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The magnetic properties of rare-earth iron garnets are investigated in the neighborhood of the
Curie temperature. It is shown that the paraprocess susceptibility of the Gd, Th, Dy, Ho, and
Er garnets in the immediate vicinity of the Curie point is, in the first approximation, inversely
proportional to the value of the effective magnetic moment of the rare-earth ion, determined at
0°K. For the Sm and Eu garnets, this rule breaks down because of a transition of the Sm®* and
Eu®* ions into an excited state on increase of temperature. The magnetic moments of the Sm**
and Eu® ions in the Curie-point region are estimated on the basis of the intensity of the para-
process. It is found that near the Curie point (to the right of it), the temperature dependence of
the initial magnetic paraprocess-susceptibility of all the iron garnets investigated follows the

relation X' = A(T — @)Y, where y ~ /.

IT is known that the Curie points of all rare-earth
iron garnets differ little from one another and are
close to the Curie point of yttrium iron garnet; that
is, they are basically determined by the exchange
interaction of the iron sublattices. On the other
hand, it is also known that the antiferromagnetic
coupling between the ‘‘resultant’’ iron sublattice
and the rare-earth lattice manifests itself right at
the Curie point. This is evidenced by the abrupt
decrease of the Curie point in rare-earth iron gar-
nets as compared with the yttrium ferrite.

It is of interest to elucidate how this antiferro-
magnetic coupling affects the character of the mag-
netic transformation in iron garnets. For this pur-
pose, we have carried out similar measurements of
magnetization curves of polycrystalline iron gar-
nets of Y, Sm, Eu, Gd, Th, Dy, Ho, and Er. Meas-
urements were also made on single crystals of the
iron garnets of Y and Th; the data from these
measurements agreed with the measurements on
polycrystalline specimens.

From the magnetization isotherms of the rare-
earth iron garnets, measured in the Curie-point
region, the temperature variation of the spontane-
ous magnetization og was determined by construc-
tion of curvest!]

H/o = f(c?). (1)

By way of example, Fig. 1 shows the isotherms
(1), which describe the paraprocess near the Curie
point, for samarium iron garnet. The departures
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FIG. 1. Dependence of H/o and o2 for Sm iron-garnet: curve
1, t = 290.8°C; 2, 289.0°C; 3, 287.4°C; 4, 286.0°C; 5, 284.8°C;
6, 283.4°C.
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of the experimental points from a straight line at
weak fields is connected, on the one hand, with the
effect of ‘‘remnants’’ of technical magnetization
processes; and, on the other, with a possible effect
of fluctuation processes not taken into account in
the thermodynamic theory.') The value of the
spontaneous magnetization was determined by ex-
trapolation of the isotherms to the o? axis (H = 0).
The Curie temperature was determined on the
basis of the isotherm that gives og = 0.

In other researches, the Curie temperature has
been determined by the usual construction of a tan-
gent to the steepest part of the og(T) curve, where
og is determined from the o(H) curves by the
method of linear extrapolation to H = 0; this is in-
accurate near ©.
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O, Gg™lem®
0% K, o 15
Weff. " 8, °K
R;FesO; v 9 10 | y(£0,03) | data from
B literature* | °%F data
Y 0,00 24.0 1.30 560 551
Sm 0.14 21.0 1.30 573 562
Eu 0.74 16.0 1.29 568 563 10
Gd 7,00 11.5 1,33 564 556
Tb 7.73 11.0 1.30 568 553
Dy 7.30 11.5 1. 30 563 552
Ho 6.73 12.0 1.30 567 548
Er 5.07 15.0 1.30 556 542
*The value 8* is determined from 0g(T) curves, by construction 5
of a tangent to the steepest part.
The value of the Curie temperature determined
by the method described in 1 by means of the ) P o e
. . . | i !
isotherms (1), is more accurate. This method pro- 500 600
vides a possibility of extracting values of the Curie T, °K
temperature in the case of diffuse transformations. FIG. 2. Dependence of g5 on T, found by two different
The presence of ‘“tails’’ of the spontaneous magne-  methods: AA, from curves H/o = f(0?) for single-crystal and
tization inevitably leads to divergence between val- polycrystalline specimens of yttrium garnet; Oe, from curves

H) for th i .
ues of the Curie temperature determined by differ- o(#) for the same specimens

ent methods. It is to be expected that this diver-

gence will be larger, the more diffuse the magnetic nets. The maximum of Xp» s for ordinary ferro-
1)

transformation is. magnets, is shifted slightly to the high-temperature
The table gives values ®* of the Curie temper- side of the Curie point. This points to a similarity
ature, according to the data in the literature, and between the magnetic transformation in iron gar-

values ® of the Curie temperature, determined by nets and the transformation in normal ferromag-
the method described in 13| for all the garnets in- nets, for example in nickel.

vestigated. Figure 4 shows the temperature dependence of

The Curie temperatures found from the iso- Xp in a field of 260 Oe. The table gives values of
therms (1) are somewhat lower than the tempera- ag for all the iron garnets studied by us.
tures determined according to the decrease of mag- From the table and from Fig. 4 it is evident that

netization. Figure 2 gives, by way of example, the the amount of the paraprocess is different for all

function o 4(T) found by both methods, for yttrium the iron garnets. The most intense paraprocess is
garnet. The Curie point is determined as ® = 560°K

according to the drop in the og(T) curve; this Xp - 10°, gt em®
agrees with the value obtained in other re-
searches.!?! The same figure shows the tempera-
ture ® = 551°K found according to the curves (1).
From the isotherms (1) we also determined the
dependence of the paraprocess susceptibility Xp in
the neighborhood of the Curie point, and also the
coefficient ag that describes the intensity of the o8 /l
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paraprocess right at the Curie point. The coeffi-
cient ag was determined from the relation ag
= (B@)~1/3, where Bg is the slope of the straight o

part of the curves (1) at the Curie point.“] ///

Figure 3 shows the temperature dependence of //;‘é
/o/
=

==

M),
a

the paraprocess susceptibility of terbium iron

garnet in the Curie-point region, for various val- 4z
ues of the magnetic field. The form of the curves o
is similar to that obtained for ordinary ferromag- w2
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FIG. 3. Dependence of x, on (T - ®) for Tb iron garnet:
DThis problem has been discussed repeatedly in the liter- curve 1, H =260 Oe; 2, 390 Oe; 3, 520 Oe; 4, 660 Oe; 5,
ature. For more details see [1(®], 790 Qe; 6, 920 Oe; 7, 1050 Oe; 8, 1180 Oe.
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FIG. 4. Dependence of x on (T - 0) in field 260 Oe for iron
garnets of: 1, Y; 2, Sm; 3, Eu; 4, Er; 5, Gd; 6, Dy; 7, Tb.
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observed in yttrium iron garnet. In the Gd, Th, Dy,
Ho, and Er iron garnets, the paraprocess is consid-
erably smaller; the diminution of the paraprocess
is due to the antiferromagnetic orientation of the
magnetic moments of the rare-earth ions. It is
therefore natural to compare the intensity of the
paraprocess with the value of the magnetic mo-
ment pefr of the rare earth ion in the rare-earth
sublattice of the corresponding iron garnet. The
table gives values of pugff, which were calculated
from the saturation magnetization of the rare-earth
iron garnets at 0°K.'% 4] Figure 5 shows the de-
pendence of the parameter ag on peff for all the
ferrites investigated.

From the table and from Fig. 5 it is evident
that the parameter ag for Gd, Tb, Dy, Ho, and Er
iron garnets decreases, in first approximation, in
inverse proportionality to pcff, determined at 0 °K.
It is evident that the points corresponding to these
ferrites fit the straight line well. Even the point
for yttrium iron garnet, where the Y% ion has
peff = 0, fits the line. The parameter ag has its
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FIG. 5. Dependence of the intensity of the paraprocess on
the value of the effective magnetic moment of the rare-earth
ion.
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largest value for this ferrite. The decrease of the
intensity of the paraprocess in rare-earth iron
garnets, as compared with yttrium, is explained by
the fact that at the Curie point an antiparallel ori-
entation of the magnetic moments of the rare-earth
ions and of the iron ions persists. The rare-earth
ions are in an effective negative exchange field of
the iron sublattice. On increase of the field, the in-
crease of the magnetization of the iron sublattice in
consequence of the paraprocess entails an increase
of the magnetization of the rare-earth sublattice in
the antiparallel direction, since there is a negative
exchange coupling between these sublattices. This
diminishes also the paraprocess of the ferrite as a
whole.

In Fig. 5 it is evident that the points for Sm and
Eu ferrites depart widely from the straight line.
The reason for this is that on increase of tempera-
ture, the Sm3* and Eu®" ions transfer to an excited
state, and consequently their magnetic moments in
the Curie-point region differ widely from the val-
ues at 0° K. We shall consider this problem in
more detail for samarium ferrite.

In samarium iron garnet, in contrast to iron
garnets of heavy rare-earth metals, the magnetiza-
tion of the samarium sublattice, in the low-temper-
ature region, is directed parallel to the magnetiza-
tion of the resultant iron sublattice; this is explained
as follows. Although the spin moments of the sa-
marium ions are directed antiparallel to the spin
moments of the iron (because of the negative ex-
change coupling), the orbital moment of the Sm?*
ion, in accordance with Hund’s rule, is directed
opposite to the spin moment; that is, it points in the
direction of the spin moment of the iron ion. Thus
the magnetization of samarium ferrite should be
somewhat larger than the magnetization of yttrium
ferrite, as has also been confirmed by experi-
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FIG. 6. Dependence of 1/x, on (T —:0) on a logarithmic
scale for all ferrites investigated: 1, Y; 2, Sm; 3, Eu; 4, Er;
5, Gd; 6, Dy; 7, Ho; 8, Tb.
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ment.[3] It is at low temperatures, however, that
this situation occurs. With increase of tempera-
ture, in consequence of the transition of the Sm®*
ion into an excited state, its magnetic moment de-
creases appreciably.[ 5] It is therefore of interest
to carry out measurements of paraprocess curves
of samarium iron garnet at elevated temperatures,
in particular near the Curie point.

Our measurements showed that the paraprocess
in Sm iron garnet in the Curie-point region is
somewhat smaller than in yttrium; that is, the para-
process in this ferrite has the same character as
in iron garnets of the heavy rare-earth elements.
The reason for this is that in the excited state, the
orbital component of the magnetic moment of the
Sm3* jon decreases greatly, so that in the Curie-
point region the spin component becomes the domi-
nant component of the magnetic moment of the ion,
and it is antiparallel to the spin moment of the iron
atom. Therefore the intensity of the paraprocess in
samarium garnet in this temperature range should
be less than in yttrium garnet, as is also confirmed
by the results of our measurements. From Fig. 5
it is possible, on the basis of the values of ag, to
estimate the values of peff for the Sm3* and Eu®*
ions for temperatures in the Curie-point region.
For the Sm* ion, pefr~ 2up; for Eu®, Beff ® Sup.
These values differ significantly from those deter-
mined at 0°K (see the table).

Our data on the intensity of the paraprocess tes-
tify to the existence of antiparallel correlations of
the spins in the Curie-temperature region in rare-
earth garnets.

As is well known, great attention has been paid
recently to detailed investigation of spin correla-
tions near magnetic phase transitions, since the
results of these investigations are of interest for
the development of a statistical theory of phase
transitions.t¢7?] Spin correlations in simple fer-
romagnets lead to a complication of the tempera-
ture dependence of the initial magnetic paraproc-
ess susceptibility x, near the Curie point (on the
high-temperature side). According to theory,®!
this dependence has the form? x;! = A(T — @)Y

DThe coefficient A depends on the magnetic and crystal-
line structures.
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Experiments have shown that for Fe, Ni, and Gd,
within the limits of experimental error, y = 4/3.

The question arises whether this relation holds
for ferrimagnets, in particular for iron garnets in
which antiparallel spin correlation occurs.

We determined the value of v for the ferrites
investigated by extrapolation of the straight parts
of the curves (1) to the value H/o = 0. Above the
Curie point, these straight lines intersect the
axis of ordinates,with an intercept equal to 1/Y,.
Further, straight lines 1/X, against (T —®) on a
logarithmic scale were plotted, and from the slopes
of these lines the values of y were determined for
all the ferrites investigated (Fig. 6). It was found
that for the iron garnets of Y, Sm, Eu, Gd, Th, Dy,
Ho, and Er the values of y were close to % (see
the table).
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