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THE MAGNETIC PROPERTIES OF GdsCe;_.MnSi COMPOUNDS

S. A. Nikiun, O. V. Nekrasova, T. I. Ivanova, and Yu. F. Popov

The magnetic properties of the Gd,Ce;-.MnSi system of rare-earth compounds
were studied. The Néel temperatures T were determined for alloys with a Gd
concentration in the range 0 € 2 € 0.4 and the Curie temperature T, of alloys
with a Gd concentration x > 0.5. The magnetic moments per formula unit were
calculated. The curves of specific magnetization ¢ versus magnetic field have
showed, in the 0.2 < x < 0.6 range of Gd concentration, sections corresponding
to the threshold fields B.,, where o starts to grow sharply. A magnetic phase
diagram was plotted and regions of existence of ferri-, antiferro-. and paramayg-
netic states were determined. A model was proposed to explain the mragneric
properties of the compound, which assumes that there exists an antiferronu-
netic exchange interaction between the Mn layers and a ferrimagnetic orderiny
of the Mn magnetic moments and rvare-earth ions.

Reports on experimental studies of magnetic properties of ternary rare-earth cotnponnds based cn Mo
and Si, EMnSi, where R is a rare-earth metal or vitrium, are rather scarce in the literature. Data of ueutron
diffraction analysis of these alloys are not available at all. Results of magnetic measurements are koown
for only a few compounds (LaMnSi [1, 2], GdM=Si {1-3], ¥MnSi [2-4], DyMnSi, and HoMnSi [1}), whici
indicate that substitution of one rare-earth element for another leads to a drastic change in the magnetic
properties of these compounds. For instance, LaMnSi shows a weak ferromagnetisn:, but substitueing Y.
another nonmagnetic ¢lement, for La brings about antiferromagnetism in YMnSi. The Gd¥dnSi commpournd
displays ferrimagnetic properties. The E¥nSi compounds with R = La, Ce, and Gd have a crystal lattice of
the type of PbFCI [5] while the cryvstal lattice of DyMnSi and HoMnSi are of the TiNiSi structural type {1}

The present paper studies the magnetic and crystal properties of the Gd,Ce; _ . MnSi svstem of isostruc-
rural compounds upon substitution of cerium for gadolinium. It is shown that this substitition &z aceninpae
aled by a continuous transition from the ferrimagnetic to antiferromagnetic ardering,

The specimens were obtained by arc melting on a copper water-cooled bottom in a spectroscopically
pure helium atmesphere. The alloys thus prepared were annealed in a 107? Torr vacuum for 10U hours at
a temperature of 900° C. X-Ray diffraction analvsis on a URS-30 IM diffractometer has shown that the
compounds cbtained are isostructural and form a tetragonal crystal lattice PhFCT Table 1 lists the crysig
lattice constants a and e, which are seen to decrease upon substitution of Ce for Gd.

Measurements of the specific magnetization of the Gd,Ce; .., MnSi compound was carried out by twn
methods: (1) using a swing magnetometer in magnetic fields up to 1.4 Tl in temperatures from 77 K 1o
G600 W and (2) by the induction technique in pulse flelds up to 18 Tl in the temperature range from 1.2 o
180 K. : _

The results of the measurements of the specific magnetization ¢ of compositions with z = 0, » = 0.2-
0.8, and £ = 0.8-1.0 in pulse magnetic fields at T = 4.2 K are presented in Fig. 1. One can see that the
a{ B) curves of the compounds. in the concentration range 0.2 € z € 0.6 show sections, corresponding to
threshold fields B,y, in which ¢ starts to increase sharply. In addition, a considerable hyvsteresis is chserved
in the vicinity of Bu, (see the inset in Fig. 1). The specific magnetization isotherm of B) for CeMnSi does
not have sach sections until B reaches 18 TL

As the Gd content grows, the threshold field value diminishes and vanishes at x > 0.5, For compositions
with 2 = 0.8, 2 = 0.9, and z = 1.0, the magnetic saturation is observed in magnetic fields B > 7 TL. The
compounds with 0.2 € x € (.6 shows an intricate temperature dependence of the specific magnetization o
in different magnetic fields. For example. 2 maximum is observed at z = 0.2-0.4 on the o{T) curves of the
compounds upon transition from magnetically ordered toc paramagnetic state (PS). The maximum shilts o
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Table 1

Absolute Saturation Magnetic Moments per Compound Molecule (i5) and per Mn ion {z*"),
Effective Magnetic Moments of the Compound Molecule {z.f) and the Mn ion (z2F),
and Crystal Lattice Constants 2 and ¢ (at T = 300 K) for GdyCey-; MnS1 Compounds

z | polps) p1ip] feftlpn] i is] a, A c, A
0.1 - - 4.15 2.28 - -
0.2 - - - - 4,110 T.258
0.3 - - 5.50 2.63 4.093 T.239
0.4 - - 6.00 2.64 4.085 7.230
0.9 - - 6.38 2.45 4,087 T.220
0.6 - - 6.70 2.13 1.074 7.196
0.3 3.42 1.75 7.43 1.37 4.050 7.190
0.9 4.38 I 1.71 7.80 1.36 - - ‘
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Fig. 1
Isotherms of the specific magnetization o of the Gd Ce;_ . MnSi compounds at T = 1.2 K.
The inset shows the hysteresis loop of the composition Gdg 4CepeMnSi at T = 4.2 L.
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the low-temperature region as the magnetic field increases, which is characteristic of the paramagnetism-
antiferromagnetism transition at Néel's temperature (Fig. 2). In weak magnetic fields these compounds show
a linear o(B) dependence at temperatures below Néel's point. Strong magnetic fields B > By, disturb the
antiferromagnetic state at T < Tiy. By decreases with increasing temperature and tends to zero near Néel's

temperature T (Fig. 3).

The curves of specific magnetization o versus temperature of the compounds with z =05 and z =06
also exhibit a maximum which shifts to the low-temperature region with increasing magnetic field. For
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Fig. 2

Temperature dependence of the specific magnetization ¢ of the Gdg 4Ceq ¢ MnSi compound
in various magnetic fields: B is 0.15 T (1), 0.47 T1 (2). 0.8 TL (3. 2 Tt (4. 3 TL (51
5TLi6). 10 TLiT). and 15 T1 (&),

Fig. 3

Temperature dependence of the threshold magnetic fields By of the G, ey _ M MnSt comn-
pounds: z is equal to 0.2 {1}, 0.3 (2), 0.4 (3). ¢.53 (4), and 0.8 (5).

instance. at r = 0.6 {Fig. 4). the maximum magnetization in the inagnetic field 3 = 0.5 Tl is obzervad at
Th = 135 K and in the field B = 5.0 TL at Ty = 76 K. The specific magnetization maximum disappears wlen
the magnetic field reaches a certain value of B,,. At B > B, ¢ monotonically diininishes with inereasing
temperature. No T p is observed in the fields B > By,. ¥or instance, at ¢ = 0.6, B, = 12 Tl (Fig. 4).

As the temperature increases, the threshold fields B,y in the alloys considered diminish and vanish at
the temperatures Tp that are much lower than the temperatures of transition to the paramagnetic state. For
example, the composition with r = 0.6 has Ty = 60 K {curve 5 in Tig. 3) while the magnetic ordering in it
iz disturbed at 7, = 218 K. For compositions with the Gd concentration x 2 0.6, near 77, of the transition
from the paramagnetic to the magnetically ordered state, the dependence of the specific magnetization o
on the magnetic field 5 1s nonlinear and is adequately described by the well-known thermodynamic relation
Hjfoc = a + 302, where @ and 7 are thermodynamic coefficients. This relation is characteristic of ferro- and
ferrimagnetics near the Curie point [6).
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Fig. 4

Specific magnetization o as a function of the temperature of Gdy 3Ceq 4 MnSi compounds tn
various magnetic fields: B is 0.3 T1 (1), 1 TI(2), 3 T1 (3), 5 T!1 (4). 7T T1 (5), and 12 T} (8).

When the Gd concentration in the Gd;Ceq.,MnSi compounds attains the values of ¢ 2 0.8, the
threshold fields disappear and magnetization grows in a nonlinear manner in the region of weak fields. The
dependence of the specific magnetization o on temperature tor these compositions is of the Welssian type,
l.e., it is characterized by a monotonic decrease in magnetization upon heating and a sharp decrease near the
Curie point T,. The Curie points for the indicated compounds were calculated in terms of the thermodynaniic
theory of magnetic phase transformations and are presented in Fig. 5 b.

Hopr [ @
L}

4
a

ce'ns

et T B K
30:1’-

200 r—

rla

N 2 N FENED BT W M M L
g 75 g x

Fig. 5

Dependence of the magnetic properties of Gd;Ce;..MnSi compounds on the Gd conecen-
tration: effective magnetic moment p.g per molecule (filled circles); Curie temperature T,
(filled squares); Néel's temperature T {open squares); antiferromagnetism-ferromagnetism
transition ternperature Ty at which the threshold flelds vanish {triangles); paramagnetic
temperatures O, (open circles). Magnetic phase diagram: F, region of ferrimagnetic, order-
ing; A, region of antiferromagnetic ordering; PM, paramagnetic region.

In the region of temperatures above T, and T the reciprocal of the magnetic susceptibility i/x obeys
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the Curie-Weiss law for all the compositions investigated. The paramagnetic Curie temperatures ©, were
found from the data on the temperature dependence of 1/y. The variation of the temperatures T,, Tx,
©,, and T versus the Gd concentration is shown in Fig. 5 b. One can see that ©,, T., and T decrease
as the Gd content decreases. At the same time the pattern of transition from the paramagnetic te the
magnetically ordered state changes. The above experimental data suggest the conclusion that transition from
the paramagunetic to the ferrimagnetic state occurs at Gd concentrations z > (.4, while the paramagnetisin-
antiferromagnetism transition is characteristic of z < 0.4. The available experimental data also indicate that
there exists a ferrimagnetism-antiferromagnetism transition at the temperature 7 in alloys with 4 < ¢ <
0.7. The magnetic phase diagram (Fig. 5 b} shows regions of magnetic phase states as dependent on the Gd
concentration in Gd.Ce; .- MnSi compounds.

The effective magnetic moments peg per molecule of the compounds studied were determined {rom the
results of measurements on the magnetic susceptibility y

X = _ g (0
t o 3ke(T - 0y)

where ©, is the paramagnetic Curie temperature, kg is Boltzmann’s constant, and N is the number of
magnetic ions per gram-molecule of the compound. The dependence of p.gx on Gd concentration 1s shaown
in Fig. 5 a. The effective magnetic moments of the Mn ion. p?, are calculated under the assumption of
the existence in the compounds of the effective magnetic moment of the Ce ion, uS§, which is equal to the

effective magneric moment of a free trivalent Ce ion (2.52 ). The value of w2 was found frous the relatie

W = e = 2w - (L= ) 2

where pgg is the effective magnetic moment of the Gd ion. The values of p.z are given in Table 1. To

calculate uMP we used the data of [7], where the magnetic moment of Gd in GdM»Si; compounds (M is a

nonmagnetic 3d metal) was found to be ,uer? =~ 7.94 up. The experimental data indicate (see Fig. 1). that
for compositions with a high Gd concentration, 0.8 € z £ 1, the magnetic saturation in strong fields occurs
at 4.2 K. The magnetic moments of Mn ions, p™M™ at T =42 Kforz = 0.8, 2 = 0.9, and & = 1.0, were
caleulated using the experimental data on magnetization and assuming a simple ferrimacnetic model and an
ordered Ce magnetic sublattice. We used the relation

po = zpSd — M — (1 - 2)pe, (3)

where 4®9 was chosen equal to the magnetic moment of a free ton (499 = 7 up) and u®*, to the magnetic
moment of a free trivalent Ce ion (u©® = 2.14 up). Here, an antiparallel orientation of Gd and Ce ions was
assumed as Is normally the case in intermetallic compounds of rare-earth metals with 3d transition metals.
The results of the calculations are summarized in Table 1. As follows from [8, 9], ™ in the RMn2Sis
compounds (where R is a rare-earth metal) takes a value of 1.5-3 g, and this agrees with the results of
our calculations (see Table 1). With concentrations 0.2 € » £ 0.6 it is impossible to calculate p*" because
of the absence of magnetic saturation in magnetic fields accessible to measurement. Differences in ™.
determined from measuring the saturation magnetization at 4.2 K, and in p)?, determined from measuring
the paramagnetic susceptibility, are usually observed in layer magnetics [10].

The lack of neutron diffraction data on the Gd,Ce;_MnSi system makes difficult the determinntion
of the magnetic structure of the compounds studied. However, proceeding from the results of magnetic
measurements we can make some assumptions on the character of magnetic transformations in them with
consideration for the specific features of crystal structures of substances under investigation. As was noted
above, all the compounds studied undergo crystallization and form a tetragonal crystal lattice of PhFCL. The
layer type of this structure can be formed by alternating layers of Mn, rare-earth, and Si ions in the following
order: Mn-Si-R-R-5i-Mn [4]. The behavior of the specimens with z € 0.4 in weak magnetic fields can
be explained proceeding from the assumption of an antiparallel orientation of the rearest ferromagnetic Mu
layers. In this case the Gd magnetic sublattice in the compositions with 0 < z < 0.5 is, probably, not ordered
and the magnetic properties chiefly depend on the antiferromagnetic ordering of the Mn layers. Stronger
magnetic fields cause ordering of Gd ferromagnetic layers at B > By, in compositions with 0.2 < ¢ < 0.4
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The arising ferrimagnetic exchange bonding between the Mn and Gd layers overcomes the antiferromagnetic
exchange interaction of the Mn layers. This is manifested in experiments in the appearance of threshold
magnetic flelds. With an increase in Gd content, when z > 0.4, the magnetic ordering between the Gd layers
in the temperature range T > T, becomes appreciable, which leads to the ferrimagnetic ordering of the Gd
and Mun layers even in the absence of a magnetic field. The antiferromagnetism arising in compounds with
z=05andz = 0.6 at T < Tjcan be accounted for by the predominance of the exchange interaction between
the Mn layers over the exchange interaction between the Mn-Gd layers in these alloys. For the same reason
we observe antiferromagnetism and antiferromagnetism-paramagnetism transition in the compounds with
x < 0.5 in a zerc magnetic field. An intensification of the interaction inside the layers of Mu and those of Gd
and between the Mn—(Gd layers as the content of Gd increases is evidenced by elevation of temperatures S,
and T.. The positive values of the paramagnetic Curie tenmperatures @, give evidence of the predominance
of the ferromagnetic interaction inside the Mn and Gd lavers over the ferrimagnetic exchange interaction
between the Mn~Gd layers.

Thus, analysis of the crystalline and magnetic properties of compounds of the Gd,Ce;_,MnSi svstem
makes it possible to class them as layer type magnetics with a strong exchange interaction inside the layers
and a weak interlayer exchange interaction.

In conclusion the authors express their gratitude to R. 5. Torchinova for assistance in synthesizing the
compounds.
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