agreement with experimental data. It is suggested that the 
compensation point of ferrimagnets in an external magnetic field is a phase transition of the first kind. 

THE magnetic compensation point, predicted by Neel [1J 

and first detected experimentally by Gorter and 
Schulkes [aJ and by Pauthenet, [3l has been attracting the 
attention of investigators. Study of various phenomena 
in the vicinity of Tc is of significant interest because 
of the fact that the magnetic sublattice structure of a 
ferrimagnet is exhibited most clearly right at this 
temperature. Near T5, anomalies have been observed 
in various properties: 4l the coercive force, the mag
netostriction, the ~E-effect, the magnetocaloric effect, 
the galvanomagnetic and magneto-optical effects, and 
others. 

In this paper we treat, by the molecular-field 
method, the anomalies of the magnetic, thermal, and 
magnetoelastic properties near Tc. The most suitable 
model for explanation of the peculiarities of Tc is pro
vided by the rare-earth ferrite-garnets, both as re
gards the extent to which they have been studied, and 
as regards the simplicity of the model itself. As was 
shown in [&l, for the purpose of analyzing the proper
ties of ferrite-garnets at temperatures below the Curie 
point and in fields up to ~ 104 Oe, it is possible to use 
an approximation based on the following assumptions: 
the tetrahedral and octahedral sublattices of iron ions 
can be combined into a single sublattice, the exchange 
interaction between the rare-earth ions and the iron 
ions is in first approximation determined by the spins 
alone, and the exchange interaction between the rare
earth ions is negligibly small. 

Then the Brillouin functions that describe the tem
perature behavior of the relative magnetization can be 
written in the form 

I1o 2f.IBSI 
Y1= nv1kT H +~H10ff, 

I2o 2f.IBS2 
Y2= nv2kT H +~H2 eff, 

Z!d!282 I2 + Z!/181 II 
H!eff=--- ---, 

f.IB I20 f.IB I1o 

Z21i21SI II 
H2eff,=~-. 

f.IB I1o 

(1) 

(2) 

(3) 

(4) 

(5) 

Here quantities related to the sublattice of iron ions are 
labeled with the index 1, and to the sublattice of rare-
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earth ions with the index 2; the spins of the ions are de
noted by Si; ~'i is the number of atoms in a molecule of 
the i-th sublattice; Jij is the exchange integral for in
teraction of an atom of sublattice i with atoms of sub
lattice j; Zij is the number of nearest neighbors in sub
lattice j for an atom of sublattice i; k is Boltzmann's 
constant; Ii is the magnetization of the i-th sublattice; 
Iio is the same at OoK; and n is the number of molecules 
in unit volume. 

Ferrite-garnets fulfill well the conditions for occur
rence of Tc at low temperatures: the first (iron) sub
lattice has a small magnetic moment and strong ex
change interaction (H1 eff ~ 1. 7 x 106 Oe ), whereas the 
second (rare-earth) sublattice has a large magnetic 
moment at 0°K and weak exchange interaction (H2 eff 
~ 3 x 105 Oe); that is, H1 eff » Haeff· [Sl 

According to experimental data, [3,&l the magnetiza
tion of the sublattice of iron ions, I11 and consequently 
-as is seen from formulas (4) and (5)-also H1 eff and 
H2 eff• change quite slowly with temperature and mag
netic field over the whole interval from 0°K to Tc. On 
the contrary, the magnetization of the sublattice of 
rare-earth ions, I2, has here a rapid field and temper
ature dependence. As a result, the rare-earth ions are 
in a ''biasing" effective field H2 eff that changes slowly 
with temperature (rapid changes of I1 and H1 eff occur 
upon approach to the Curie point). 

Here we consider the case when the magnetic field 
and the magnetizations of the sublattices are collinear 
with one another; this is realized in fields less than 
../HAH2 eff , where HA is the magnetic anisotropy field 
{this condition is satisfied in fields up to 10 to 15 kOe). 
With increase of the field H~ angular configurations of 
the magnetizations appear. [ -sJ 

The net magnetization of the ferrite-garnet is I= I1 

+ I; for T < Tc we have I2 > I1, and for T > Tc, I2 < Il' 
If a magnetic field is applied, the resulting magnetiza
tion is oriented along the field; therefore for T < Tc the 
vector I2 is directed along the field (I1 opposite to the 
field), while for T > Tc it is directed opposite to the 
field (I1 along the field). Thus in a magnetic field, the 
orientations of the sublattices reverse in the vicinity 
of Tc. 

Furthermore, in a magnetic field the following fun
damental situation occurs: the absolute values of the 
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sublattice magnetizations also undergo changes on pas
sage through Tc (because of the effect of the parapro
cess). In fact, it follows from equations (1}-(5) that 
the magnetization of the rare-earth sublattice near Tc 
is 

(6) 

(7) 

for T > Tc, since the external magnetic field is added 
to the effective exchange field H2 eff for T < Tc and sub
tracted from it for T > Tc. From this it is seen that 
II;I < II~I. 

The magnetization of the sublattice of iron ions, 11, 

undergoes a similar change, except that II~ I < II~ 1. 
Since the paraprocess-.in this sublattice is very small 
near Tc, this change is considerably smaller than that 
of the rare-earth lattice and may be neglected. 

On passage through the compensation point with H 
t- 0, the orientations of the sublattice magnetizations 
and the degree of long-range order in each sublattice 
change; therefore in a field, there should be observed 
at the compensation point anomalies of the thermal, 
magnetoelastic, and other physical properties of a fer
rimagnet. We shall examine these anomalies with ap
plication to a rare-earth ferrite-garnet. 

In calculating the magnetocaloric effect oT and the 
anomaly of the specific heat ~C near Tc, we use the 
well-known thermodynamic formulas 

&T T(iJijiJT)H,V dH, 

CH.V 

l!.C=Cv,H-Cv.I=-T(~TI) (::) · 
u V, H V, I 

(8) 

(9) 

Here C1 is the specific heat in the absence of the spon
taneous magnetization, whereas CH includes the addi
tional part of the specific heat caused by the magneti
zation. 

In order to calculate ~ T and ~C, it is necessary to 
find (ol/oT}H v and (oH/oT}y I· In rare-earth ferrite-

' • ' • [5 6] garnets near Tc, accordmg to the expenmental data, ' 
the relations 

I iJ/z I,. I ai1 1 
iJT ;:;.. iJT ' I ai,I I ai1 I· 

6H ;:;.. all (10} 

are satisfied. From (1}-(3} we get 

(~) =-~ iJ!IJ,, (!!:!_H + 2[-lns,H, eff). 
iJT H,V kT2 0'\12 nv2 

(11) 

We find the value of (llH/IlT)y 1 from the condition that 
the total differential of the magnetization vanish, 
di(H, T) = 0, and from the relations (10): 

- =- H + 2eff · ( iJH ) 1 ( 2nv,f1nS2 H ) 
aT v., T ho 

(12) 

On substituting (11) in (8) and integrating with re
spect to the field, we get for the magnetocaloric effect 

l!.T ho iJ!JJ,, ( ho + 2 H ) -----H --II f1BS2 2 eff • 
CH. v kl' iJyz 2nvz 

(13) 

Since the vectors H and H2 eff are parallel for T < Tc 

ldz -fd, 

o 1---T-'c+-----.. r 0 1---t-Tc'-------+ T 

i1T" 

FIG. I FIG. 2 

FIG. I. Temperature dependence of the magnetocaloric effect near 

Tc 
FIG. 2. Temperature dependence of paraprocess magnetostriction 

near Tc 

and antiparallel for T > Tc, and since H « H2 eff, it 
follows from (13) that for T < Tc, ~ T' > 0, whereas 
forT> Tc, ~T" < 0; that is, at the compensation point 
we have a change of sign and a discontinuity of the mag
netocaloric effect. In general I~ T' I > I~ T"l ; but in a 
weak field, H << H2 eff, these quantities are practically 
equal. Figure 1 gives a sketch of the behavior of the 
magnetocaloric effect near Tc according to (13). We 
note that on going from gadolinium ferrite-garnet to a 
ferrite-garnet with a lower compensation point, the 
discontinuity 2~ T of the magnetocaloric effect, as fol
lows from (13 ), increases in inverse proportion to the 
size of the compensation-point temperature. These de
ductions of the theory have recently been confirmed by 
measurements of the magnetocaloric effect of rare
earth ferrite-garnets. [1oJ 

On substituting (11) and (12) in (9), we find that the 
value of the magnetic part of the specific heat is 

!!.C =~ 8$,, [ ( 2nvz[-lnS2 H, eff )' + 4n'Vz[-lnSz H, eff n]. (14) 
nv2k1'2 oy2 I 2o I 20 

Near Tc, we may consider y2 « 1 to a sufficient degree 
of accuracy; then we have 

(15) 

In view of the fact that H2 effH > 0 for T < Tc and 
H2 effH < 0 for T > Tc, we get for the value of the dis
continuity of the specific heat at the compensation point 

l!.C'- l!.C" = : ~; (sz + 1) fAnllz eff H. (16) 

We consider further the behavior of the magnetoelas
tic properties near Tc. The paraprocess magnetostric
tion w can be found from formulas (6) and (7) and the 
well-known thermodynamic relation 

1 ( av) ( al ) 
W=y iJH P,T =- [jp H.T. 

The paraprocess magnetostriction w will in general 
be composed of the paraprocess magnetostrictions w2 

of the sublattice of rare-earth ions and w 1 of the sub
lattice of iron ions: w = w 2 - w 1 for T < Tc and w 
= w1 - w2 for T > Tc. 

On neglecting, because of their smallness, terms 
that take account of the change of density of the speci
men and change of the magnetic moments of the atoms 
under the influence of pressure, an expression for w 
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can be obtained, which takes account of the change of 
magnetization resulting from change of the effective 
fields under the influence of pressure: 

OOt =- ( !!!._) =-Ito 2J.LnSI afJJ,, ( al/1 eff ) (17) 
aP li,T kT Dyt ap H,T 

002 = _ { 812 } = _ 120 2J.LnS2 Dfll,, { al/2 eff ) • (18) 
ap u,T kT ay2 iJP H,T 

Figure 2 gives schematically the behavior of the 
paraprocess magnetostriction near Tc. The most favor
able conditions for observation of the effect of change of 
sign of the paraprocess magnetostriction occur in gado
linium ferrite-garnet. In other ferrite-garnets, in which 
the rare-earth ion has an orbital moment, this phenom
enon will be masked by the presence of a large aniso
tropic magnetostriction peculiar to these fer rites. It is 
to be expected that w 2 >> w1, since the paraprocess in 
the sublattice of iron ions is very small, that is w2 Rl w. 

The part of the thermal expansion that is caused by 
long-range magnetic order in the sublattices is deter
mined from the thermodynamic relation 

1 ( av ) 1 ( av ) 1 ( w) ( aH ) 
V oT H-V aT I=-V oH TaT v.r' (19) 

On using formulas (17)-(19), we find the coefficient of 
thermal expansion for T < Tc: 

a'=~ (~) = __!_ ( iJV) + 120 iJfJJ,, 2f.LB82 ( iJH2 eff ) • 
v aT 11 v ar I av2 kT2 aP H,T 

(20) 

and forT> Tc: 

a"=__: ( aV) = ~ (~) _ 120 afll,, 2f.LB82 ( iJH2 eff ) 
v aT H v aT I ay2 kT2 aP H,T 

. [n- 2nV2f.LBS2H ] 
I 2 eff • 

20 
(21) 

The discontinuity of the coefficient of thermal expansion 
at the compensation point (in the presence of the field) 
is 

a'_ a"= 4J.LBS212o afJJ,, aH2 eff II 
kT2 ag2 aP . (22) 

The entropy of a magnet composed of several mag
netic sublattices is not changed if the directions of all 
the spins of a given sublattice are reversed. u1 J There
fore transformations in which the directions of the sub
lattice magnetizations are merely reversed without 
change of their magnitudes occur without change of en
tropy. Consequently, at the compensation point, in the 
absence of a magnetic field (or in a very weak magnetic 
field, when there is practically no change of the spon
taneous magnetizations of the sub lattices), there is also 
no change of entropy; furthermore, here there is also 
no change of the exchange-interaction energy, since the 
antiparallelism of the sublattices is maintained. For 
this last reason, taking account of the dependence of 
the exchange integrals on the lattice parameter does 
not change the character of the transition at Tc. 

As has already been mentioned earlier (see (6) and 
(7)), on passage through Tc in a magnetic field there 
occurs a discontinuous change of the degree of long
range magnetic order in the sublattices; therefore in 
a magnetic field there should also occur at Tc a dis
continuous change of entropy. This suggests that in a 

magnetic field, the compensation point, at least from 
the formal side, should possess the properties of a 
phase transition of the first kind. In the absence of a 
field, the compensation point is an isolated point on 
the H-T plane. We shall show that the entropy S, which 
is a first derivative of the thermodynamic potential 4> 
(S =- (o4>/oT)p), experiences a discontinuity at Tc 
(in the presence of a field). 

In fact, by starting from the known thermodynamic 
relation 

(as 1 an) T, v = (ai 1 aT) v. li 

and formulas (6) and (7), it is possible by integration 
with respect to the field to calculate the discontinuity 
of entropy, and consequently also the heat discontinuity 
of the transition, AQ = TAS, at the compensation point: 

!J.S = S'- S" =- 8nv2J!BSzl/2 eff afll,, JI. (23) 
12o ay2 

The phase transformation of the first kind is ac
companied by a discontinuity of the specific volume. 
On integrating (20) and (21) with respect to tempera
ture, we determine the discontinuity of specific vol
ume at T = Tc: 

( !J. V )' _ ( 1\ V )" = _ 812oJ!B82 afJJ,, aJI2eff H. (24) 
V V kT3 iJy2 aP 

Thus at the compensation point in the presence of a 
field, the entropy and the specific volume experience a 
break that is characteristic of phase transitions of the 
first kind. 

Finally, we note that the chief reason for the occur
rence of anomalies of the coercive force He at the com
pensation point of ferrite-garnets [12J is the paraprocess. 
The value of He is easily found from (1)-(3) and the ex
pansion (15) as the field at which the resultant magneti
zation becomes zero: 

82 + f ( l20 2f.LBS2 ) 
l2-l1=l2o~ - nv2kT ll,+-y;;-ll20ff -I1=0. 

From this we get 

(25) 

This formula agrees with the results of papers [13• 14l 

at temperatures close to Tc. The coercive force van
ishes at the compensation point; physically, this is due 
to the absence of spontaneous magnetization at Tc. On 
departure from Tc, the coercive force He increases. 
This is explained by the fact that He in this case is the 
magnetic field that is necessary in order to induce 
(paraprocess) a magnetization of the rare-earth sub
lattice equal, but of opposite sign, to the spontaneous 
magnetization Ig of the ferrimagnet. The value of Ig 
increases with departure from Tc, therefore He also 
increases. 

In such ferrimagnets as lithium ferrite-chromite, 
the paraprocess in the sublattices is small, and full 
compensation at Tc is absent; therefore He does not 
vanish at the compensation point, and there is ob
served only an increase of He with approach to Tc. [15•16] 

Here the coercive force is determined by a process of 
irreversible rotation of the spontaneous magnetization 
of single-domain particles; according to this mecha
nism, He ~ K/Ig. Decrease of Is for T > Tc leads to 
increase of He· 
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