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THE EFFECT OF SMALL SUBSTITUTIONS OF Gd ON THE MAGNETIC PROPERTIES
OF SYSTEM Y(Co,_,Af,),

ABSTRACT

Compound YCo, is a zonal metamagnet. It was found that partial
substitution of cobalt for aluminum in YCo, leads to a decrease in
the matamagnetic transition field H, and the emergence of weak zonal
ferromagnetism in the system Y(Coj_x4%¢,), at x=0.12. This can
significantly modify the character of the effect of rare-earth
impurities on the d-subsystem. To exclude the effect of the crystalli-
ne field, gadolinium was used as a magnetizing element. Hence the
magnetic properties of the system Y;_.Gd;(Coi_,A¥,), were studied in this
work. We confined ourselves to the aluminum concentration range
(0<x<0.105) in the limits of which initial compounds Y(Co,_,A%,), are
paramagnets and undergo a metamagnetic transition in the field. It is
shown that, with an increase in the concentration of Gd (with constant
concentration of Af), the transition from paramagnetism to ferromagne-
tism takes place. When the content of Af increases, the area of ferro-
magnetism expands, and the paramagnetic state area shrinks. The
behavior of the compounds under study in the field depends on the
ratio between the degrees of magnetization of cobalt Mg, and gadolinium
Mgy subsystems. If Mg, in a weak field is greater than Mg, , gadolinium
impurities shift the metamagnetic transition field towards weak
fields, as the molecular field acting on cobalt from the gadolinium
subsystem Hp is summed with the external magnetic field H. In case Mg,
in a weak field is smaller than Mg;, H and H, are directed antipara-
llel to each other.
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1. INTRODUCTION

Recently, when studying the specific features of magnetism of
metals and alloys, the phenomena associated with the magnetic
instability of the subsystem of zonal d-electrons have aroused
considerable interest. One of characteristic manifestations of such
instability is zonal metamagnetism induced by the field of the first-
order phase transition from the paramagnetic to ferromagnetic state.
This phenomenon is associated with a special form of energy dependence
of the density of states in the wvicinity of the Fermi level, which
facilitates an increase in N(¢) with applied magnetic field at H<H,
I(ep) <1 and at H>H, I(ef) >1, where I(¢r) is the coefficient of exchange
interaction [1]. When the coefficient of exchange interaction 1is
positive, the exchange interaction strives to orient the spins of
electrons (and hence the magnetic moments) parallel to each other. As
a result, the exchange interaction enhances paramagnetism. As the
calculations showed, magnetic susceptibility of the exchange-
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intensified paramagnet Xex increases in comparison with the
susceptibility of free electron gas y,[1]:
— _Xp
Xex = 1 (1)
where A=1/u% is the molecular field coefficient for the f—d exchange
interaction (A is negative for compounds with heavy rare earths). The

metamagnetic transition occurs in the paramagnetic system 1in the
critical field H,, when the Stoner criterion begins to be fulfilled,
IN(ep) = 1. Thus, in the system of collectivized electrons,
ferromagnetism 1is a threshold phenomenon, it occurs only when the
Stoner criterion is fulfilled, 1i.e. at relatively big values of the
exchange interaction parameter [ and high density of states at the
Fermi level N(gr) [2 and 3]. Currently, there are known few objects in
which zonal metamagnetism is experimentally observed. That is why the
phenomenon of zonal magnetism is poorly understood.

2. RESEARCH SIGNIFICANCE

It was found that partial substitution of cobalt for aluminum in
YCo, 1leads to a decrease in the metamagnetic transition field Hp
and emergence of weak zonal metamagnetism in the system
Y(Coi_yAfy),at x=>0.12 [4 and 5]. Such evolution of the properties of
these compounds is explained in the scope of the zonal magnetism model
by an increase in the density of states at the Fermi level with
substitution of cobalt for aluminum. Thus, in the system Y(Coi_,A%,),,
magnetic stability of a d-subsystem increases with the increasing
aluminum concentration. This can significantly modify the character of
the effect of rare-earth impurities on the d-subsystem. However,
currently the effect of small rare-earth impurities on the properties
of the d-subsystem is poorly understood. Hence in this work we studied
the magnetic properties of the system Y;_;Gd;(Coi_,Af,), with the aim to
clarify the role of the f—d exchange interaction in the magnetic
behavior of the zonal system Y(Co,_,Af,), at low concentrations of the
localized impurity. We limited ourselves to the concentration range of
aluminum (0 <x <0.105) where the initial compounds Y(Co,_,A%,), are
paramagnets and undergo the metamagnetic transition in the field.
Thus, we synthesized polycrystalline systems Y,_;Gd;(Coi_,A?y),.

3. EXPERIMENTAL METHOD-PROCESS

Polycrystalline samples of intermetallic compounds
Yi_:Gd;(Coy_4Aty),, where 0<t<020 and x=0,0.05 0.07, 0.085, 0.105, were
smelted 1in an induction furnace in the atmosphere of spectrally
pure argon 1in a water-cooled <copper crucible under quasi-
levitation. The produced ingots were homogenized at 850°C for a
week. The magnetization was measured in static magnetic fields up to 60
kOe and pulse magnetic fields up to 300 kOe over the range from 4.2K to
300K. The magnetic susceptibility was measured in weak alternating
fields over the same temperature range. The basic properties of
studied compounds Y,_;Gd;(Co;_,A¥,), can be theoretically discussed in
the framework of the average field model. Let us consider the zonal d-
subsystem of these compounds in the scope of the Wohlfahrt model of
weak zonal ferromagnetism [4 and 6]. Then, taking into account the
f—d exchange interaction, we can write equation of state for the
zonal subsystem in the form

aﬂ@-+ﬁﬁﬁ-+yﬂﬁ==iﬁ§f (2)
where ﬁL is the magnetization of the d-subsystem, ﬁg is the effective
field acting this subsystem:
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Where ﬁ%ol=lfdtﬁf is the molecular field acting the d-subsystem, Ay is
the coefficient of the molecular field of f—d exchange interaction
(for the compounds of heavy rare-earth elements, lfd is negative), Mf
is the magnetization of the f-subsystem (calculated for a single f-
ion). If the magnetization of the d-subsystem is more than that of the
f-subsystem (Mg >tM;), the magnetic moment of the d-subsystem is
oriented parallel to the external field, while the moment of the f-
subsystem 1is antiparallel to it, and the f—d exchange interaction
leads to a decrease in the metamagnetic transition field

Hy (t) = Hy(0) — (=AfqtMp) (4)
(tﬂfd<0) . If the magnetization of the d-subsystem is less than that of
the f-subsystem (Md<th), the magnetic moment of the d-subsystem is
oriented antiparallel to the external field, while the moment of the
f-subsystem-along the field. Then, when the external field is applied,
the d-subsystem is first demagnetized and then established in parallel

to the external field, and the f—d exchange field causes an increase
in the field of the metamagnetic transition

Hy(t) = Hy(0) + (—AgqtMy) (5)

4. RESULTS AND DISCUSSION

The measurements, we carried out, showed that low-temperature
magnetic properties of the systems Y;_.Gd:(Coi_,A?,), sharply depend on
the concentration of aluminum. In Fig. 1 are shown magnetization
curves of some compositions of the system Y;_;Gd;(C0p9154%00s5)2 at 4.2K. It
is seen that the initial compound Y(C0p9154%¢00s5)2, 1S a zonal metamagnet
(Figure 1, curve 1l). The critical field of metamagnetic transition for
this compound makes up 225k0Oe. It is seen that, as Y is substituted for
Gd, the field H, decreases monotonously, and, at concentrations t =
0.04, these compounds possess spontaneous magnetization. It happens due
to that the exchange field Hf_d helps the external field with magnet-
ization. It is important to note that, at the mentioned concentrations
of gadolinium in this system, the magnetization of the d-subsystem is
directed along the field. The transition field 1in substituted
compositions 1is very simply related to the metamagnetic transition
field of pure compounds (Coi_ Afy); Hy(t) = Hy(0) — Agqtus, where t is the
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Figure 1. 1Magnetization curves of the compounds Y;_;Gd;(Cogo154€0085)2
at 4.2K and t = 0.0(1),0.02(2),0.03(3)0.04(4)
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concentration of Gd, pf is the magnetic moment of Gd, Ay 1is the
molecular field coefficient. The calculations showed that, already in
the fields ~30kOe, u; can be considered equal to 7up with high
accuracy. From this 1t 1s easy to determine the molecular field
coefficient @ﬂ, which turned out to be practically independent of the
concentrations of Gd and Af. In Figure 2 is shown the dependence of
the metamagnetic transition field on the gadolinium concentration t for
the system Y;_;Gd.(Co,_,A%¢,),. It is seen that, as predicted theoretically
[7, 8], metamgnetic transition fields of the systems with high
concentration of aluminum (x=0.07, 0.085 and 0.105), in which the
susceptibility of the d-subsystem 1is high, decrease practically
linearly with the increasing concentration of gadolinium.
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Figure 2. Dependence of the metamagnetic transition field on the
gadolinium concentration for the system Y;_;Gd;(Cogo1sA€00ss)z: x = 0.07(1),
0.085(2), 0.105(3). The straight line is calculated theoretical, and the

symbols are experimental data
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Figure 3. Magnetization curves of the compounds Y;_:Gd:(C0g9154€0085)2
at 42K and t=0.10(5), t=0.12(6), 0.14(7), 0.15(8), 0.18(9), 0.20(10)

A completely different pattern of magnetization is observed when
My <My (Figure 3). In such a case, the external field demagnetizes the
d-subsystem and does not magnetize it, and there are observed no
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metamagnetic transitions. In the zero field, such compounds are in a
strongly ferrimagnetic state. In most cases 1t corresponds to the
concentration of 10+14%Gd. A specific feature of all studied samples
is that saturation magnetization decreases with the decreasing
concentration of gadolinium. At magnetization of about 18 at.%Gd, the
degrees of d-magnetization of f- and d-subsystems become equal and
then increase with increasing saturation magnetization. In the
vicinity of this concentration, the transitions from a collinear
ferrimagnetic phase to a noncollinear phase in the external magnetic
field take place. Near the points of magnetic compensation field-
induced noncollinear magnetic structures can be observed. Based on

these data and using a simple formula Hcl=/1fd|Mf—Md, the constant
Arq can be determined [9 and 10].

5. CONCLUSION

The comparison of experimental data with the calculated ones for
the f —d magnetic system showed that they are in many ways consistent,
at least qualitatively. Firstly, in most cases theoretically predicted
transitions from the paramagnetic phase with metamagnetism to a weakly
ferromagnetic phase and then to a strongly ferromagnetic phase occur
when the concentration of gadolinium increases. Secondly, as was
theoretically predicted, metamagnetic transition fields of the systems
with high concentrations of aluminum (x =0.07, 0.085 and 0.105), in which
the susceptibility of the d-subsystem is high, decrease practically
linearly with the increasing concentrations of gadolinium. Thirdly,
there were not detected metamagnetic transitions in the systems with
low concentrations of aluminum (x =0.05 0.00). This is 1likely to be
connected with low susceptibility of the subsystem, because of which
in these compounds the mmagnetic moment of the f-subsystem is oriented
along the field.

NOTE
This work 1is presented at 5-8 September 2017, 2" International
Science Symposium (ISS2017) in Tbilisi-Georgia.
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