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Some features of the polarization of rare-earth ions due to the weakly ferrimagnetic nature of the

d-ionordering in the GdFe, _ , Cr, O, system are investigated experimentally and theoretically. It
isshown that the antiparallel orientation of the magnetizations of the Fe and Cr sublattices results
in the appearance of two points of concentration compensation of the effective fields at the Gd?*

ions (reversal of the field direction). The contributions to the effective field from the isotropic and

anisotropic f~d exchange are determined. It is shown that the principal role in the polarization of
the rare-earth subsystem is played by the antisymmetric Gd-Fe and Gd—Cr exchange, even

though the interaction ions are of the S type.
PACS numbers: 75.30.Et, 75.50.Gg

1. INTRODUCTION

The discovery of transverse weak ferrimagnetism,’ a
new type of magnetic ordering typical of weak ferromagnets
with mixed Dzyaloshinskii interaction, has not only demon-
strated for the first time the distinguishing features of the
manifestation of antisymmetric exchange, connected with
the sign of the Dzyaloshinskii vector, but also stimulated the
investigation of a new class of magnetic materials, week fer-
rimagnets that have a number of anomalous magnetic prop-
erties: the appearance of points of concentration and tem-
perature compensation of the magnetic moment, and a
Néel-type temperature dependence of the magnetization.

One of the important properties of weak ferrimagnets is
the possibility of quantitatively analyzing the transverse
magnetic structure within the framework of the simplest
molecular-field theory, owing to the smallness of the Dzya-
loshinskii interaction compared with the isotropic exchange
that determines the basic antiferromagnetic structure of
these compounds.

Transverse weak ferrimagnetism, first observed in
mixed yttrium orthoferrites--orthochromites
YFe, _,Cr,O; (Ref. 1), constitutes antiparallel orientation
of the average weakly ferromagnetic moments of the d-sub-
lattices (Fe and Cr), owing to the difference in the signs of the
Dzyaloshinskii vectors in the pairs Fe-Fe, Cr-Cr, and Fe—
Cr.

Figure 1 shows plots, calculated by us by the procedure
of Ref. 2, of the concentration dependences of the average
magnetic moments of the Fe and Cr sublattices in
YFe, _,Cr,O,, as well as the summary moment of the d
sublattice. The o, (x) and o, (1 — x) dependences are simi-
lar: increasing the impurity concentration decreases the
magnetization of the matrix, and the magnetization of the
impurity system increases strongly with increasing impurity
concentration. Except for a small region x~=0.5-0.7, the
magnetic moments of the Fe and Cr sublattices are antipar-
allel. The original character of the behavior of the sublattice
magnetizations (the presence of a minimum and the sign re-
versal) leads to an anomalous dependence on the concentra-
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tion and on the total magnetic moment, a dependence char-
acterized by a steep drop of the magnetization with
increasing x or (1 — x), by the appearance of two compensa-
tion points, and also by the appearance of a minimum in the
region x =0.5. The temperature dependences of the magneti-
zation of YFe, _, Cr, O, have the Néel character typical of
ferrimagnets.”

It is undoubtedly of interest to investigate the influence
of the weak ferrimagnetic ordering of the d sublattice on the
behavior of the rare-earth subsystems in compounds of the
type RFe, _ , Cr, O,. The character of polarization of the R-
ions and its concentration and temperature dependences can
yield valuable information not only on the state of the d sub-
system, but also on the f/~d interaction mechanisms, primar-
ily on the relative roles of the ferro- and antiferromagnetic
contributions to the effective field at the R ions.

The first attempt to analyze the magnetic properties of
rare-earth weak ferrimagnets, with a number of single crys-
tals of the NdFe, _ , Cr, O, as an example, was made in Ref.
4. The premise that the d sublattice has antiferromagnetic
ordering and that the predominant contribution to the po-
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FIG. 1. Concentration dependence of the magnetizations of the Fe and Cr
sublattices and of the total magnetization of the weak ferrimagnet
YFe, _,Cr,O;at T=0K.
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larization is made by the Nd*>* ions enabled the authors of
Ref. 4 to explain qualitatively some features of the magnetic
behavior of a number of NdFe, _, Cr, O, compounds.

Of particular interest, in our opinion, is the
GdFe, _,Cr, O, system with S-type f and d ions, where it
might seem that it is precisely the ferromagnetic contribu-
tion due to the isotropic f~d exchange which should play the
decisive role in the polarization of the Gd sublattice. At the
same time, a detailed analysis of the magnetic properties of
GdFeO; (Ref. 5) has revealed the substantial role of the an-
isotropic exchange of the S-ions Gd** and Fe?* and accord-
ingly of the antiferromagnetic contribution of the Gd sublat-
tices to the polarization.

Additional arguments favoring this conclusion, and
also an answer to the question of the role of anisotropic inter-
actions of the S ions Gd** and Cr**, can be provided by an
analysis of the behavior of the weak ferrimagnets
GdFe, _,Cr,O,.

In the present study we solved the comprehensive prob-
lem of experimentally and theoretically investigating the
features of the magnetic properties of GdFe, _,Cr, O, with
an aim at studying the influence of the weak ferrimagnetic
ordering of the d sublattice on the magnetic state of the rare-
earth subsystem and the role of the isotropic and anisotropic
J~d exchange of the S ions Gd*>* with Fe3* and Cr3+.

2. EXPERIMENTAL RESULTS

Single crystals with a number of GdFe, _, Cr,O, com-
positions were grown from the solution in a melt of lead
compounds. To determine the temperature dependence of
the spontaneous magnetization we measured with a torsion
anisometer the torque curves which were automatically re-
corded in the temperature range from 2 to 700 K.

Figure 2 shows the temperature dependences of the
spontaneous magnetizations o, for compositions with x = 0
and 0.05. It can be seen that introduction of even a small
amount of Cr** impurity ions decreases strongly the magne-
tization of the d ions, thus indicating directly the presence of
transverse weak ferrimagnetism. For the compound
GdFe, o5 Cr, o5 O; we observed also a strong decrease of the
polarization of the rare-earth ions compared with GdFeO,,
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FIG. 2. Temperature dependence of the spontaneous magnetization of
GdFeO; (1) and of the weak ferrimagnet GdFe,, 45 Cr,, 05 O; (2).
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FIG. 3. Dependence of o on (1/T) for GdFe, _,Cr,0;at x =0 (1) and
0.05 (2).

as is particularly clearly seen from the dependence of o on 1/
T (Fig. 3), which is linear for both compositions. The effec-
tive magnetic field H, acting on the Gd*>* ions was deter-
mined from the slope of the o(1/T) line and found to be
— 150 Oe in GdFe o5 Cry o5 O; or half the value in GdFeO,.
In view of the negative H,, compensation points were ob-
served in the substituted compound, just as in GdFeO,.

A qualitatively different behavior was observed for the
composition with x = 0.17 (Fig. 4), where a hyperbolic in-
crease of the magnetization was observed at low tempera-
tures. This indicates reversal of the sign of the polarization of
the rare-earth ions. As can be seen from Fig. 4, the low-
temperature increase is preceded by a noticeable drop of the
magnetization in the temperature region below 80 K. It is
obviously due to the peculiarities of the temperature depen-
dence of the d-sublattice magnetization and to the weak fer-
rimagnetic ordering, particularly to the Néel character of
the o(T') dependence. '

An antiparallel orientation of the weak magnetic mo-
ments of the Fe and Cr sublattices in the GdFe, _,Cr, O,
system is indicated also by the steep drop of the magnetiza-
tion when a small amount of Fe** ions is introduced in
GdCrO; (Fig. 5). This fact agrees both with the experimental
data on the YFe, _, Cr, O, system,' and with the theoretical
premises developed in Ref. 1.

A spin-reorientation transition G, F,—G_F, was ob-
served at low temperatures in the compound Gd,, Cr,,0,,
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FIG. 4. Temperature dependence of the spontaneous magnetization of the
weak ferrimagnet GdFe, _,Cr, O;; 7= T /Ty, with Ty, = 550K,
x = 0.17. Points and solid curve—experimental data, dashed curves—

calculation results: 1 — ac, = — 1.3kOe, B8E, = — 4.7 kOeg;
2—a., = —6k0e, BE =0;,3 —a., =0,BE = — 6kOe.
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FIG. 5. Temperature dependence of the spontaneous magnetization of the
weak ferrimagnet GdFe,, Cr,,O;.

just as in the pure gadolinium orthochromite.® This transi-
tion was shifted towards higher temperatures. With decreas-
ing temperature, the magnetization along the a axis in-
creased hyperbolically, but the polarization of the Ge*>* ions
turned out to be substantially lower than in pure GdCrO;.

3.-dEXCHANGE IN THE WEAK FERRIMAGNET Gd, _,Cr, O;.
DISCUSSION OF EXPERIMENTAL DATA

When account is taken of the isotropic and anisotropic
Jf—d interactions, the effective field at the R ion, say in
GdFeO;, can be represented as a sum of ferro- and antiferro-
magnetic contributions®*:

H=aFe0Fe+BFelFe, (1)

where ap, determines the contribution of the isotropic f/~d
exchange, BFe is the tensor of the parameters of the symmet-
ric and antisymmetric anisotropic /~d interactions, o, and
1. are respectively the magnetization and the antiferromag-
netism vector of the Fe sublattice.

Generalizing this expression to the case of rare-earth
weak antiferromagnets of the GdFe, _, Cr,O; type, we ob-
tain, with the magnetic configuration I', (G, F,)as an exam-
ple,

Hc"-:al?eﬁre (.‘C, T) +a(‘.rﬁCr (I, T) +ﬁFeIPe (xv T) +§cr2-(:r (xv T) 1
(2)

where jir. . is the average magnetic moment of the Fe or Cr
sublattice, normalized for convenience to the magnetization
of the Fe or Cr sublattice in the pure orthoferrite (orthochro-
mite) at T=0K, i.e, g (0,0)=1 and jic, (1,0)= 1. The
mean value of the antiferromagnetism vector /i ¢, is simply
connected with the mean value of the longitudinal compo-
nent of the spin of the ions Fe>* and Cr** at a small noncol-
linearity of the spins (for the sake of argument, we take the
antiferromagnetism-vector components to be positive):

- _S—FE(xy T)

_SC? ($, T)
* 52(0,0)

(1""$), Z-Cl' _SCr(1,0) z,

(3)
with

Ire(z, 0)=1—2, Ic:(z, 0)=z.
Thus, the unique behavior of the magnetic moments of the d
sublattices of a weak ferrimagnet leads also to an unusual
behavior of the effective fields at the R ions.
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According to the data of Ref. S, whose authors analyzed
the isotropic and anisotropic interactions in GdFeO,,

are=—1.9 kOe, Br.=1.6 kOe,
and a substantial contribution to the parameter of the aniso-
tropic interactions is made by the antisymmetric Gd-Fe ex-
change

Bre=PBr’ +Pre* = (—0.54+2.1) kOe.

The situation is more complicated with the analysis of
the f~d interaction in GdCrO,. The data of Ref. 6 make it
possible to estimate the sum ac, + Bc, = — 5.5 kOe, and
also the contribution of the symmetric anisotropic Gd-Cr
exchange, i.e.,, B¢, = + 0.5 kOe.

Definite information on the parameter a, of the iso-
tropic Gd—Cr exchange can be obtained from the data of Ref.
7, whose authors investigated the Gd**—Cr®* interaction in
the orthoaluminate GdA1O, with Cr** admixture, which is
isostructural to GdCrO;. The exchange integral
Icyc, =1.6 K which they obtained with allowance for the
cant angle of the magnetic sublattices Cr in GdCrO; (equal,
according to Ref. 6, to 2.5X10~?), would correspond to
ac, =~ — 6 kOe. However, the data of Ref. 8 on the influence
of Al* ions on the substantial increase of the effective field in
GdFe, _, Al, O, is evidence of the possibility of a noticeable
decrease of the average exchange integral /4, in CdCrO,
compared with Igyc, in GdAlO;:Cr’*. That the isotropic
Gd-Cr exchange makes a relatively small contribution to
the Gd-sublattice polarization in GdCrO; was indicated also
by the authors of Ref. 6. As for the antisymmetric Gd-Cr
exchange the theoretical results of Refs. 5 and 9 allow us to
conclude that 8§, and B, are close in magnitude but are of
opposite sign.

Obviously, investigation of the magnetic properties of
the weak ferrimagnets GdFe, _ , Cr, O; can yield more de-
tailed information on the relative roles of the isotropic and
antisymmetric Gd-Cr exchange to the polarization of the
rare-earth sublattice. Thus, at low temperatures and small
concentrations X, the fi. (x) and z (x) dependences can be
approximated by a linear law, where according to Ref. 1

fre(z) =1—2z, fcr(z)=(Sc:/Sre) (26—1)7, 4

where the parameter § is determined by the ratio of the
Dzyaloshinskii-interaction parameters dc.p. and dg.g. and
of the exchange integrals /g, and /g, (Ref. 1):

6= (dCrFe/ICrFe) (dFeFe/Il’ePe) -t (5)

Thus, the concentration dependence of the effective field at
the Gd3* ions at small x takes the form

Hc (1’) = (aye'*'ﬁl’e) (1—:1:) + [3/5 (26—1) ac,+Bc,]x
=—0.3—[6.40c,+5.2] 2=—0.3+[33.2+6.4B"** ] z,

where we have used the values cited above for the parameters
a and S, as well as the value § = — 4 which is typical of the
antisymmetric exchange in the d sublattice of
YFe, _,.Cr,O; (Ref. 2).

Reversal of the sign of H_, meaning also of the direction
of the Gd-sublattice polarization, takes place in our case at
the critical concentration x,, :

(6)
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Zee=—0.3/ (6.4ictc,+5.2) =03/ (33.2+6.4c*) . (7)

We note that, as can be seen from Fig. 1, the validity of the
linear law (4) and of relations (6) and (7), is restricted to a
concentration x_. ~0.05.

Particular interest attaches to the fact that in the ab-
sence of antisymmetric Gd-Cr exchange (i.e., at 2 = 0)the
reversal of the sign of the polarization of the Gd sublattice
should occur already at very low concentrations of the Cr>*+
ions, namely at x_ ~0.01. Actually, however, our experi-
mental data (Fig. 2) indicate that x. >0.05 in
GdGe, _, Cr, O;. This result is not only experimental proof
of the very existence of antisymmetric exchange of the S ions
Gd** and Cr**, but makes possible numerical estimates of
ac. and B & . From the condition x_, >0.05 we obtain at
negative values of a., and B &, the following inequalities:

Joter| <1.8 kOe, |Bc,*|>4.2 kOe
Attesting to negative a,, meaning also 8 Z,, is also the ex-
perimental fact that the effective field H, is weaker at
x = 0.05 than H_ in pure GdFeO,. Moreover, the experi-
mentally established value H,(0.05) = — 0.15 kOe makes it
possible to determine more accurately the values of a., and
B &.. On the basis of Eq. (6) we obtain

acr=—1.3k0e, Bc*~—4.7 kQOe.

Thus, the antisymmetric Gd—Cr f~d exchange makes
the largest contribution to the polarization of the Gd sublat-
tice of the rare-earth weak ferrimagnets GdFe, _,Cr, O,
compared with the isotropic Gd-Cr exchange and the sym-
metric anisotropic Gd-Cr interaction. The sign of the pa-
rameter 8 &, turns out to be opposite to the sign of 8 %, in full
accord with the conclusions of the microscopic theory.>®
The values of the Gd—Cr and Gd-Fe isotropic exchange turn
out to be close.

Knowledge of the numerical values of the parameters
Qg.c: and Bg. . has enabled us to calculate, within the
framework of the molecular-field theory, the concentration
and temperature dependences of the average effective field
H_, the magnetization of the Gd sublattice, and the total
magnetization of GdFe, _ . Cr, O, in the entire range of vari-
ation of x. The exchange integrals and the Dzyaloshinskii-
interaction parameters in the d sublattices were chosen equal
to the corresponding values for YFe, _,Cr,0,,"? and the
susceptibility of the Gd** ions was taken in accord with the
data of Ref. 10.

Figure 6 shows the calculated concentration depen-
dence of H_(x) at T = 0 K it has an unusual form with two
compensation points—at small and relatively large concen-
trations of the Cr** ions.

Figure 7 shows the calculated temperature dependence
of the total magnetization of GdFe, _, Cr, O, for a succes-
sive series of concentrations x. Whereas at x ~0.05 compen-
sation of the total magnetic moment is still observed, at
x = 0.10 the reversal of the sign of Hc leads to a hyperbolic
increase of o(T') in the low-temperature region. The effect
due to the features of the weak ferrimagnetic ordering of the
d sublattice, namely the appearance of a minimum on the
o(T) curve in the temperature region preceding the hyperbo-
lic growth of the magnetization, manifests itself here first
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FIG. 6. Calculated concentration dependence of the average effective field
at the Gd** ions in the weak ferrimagnet GdFe, _,Cr,O,at T=0K.

weakly, and becomes more and more pronounced with
further increase of x. This is a consequence of the Néel-type
temperature dependence of the magnetization of the d sub-
lattice of the weak ferrimagnet GdFe, _,Cr, O, (depen-
dence of type a in the notation of Ref. 1) at positive polariza-
tion of the Gd sublattice.

This effect is very clearly seen on the experimental o(T)
curve for the composition with x = 0.17 (Fig. 4). We have
shown in the same figure the calculated curve at the values of
ac, and B, obtained by us (curve 1), as well for a compari-
son of the results of the calculation assuming absence of anti-
symmetric Gd-Cr exchange (8 &, = 0, curve 2) or of iso-
tropic Gd-Cr exchange (@, = 0, curve 3). The satisfactory
agreement between the theory (curve 1) and the experiment
is one more proof of the reliability of our conclusions con-
cerning the relative role of the isotropic and anisotropic Gd—
Cr interaction. /

Even more interesting effects should result from further
increase of the concentration x. The appearance of a point of
compensation of the d-sublattice magnetization together

FIG. 7. Calculated temperature dependences of the total magnetization of
a number of weak ferromagnets GdFe, _,Cr, O,, 7=T/Ty.
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with the positive polarization of the Gd** ions results in two
compensation points.

Calculation shows that at x ~0.27 there appears in the
region 7=~0.17 a compensation point that subsequently dou-
bles, with one (high-temperature) compensation point mov-
ing towards 7 with increasing x, and the other (low tem-
perature) towards 77=0 K. At x> 0.5 the compensation
points vanish. Only for compositions directly adjacent to
pure gadolinium orthochormite is the compensation again
observed, and with increasing concentration of the Fe**
ions the compensation point shifts from 7T, = 110 K in pure
GdCrO5to T, = Ty, at x~0.95.

The calculated temperature dependences of the magne-
tization of GdFe, _, Cr, O, at large values of x agree satis-
factorily with the experimental data, for example with those
for the composition GdFe, , Cr, , O, investigated by us (Fig.
5). Naturally, in this case the experimental values of o(T')
must be taken with a minus sign.

4. CONCLUSION

The weak ferrimagnetic character of the ordering of the
sublattice of the rare-earth orthoferrites-orthochromites
RFe, _,Cr,O,, due to the different signs of the Dzyalo-
shinskii vectors in the pairs Fe-Fe, Cr-Cr, and Fe-Cr and
manifesting itself in an antiparallel orientation of the aver-
age magneticmoments of the Fe and Cr sublattices, leads to
an anomalous concentration and temperature dependence of
the effective magnetic field acting on the R ions, and in parti-
cular to the appearance of two points of concentration com-
pensation (sign reversal) of the field.

The qualitative and quantitative analysis of the magnet-
ic properties of a number of single crystals of the system
GdFe, _,Cr, O, has made it possible not only to explain the
unusual character of the concentration and temperature de-
pendences of the magnetization, but also to obtain important
information on the magnitude of the isotropic and aniso-
tropic f~d Gd-Crexchange. Thus, it has been shown that the
isotropic Gd—Cr exchange is antiferromagnetic and close in
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magnitude to the Gd—Fe exchange. Of greatest interest is the
conclusion that the main contribution to the polarization of
the Ge3™ ions, from both the Fe and Cr sublattices, is made
by the antisymmetric Gd-Fe and Gd-Cr exchanges. This
factis due entirely to the suppression of the potentially large
isotropic f~d exchange in the pairs Gd—-Fe and Gd—Cr at the
basic antiferromagnetic structure of the d sublattice,’ so that
relatively weak anisotropic interactions of the S ions Gd>*+
with Fe’* and Cr’* assume the principal role in inducing
the effective field at the rare-earth ions in GdFe, _,Cr, O,.

Finally, we note the need for further experimental in-
vestigation of the rare-earth weak ferrimagnets
RFe, _, Cr, O, both from the viewpoint of studying various
Jf-d interactions, and of the possibility of obtaining better
magnetic properties than in pure RFeO; and RCrO;. From
this viewpoint, interest attaches to our prediction that com-
positions with two magnetization compensation points can
occur in the GdFe, _ ,Cr, O, system.
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