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Inorder to investigate the effect of the /~d exchange interaction on the magnetic state of d-
subsystems in the itinerant metamagnets Y (Co, _ , Al, ),, we have measured the magnetization
and magnetic susceptibility of the intermetallic compounds Y, _,Gd, (Co, _ . Al, ), (for
0<#<0.2,x = 0.0,0.05,0.07,0.085, and 0.105). We have observed that in the compounds with
high aluminum content (x>>0.05) the field at which the metamagnetic transition occurs decreases
with increasing gadolinium content, eventually leading to a ferromagnetic state, whereas in the
compounds with low aluminum content (x<0.05) introduction of aluminum causes the
metamagnetic transition field to increase and leads to formation of a cluster spin glass state. We
have constructed the magnetic phase diagrams as well. Most of our results can be described using
amolecular-field model that takes into account the presence of both itinerant d-subsystems and

localized f~subsystems in these intermetallics.

INTRODUCTION

In order to shed light on the problem of why subsystems
of itinerant d-electrons in intermetallic compounds are mag-
netically unstable, much attention has been focused on the
Laves phases RCo, (with type C15 fcc crystal structure),
where R is a rare earth or yttrium.' In these compounds, a d-
electron subsystem forms as a result of 3d-5d hybridization
(3d-4d in the case of YCo,) of the cobalt and rare earth d-
electrons. For this subsystem, the density of d-states at the
Fermi level and the magnitude of d-d exchange are such that
the criterion for appearance of itinerant ferromagnetism
(i.e., the Stoner criterion) is not fulfilled.?* Because of this,
the compounds with nonmagnetic rare earths, i.e., yttrium
and lutetium, are exchange-enhanced itinerant paramag-
nets.*

An important feature of the magnetic behavior of YCo,
and LuCo, is the fact that these compounds are metamag-
nets, i.e., they convert discontinuously to a ferromagnetic
state at a field H,,, the so-called metamagnetic transition
field? (this is referred to as the phenomenon of itinerant me-
tamagnetism). This transition, which has only recently been
observed experimentally,™® takes place in fields H,, ~ 10°
Oe, and is explained by peculiarities in the energy depen-
dence of the density of states N(E) of the d-electrons near
the Fermi level which cause N(E) to increase in a magnetic
field.?

In the RCo, intermetallics with magnetic rare earths,
both magnetic subsystems—the localized 4felectrons of the
rare earths and the itinerant d electrons—are magnetically
ordered.” In this case, the magnetic ordering of the itinerant
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subsystem is extrinsic, and is due to a magnetizing molecular
field H¢, acting on the d-subsystem. This field, which
arises from the f-subsystem of the magnetic rare earth atoms,
is larger than the metamagnetic transition field H,, for all
R.*>® If we dilute the rare earth f-subsystem with nonmagne-
tic yttrium, we can decrease this molecular field H ¢, acting
on the itinerant subsystem, and follow the influence of f-d
exchange on the properties of the d-subsystem. Such investi-
gations have been carried out on the (RY)Co, compounds
for R = Gd, Tb, Dy, Ho, and Er.>'” According to these
investigations, magnetic instability of the d-subsystem arises
in ranges of rather high rare earth concentrations (more
than 20 at.% ). However, up to now the effect of small impu-
rity concentrations of rare earths on the properties of d-sub-
systems has been left almost unstudied, except for Ref. 18, in
which the properties of the system (Y,_,Gd,)Co, were
analyzed for gadolinium concentrations ¢ smaller than 0.20.
There it was shown that these compounds are cluster spin
glasses. )

Comparatively recently it has been observed that par-
tial replacement of the cobalt by aluminum in YCo, leads to
a decrease in the metamagnetic transition field H,,, and to
the appearance of weak itinerant ferromagnetism in the
Y (Co, _,Al,), system for x>0.12."° This variation in the
properties of these compounds with aluminum replacement
can be understood within the framework of the itinerant
magnetism model by an increase in the density of states as
the Fermi level as the cobalt is replaced by aluminum. Thus,
inthe Y(Co, _ ,Al, ), system the magnetic stability of the d-
subsystem increases as the aluminum content increases,
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which can significantly modify the way the impurity rare
earths affect the d-subsystem.

At present, studies of this kind are nonexistent; there-
fore, in this paper we have undertaken to investigate the
magnetic properties of thesystem Y, _,Gd, (Co, _ ,Al,),in
order to clarify the effect of /~d exchange interactions on the
behavior of the itinerant magnetic system Y (Co, _,Al,),
for small concentrations of localized impurities. We will lim-
it ourselves to that range of aluminum concentrations
(0<x<0.105) for which the original Y (Co, _,Al, ), com-
pound is a paramagnet, undergoing a metamagnetic transi-
tion in the field. Compounds with gadolinium were chosen
because Gd*>* is an S-state ion with small anisotropy, so
that we need to take into account only the isotropic exchange
interaction when interpreting the results.

THEORETICAL MODEL

Our theoretical discussion of the fundamental magnetic
properties of the Y, _,Gd, (Co, _, Al, ), compounds under
discussion here can be carried out using the mean field mod-
el. We note at the outset that this model is approximate, in
that it does not take into account either spin fluctuations in
the itinerant d-subsystem or magnetic clusters which can
form for small gadolinium concentrations. Therefore our
model will apply only to uniform systems with long-range
magnetic order (i.e., ferro- or ferrimagnetism), so that a
description of spin glasses and other inhomogeneous states is
outside its framework.

Following the approach of Refs. 2 and 16, we will treat
the itinerant d-subsystem in these compounds within the
Wohlfarth model of weak itinerant ferromagnetism. Then,
taking into account the f-d exchange interaction, we can
write the equation of state for the itinerant subsystem in the
form

aM+pMS+yM =HY, (n

where M, is the magnetization of the d-subsystem and H%;
is the effective field acting on this subsystem:

H:ﬁ- =H+th/dM,, (2)

where HZ,, = t4,,M, is the molecular field acting on the d-
subsystem, A, is the molecular field coefficient for the f-d
exchange interaction (according to Ref. 7, A, is negative for
compounds with heavy rare earths), and M, is the magneti-
zation of the f~subsystem (calculated for a single f~ion).
It was shown in Ref. 20 that the itinerant system is para-
magnetic if
a>0, (3a)
while itinerant metamagnetism appears when we have
p<<0, y>0 (3b)

and when a certain relation holds between a, 3, and y.
The magnetization of the f~subsystem M, can be writ-
ten

My=p;Br,[ (us/k5T) IH{;R‘H! (4)
where u, is the saturation magnetic moment of the f~subsys-

tem (for gadolinium p, = 7u 5 /atom ) and the effective field
acting on the f~subsystem equals
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H {ﬁ' =H+A:fde+tA,_(fM; ( 5)

(A5 is the molecular-field coefficient for the f-f exchange
interaction).

Ground state

In this model the ground state is ferromagnetic, because
the exchange interaction between the f- and d-subsystems is
negative (4, <0) in compounds with heavy rare earths. In
this case, as we have already noted, magnetic ordering in the
d-subsystem is extrinsic, i.e., it appears as a result of the f-d
exchange interaction, whereas in the f-subsystem magnetic
ordering is intrinsic if 4570, and appears even if 1, = 0.

Depending on the value of the ratio H,,/H ¢, we dis-
tinguish two cases.

1. If the effective molecular field H ¢, acting on the d-
subsystem is smaller than the critical field H,, for the meta-
magnetic transition, the d-subsystem remains in a magne-
tized paramagnetic phase. In what follows we will refer to
this state as the weakly ferrimagnetic phase. We can write
the spontaneous magnetization of the compound in this
phase at 0 K in the form

M=(—Xd7\.yd‘—1)tMu (6)

where the susceptibility of the d-subsystem is y, = 1/a.

2. The case HZ , > H,,, i.e., when the d-subsystem is
ferromagnetic at low temperatures; we will call this the
strongly ferrimagnetic phase. In this phase, at 0 K we have

M=My(Hy)+ (=% ha—1) tM ;= x4 H ey (7

where the quantities M, (H,,), H,,, and for fields H> H,,
the susceptibility of the d-subsystem y,. can be written in
terms of the coefficients a, 3, and 7.2°

The critical concentration of rare earths #z, at which a
transition occurs in the itinerant subsystem from the para-
magnetic to the ferromagnetic state, i.e., a transition of the /-
d system from the weakly ferrimagnetic to the strongly ferri-
magnetic phase, is given by the relation

tx =Hu| (=M hsa). (3)

The magnetic phase transition temperature

Depending on the characteristics of the d-subsystem,
the transition from the magnetically ordered to the para-
magnetic state can be a phase transition of either second or
first order. If the d-subsystem is in the paramagnetic phase in
its ground state (H ¢, < H,,), then the f-d magnetic system
undergoes a second-order phase transition at the Curie
point, and the transition temperature of the system is given
by the expression

2 2
= ELOEIN i+ ()

An analogous situation is encountered when the d-sub-
system is ferromagnetic in its ground state (H¢ , > H,,);
however, the metamagnetic transition itself is smeared out at
the Curie temperature.

If, however, the metamagnetic character of the magnet-
ization of this subsystem is preserved up to the Curie tem-
perature, then the transition to the paramagnetic state is a
first-order phase transition, and its temperature can be de-
termined from the expression:'®
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..__t_m 'I‘=TcI ] !,LfBJ {W (deJIdHM lT-—-'I'cl
Ast
+ Hy 2 T:TCI)} : (10)

Thus, the character of the magnetic phase transition
(i.e., afirst- or second-order transition) depends on whether
or not this temperature is larger than the Curie temperature.

Behavior in a magnetic field

For metamagnetic compounds, the behavior of the
magnetization in a magnetic field can be analyzed using Eqgs.
(1) and (2). If the magnetization of the d-subsystem ex-
ceeds that of the f-subsystem (M, > tM), then the magnetic
moment of the d-subsystem is oriented parallel to the exter-
nal field, while the moment of the f~subsystem is antiparallel
to the latter; here the f-d exchange interaction leads to a
decrease in the metamagnetic transition field [see Eq. (2)]:

Hu(t)=HM(0)—(—t7\,fdM,) (11)

(we recall that A, <0).

For M, < tM,, however, the magnetization of the f-sub-
system is oriented along the field. Then application of an
external field causes the d-subsystem to be initially demag-
netized, and then to be magnetized parallel to this field.
Thus, in this case the f-d interaction leads to an increase in
the metamagnetic transition field:

Hy (t) =H (0)+ (—tAuM,). (12)

In fields smaller than the metamagnetic transition field, we
can treat the susceptibility of the d-subsystem as approxi-
mately field independent. The conditions under which intro-
duction of magnetic rare earths will bring about a decrease in
the metamagnetic transition field are obtained from (6):

“‘xd)\./d=1. (13)

We note the approximate character of condition (13),
which was obtained in the approximation that the d-subsys-
tem susceptibility is field-independent in fields H < H,,; fur-
thermore, it includes only collinear two-sublattice struc-
tures without considering the possibility that the sublattices
could split into sub-sublattices.

In the strongly ferrimagnetic phase, it is well known
that a noncollinear magnetic structure should appear in an
external field.?' The field interval where this structure exists
is

H,, <H<H,,, (14)
where
Hkl=_;"!d|M!—Mdls
(15)

Hk2=_AydlM!+Md‘ .

In the noncollinear phase, the magnetization depends on the
field linearly:

H

My=———.
"

(16)
Thus, these considerations show that in R-3d interme-
tallics with metamagnetic itinerant subsystems it is possible
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to observe new effects at small concentrations of magnetic
rare earths, caused by the mutual interaction of the two sub-
systems. Experimental investigation of these effects allows
us to understand more deeply the peculiarities of magnetism
in such compounds, and to clarify the limits of applicability
of the simple model proposed here.

EXPERIMENTAL DETAILS

Polycrystalline samples of the intermetallic compounds
Y,_,Gd,(Co,_,Al,),, where 0<#<0.20 and x = 0.0, 0.05,
0.07, 0.085, and 0.105, were smelted in an induction furnace
under an atmosphere of spectrally pure argon in a water-
cooled copper crucible under quasilevitated conditions. The
ingots so obtained were homogenized over the course of a
week at a temperature of 850 °C. X-ray phase analysis
showed that the samples were single-phase, with C 15 cubic
crystal structure.

The magnetization at 4.2 K was measured in pulsed
magnetic fields up to 270 kOe using the induction method.
In the interval 2 to 200 K, the magnetization was measured
in a static magnetic field up to 75 kOe using both the sample
extraction method and a vibrating magnetometer. We mea-
sured the magnetic susceptibility over this temperature in-
terval in weak AC fields. The crystal lattice parameters were
determined in the temperature range from 5 to 300 K using
the x-ray method.

EXPERIMENTAL RESULTS AND DISCUSSION
1. Magnetic propertiesat4.2K

Our measurements showed that the low temperature
magnetic properties of the system Y, _,Gd,(Co,_,Al,),
depend strongly on the aluminum content. The compounds
we studied can be divided into two groups with different
magnetic behavior. One group consisted of compounds with
low aluminum content, the other the remaining high-Al
compounds.

a) Systems with low aluminum content (x=0.00 and
0.05). The original Y (Co, _,Al, ), compounds for these
systems are itinerant metamagnets, with metamagnetic tran-
sition fields H,, equal to 690 kOe (x = 0.00) and 450 kOe
(x = 0.05) respectively.'®??

In Fig. 1 we show as an example the field dependence of
the magnetization at 4.2 K for certain compounds belonging
to the system Y, _,Gd, (Cog g5 Alg s ),- It is clear that for
small replacements by gadolinium (z<0.12) there is no
spontaneous magnetization. Increasing the gadolinium con-
tent leads to increased weak-field susceptibility; the magnet-
ization curves of the compounds with Gd become nonlinear,
and exhibit a tendency toward saturation in strong fields.
Compounds with Gd content #>0.12 possess a spontaneous
moment. The value of this spontaneous moment decreases as
the gadolinium content increases, passing through a mini-
mum at f.,,, =0.17-0.18 and then increasing once more
(i.e., this concentration marks a balance point with respect
to composition). In compounds near ¢, we observed
kinks in the magnetization curves, which are characteristic
of a transition from a collinear ferrimagnet to the noncollin-
ear phase.

In the system (Y, _,Gd,)Co,, there was no spontane-
ous magnetic moment over the entire gadolinium concentra-
tion interval 0<#<0.12 we investigated, and the magnetiza-
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tion curves did not differ qualitatively from magnetization
curves of the compounds from the Y, _,Gd, (Cog 45 Alyos)»
system (see Fig. 1). Ferromagnetic order exists in this sys-
tem for > 0.15-0.20 (Refs. 18, 23).

b) Systems with high aluminum content (x=0.07, 0.085,
and 0.105). The properties of these systems are qualitatively
analogous for various aluminum concentrations; therefore
we will discuss in detail only the one with x = 0.085.

Figure 2 shows the magnetization curves of several
compounds of the Y, _,Gd, (Cogq;5s Alg g5 ), System at 4.2
K. It is clear that the original compound Y (Cog ¢,5 Alyogs )2
is an itinerant metamagnet with a critical magnetic transi-
tion field H,, = 225 kOe. As the gadolinium concentration
increases, the metamagnetic transition field H,, decreases,
and for concentrations ¢ R 0.04 these compounds possess a
spontaneous magnetization. At comparatively small gado-
linium concentrations (0.04 5¢#50.06) the spontaneous
magnetization is small in the magnetically ordered region,
and application of a field leads to a metamagnetic transition
from a weakly ferrimagnetic to a strongly ferrimagnetic
state. For larger gadolinium content (#X 0.06) metamagnet-
ic transitions are not observed: these compounds are in the
strongly ferrimagnetic state even at zero field. The satura-
tion magnetization decreases with increasing gadolinium
content up toz.,,, ~0.17-0.18; further increasing ¢ causes it

to increase once more. As with the compounds with low
aluminum content, near this concentration a transition is
observed from the collinear ferrimagnetic phase to the non-
collinear phase in an external magnetic field.

A decrease in the metamagnetic transition field is also
observed in the other systems, i.e., Y, _,Gd,(Co, _,Al,),
with high aluminum content (x = 0.07 and 0.105), as the
gadolinium content increases. This decrease is followed by
the appearance of a weakly ferrimagnetic phase, which is
then replaced by a strongly ferrimagnetic phase. The only
difference is that increasing the aluminum content causes
the metamagnetic transition field in these compounds to in-
crease, and the concentration region where the paramagnet-
ic and weakly ferromagnetic metamagnetic phases can exist
to shrink. At the same time, the values of the magnetization
and gadolinium concentrations at which compensation of
the magnetic moments of the f~ and d-subsystems is observed
are close for all these systems, although with certain differ-
ences. Furthermore, the spontaneous magnetization of the
low-aluminum-content system with x = 0.05 is also close to
the magnetization of those compounds corresponding to sys-
tems with larger amounts of aluminum (x = 0.07, 0.085,
and 0.105).

All of these features are easy to see in Figs. 3 and 4,
where we have plotted the basic characteristics of all the
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FIG. 3. Dependence of the magnetization on gadolinium content ¢ for
various compounds from the system (Y, _,Gd,)(Co,_Al,),at4.2 K.
O—spontaneous magnetization of the weakly ferrimagnetic compounds,
A—magnetization of the weakly ferrimagnetic compounds in a field of
270 kOe, O—spontaneous magnetization of the strongly ferrimagnetic
compounds. x = 0.105 (a), 0.075 (b), 0.07 (c), 0.05 (d).

systems under discussion here at 4.2 K. In Fig. 3 we present
data on the magnetization as a function of gadolinium con-
centration for systems with various x values. Here we show
the spontaneous magnetizations of weakly ferrimagnetic
and strongly ferrimagnetic samples, as well as magnetiza-
tions in a field of 270 kOe for samples with metamagnetic
transitions. In Fig. 4 we show the measured dependence of
the metamagnetic transition field on gadolinium content for

E\,
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J

TANN

0 002 G04 006 ¢t

FIG. 4. Dependence of the metamagnetic transition field on gadolinium
concentration ¢ for the system (Y, _,Gd,) (Co, _ ,Al, ),:x = 0.07,0.085
(2), 0.105 (3). The straight line is calculated using Eq. (11), and the
points are experimental data.
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systems with various aluminum contents. A comparison of
the experimental data with calculations for /~d magnetic sys-
tems show that they agree in most cases, at least qualitative-
ly.

First of all, in the majority of cases a transition from a
paramagnetic phase with metamagnetism to a weakly ferri-
magnetic metamagnetic phase occurs as the gadolinium con-
tent increases, followed by a strongly ferrimagnetic phase
(see Fig. 3), as predicted by theory.

Secondly, and also predicted by theory, the metamag-
netic transition fields of the high-aluminum systems
(x =0.07, 0.085, and 0.105), in which the susceptibility of
the d-subsystem is large, decrease almost linearly with the
gadolinium concentration (Fig. 4).

Thirdly, no metamagnetic transitions are observed in
the systems with low aluminum content (x =0.05 and
0.00). This could be related to the small susceptibility of the
d-subsystem, which in turn is associated with the fact that
the magnetic moment of the f-subsystem in these com-
pounds is oriented along the field.

For a quantitative comparison of the experimental data
with the theoretical calculations it is necessary to know 4,
the molecular field coefficient for f-d exchange. We deter-
mined the latter using Eq. (15) and the experimental values
of the field for a transition to the noncollinear phase H,, and
the magnetization M,,. in this field, and also by using Eq.
(16) and the field dependence of the magnetization in the
noncollinear phase. It turns out that within the limits of ex-
perimental error the coefficient A, is independent of the
aluminum and gadolinium contents, and equals

Aja=—(640=+20) kOe /us f. units

(this question is treated in more detail in Ref. 24).

Once we know 4, we can use Eq. (8) to calculate the
critical concentration of gadolinium ¢4 at which a transition
occurs from the weakly ferrimagnetic to strongly ferrimag-
netic states. The computed values of ¢, are shown in Fig. 3
by arrows; as is clear from this figure, agreement with the
experimental data is satisfactory.

In Fig. 4 we compare experimental data for the depen-
dence of the metamagnetic transition field at 4.2 K on gado-
linium concentration ¢ in systems having various aluminum
concentrations x with theoretical calculations using Eq.
(11). It is clear that good agreement is observed between
experiment and theory. In these calculations we assumed
that the f~subsystem is saturated, i.e., M, = u, = Tuz. The
conclusion that this subsystem is saturated at 4.2 K in the
metamagnetic transition field H,, (¢) follows from computa-
tion of the magnetization of the f~subsystem using Eqgs. (4)
and (5). The fact is that at 4.2 K M, comes to approximately
0.9 of i, even in an effective field of 20 kOe. Estimates show
that only in the most favorable cases (compounds with
x = 0.07 and ¢ = 0.01) does H/; amount to several kilo-
oersteds in the metamagnetic transition field H,, (¢). For all
the other metamagnetic states it is considerably larger than
20 kQe. This is even more true when the compounds are in
their strongly ferrimagnetic phase.

As was shown above, the behavior of the magnetization
in a field should change due to the increase in the d-subsys-
tem susceptibility with increasing aluminum concentration:
for high aluminum concentrations, increasing the gadolin-
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FIG. 5. Dependence of the d-subsystem susceptibility for the compounds
Y (Co, _,Al,), onaluminum concentration x at 4.2 K using our data (A)
and the data of Ref. 22 (O). The arrow denotes the critical aluminum
concentration at which the magnetization of the rare earth and d-subsys-
tems become equal, as calculated from Eq. (13).

ium content leads to a decrease in the metamagnetic transi-
tion field (Eq. (11)), while for low aluminum concentra-
tions it causes the latter to increase (Eq. (12)). The critical
value of the susceptibility is given by Eq. (13). In Fig. 5 we
show data on how the susceptibility for compounds in the
Y (Co, _,Al,), system (i.e., the susceptibility of the d-sub-
system without gadolinium) depends on aluminum concen-
tration, according to the data of our paper and that of Ref.
22. In this figure the arrow denotes the critical concentration
at which there is a change in the way the gadolinium affects
the metamagnetic transition field (in these estimates we
have assumed that the gadolinium subsystem is saturated in
the metamagnetic transition field). It is clear that the critical
concentration equals 0.08 according to the theoretical esti-
mates, whereas experimentally we observe a transition from
one regime to another as we go from the composition
x = 0.05 to x = 0.07. The experimental and theoretical val-
ues are therefore close, although with certain differences,
possibly connected with the fact that we did not include the
field dependence of the d-subsystem susceptibility in the cal-
culations.

Figure 6 shows the behavior of the magnetic moment of
the d-subsystem on gadolinium content in compounds that
are in the strongly ferrimagnetic state, as calculated from the
saturation magnetization assuming that the f~subsystem is
saturated. It is clear that M, increases linearly as the gado-
linium composition is increased, which is due to an increase
in the effective field acting on the d-subsystem. In this case,
the data for systems with various aluminum contents lie on a
single line within the limits of experimental error, indicating
that the susceptibility y’ is composition independent in the
ferrimagnetic state. From these data, using Eq. (7) we find
that the susceptibility y' = 1.2 +0.2:10~7 u,/Co atom,
and determine by linear extrapolation that the moment of
the d-subsystem M, is equal to 1.1 + 0.2 5 /Co atom in the
compound GdCo,. This value is in good agreement with the
experimental value of M, for GdCo, taken from Ref. 9.

Thus, the simple theory we have developed describes
much of the experimental behavior of the system
Y, _,Gd, (Co, _,Al,),. Nevertheless, it cannot explain the
experimental magnetization curves of compounds with low
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FIG. 6. Magnetic moment of the d-subsystem for the compounds
(Y,_,Gd,)(Co, _,Al,), as a function of gadolinium content ¢ at 4.2 K.
x =0.105 (3), 0.075 (), 0.07 (X)), 0.05 (O).

aluminum and gadolinium contents. The magnetization
curves for these compounds are nonlinear, and the weak-
field susceptibility is considerably larger than for that of
compounds with high aluminum content (compare Figs. 1
and 2). Previously it was shown that a cluster spin glass state
appears in (Y,Gd, _,)Co, at low gadolinium concentra-
tions (£0.20).'8 The fact that behavior analogous to the
system (Y,Gd, _,)Co, is seen in the system with x = 0.05
suggests that a spin-glass state appears at low temperatures
in this system as well.

2. Temperature characteristics. Let us now consider
how the magnetic characteristics of the compounds
Y,_,Gd,(Co, _,Al,), behave at various temperatures.
The majority of compounds we studied had characteristic
anomalies in the temperature dependence of the initial mag-
netic susceptibility at low temperatures, allowing us to iden-
tify the magnetic phase transition temperatures.

For those compounds that we claim harbor spin glasses,
these anomalies take the form of “kinks” in the susceptibil-
ity, which is characteristic for a point where a spin glass is
frozen in. The nonlinearity of the magnetization curves for
compounds in the systems with x = 0.00 and 0.05, which are
in the spin glass state at low temperatures, decreases with
increasing temperature, and above the freeze-in temperature
of the spin glass the magnetization curves become linear.
When we process the magnetization curves for these com-
pounds using the Belov—Arrot method, we find behavior
characteristics of the spin glass state, i.e., nonlinear depend-
ence of H/M on M? and zero spontaneous magnetization
over the entire measurement temperature range.

For magnetically ordered compounds, the Curie tem-
perature determined by the Belov—Arrot method is close to
the Curie temperature found from measuring the magnetic
susceptibility in a weak AC field.

In Fig. 7 we show the dependence of the magnetic phase
transition temperature on gadolinium concentration ¢ for
systems with various aluminum compositions x. It is clear
that the transition temperatures increase with increasing ¢,
and that this increase takes place more rapidly as the alumi-
num concentration rises. In the compounds with higher alu-
minum content (x = 0.07, 0.085, and 0.105) this transition
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is from the weakly ferrimagnetic to the paramagnetic state
for small ¢, whereas for large ¢ it goes from the strongly ferri-
magnetic to the paramagnetic state. In the compounds with
small aluminum content (x = 0.00 and 0.05), a transition is
observed to the spin glass state as the temperature decreases,
while the system with x = 0.085 becomes strongly ferrimag-
netic as the gadolinium content increases.

As we pointed out earlier, the transition from the mag-
netically ordered state to the paramagnetic state can be ei-
ther a first-order or second-order transition in the strongly
ferrimagnetic samples. In the first case, the paramagnetic
and magnetically ordered phases can coexist in a transition
region, as occurs in the system Lu(Co, _,Al,),.>>* In
these compounds, determining the type of magnetic transi-
tion by using the temperature dependence of global charac-
teristics (magnetization, susceptibility, etc.) becomes diffi-
cult because the content of the various phases changes with
temperature.?® Previously it was established by NMR inves-
tigations that the system Y (Co, _,Al,),, in contrast to
Lu(Co, _ ,Al,),, is homogeneous in the transition region,?’
and that magnetic ordering in this compound takes place
via a second-order transition. However, since a strong-
ly ferrimagnetic phase appears in the systems
Y,_,Gd,(Co,_,Al,),, we cannot dismiss the possibility
that the nature of the magnetic transition in these com-
pounds can change from second order to first order. Our
investigations of thermal broadening by the x-ray method,
which allows us to observe the coexistence of various phases
(see Ref. 26), showed that the magnetic phase transition was
second-order in all the samples we investigated, including
the strongly ferrimagnetic samples. This is apparent in Fig.
8, where we show the temperature dependence of the crystal
lattice parameter for several compounds: we did not observe
coexistence of paramagnetic and magnetically ordered
phases at the Curie point, there was no jump in the lattice
parameter, and the magnetic anomaly in a(7") was observed
to increase monotonically with decreasing temperature.

Our calculations of the Curie temperatures for the sys-
tems Y, _,Gd,(Co,_,Al,), were based on Eq. (9) for sec-
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FIG. 7. Magnetic phase transition temperatures of
compounds from the system
(Y, _,Gd,)(Co, _,Al,),asafunction of the gadolin-
ium concentration z. ()—the transition to the strongly
ferromagnetic phase, O—transition to the weakly fer-
rimagnetic phase, A—transition to a spin glass state.
The curve is calculated theoretically using Eq. (9).

ond order phase transitions, data on the temperature de-
pendence of the susceptibility of d-subsystems taken from
Ref. 22, and a value A5 = 136 kOe/u taken from Ref. 7.
These data are shown in Fig. 7. It is clear that the computed
and experimental functions 7, (¢) are in semiquantitative
agreement for large values of . Considerably larger disagree-
ments are observed between the experimental and theoreti-
cal dependences of the phase transition temperatures on ga-
dolinium concentration for low gadolinium content,
especially for the case of the spin glass state, where the sys-
tem is significantly inhomogeneous and the crude mean-
field approximation is inapplicable. Furthermore, an exact
calculation of the Curie temperature must include spin fluc-
tuations in the d-subsystem, which dominate the behavior of
itinerant metamagnets.?’

The temperature behavior of the spontaneous magneti-
zation of the ferrimagnetic states (see Fig. 9, where we show
the functions M, (7)) for several compounds from the system
with x = 0.85) is very interesting. If we are far from the
compensation point, as measured from the composition
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FIG. 8. Temperature dependence of the crystal lattice parameter of sever-
al compounds of the system (Y, _,Gd,)(Cog,5 Alygss )2:t = 0.03 (O),
0.04 ( +),0.10 (X)), 0.20 (A). The arrows show the magnetic ordering
temperature.
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FIG. 9. Temperature dependence of the spontaneous magnetization of
several compounds (Y, _,Gd, ) (Cogg,s Algess )2:2 = 0.04 (a), 0.10 (b),
0.16 (c), 0.18 (d).

l.omp (the magnetization of the compounds is large), the
spontaneous magnetization falls off monotonically as the
temperature increases (see Figs. 9a, 9b). The magnetization
of compounds located near ¢,,, depends anomalously on
temperature (Figs. 9c and 9d). In this case, compounds lo-
cated to the left of the compensation point with respect to
composition (f<?.m,,) exhibit a magnetic compensation
temperature. From these data we may conclude that the
temperature dependences of the fand d-subsystem magne-
tizations are almost identical (so that anomalous tempera-
ture dependence of the spontaneous magnetization is ob-
served only if the magnetization of both subsystems are close
to one another), and that the magnetization of the d-subsys-
tem decreases more rapidly as the temperature increases
than that of the f-subsystem. Therefore a compensation
point is observed only for ¢ < ¢,,,,, When M, (0) > tM,(0).

CONCLUSION

Thus, in f-d systems with magnetically unstable itiner-
ant d-subsystems, the f-d exchange interaction can lead to a
transition from one magnetic state to another in the d-sub-
system, along with various effects associated with it. In the
paramagnetic Y (Co, _, Al, ), compounds, the f-d exchange
that appears when yttrium is partially replaced by gadolin-
ium can either increase or decrease the critical field for the
metamagnetic transition, depending on the aluminum con-
centration. For large concentrations of gadolinium, when
the f-d exchange interaction causes the d-subsystem to enter
the magnetically ordered state, phenomena are observed in
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this system that are characteristic of saturated collinear fer-
rimagnets: magnetic compensation of sublattices, noncollin-
ear magnetic structures induced by an external field, etc.

The experimental results we have obtained can in many
cases be described theoretically using the molecular-field ap-
proximation. The model we present here cannot be used to
describe the properties of highly dilute compounds, in which
the conditions for applicability of the mean-field approxima-
tion are violated, and whose description requires that we
take into account the possible formation of magnetic clus-
ters. Furthermore, it should be kept in mind that spin-den-
sity fluctuations in the d-subsystem play a significant role in
altering the magnetic behavior in the compounds under in-
vestigation at high temperatures. For a more precise descrip-
tion of the magnetic properties of this class of intermetallics
a theory is required that fully takes into account all of these
factors.

Itis with deep sadness that we report that our friend and
colleague Rémy Lemaire was recently and tragically struck
down in an automobile accident.
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