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THE MAGNETIC PROPERTIES OF GdxCe1-xMnSi COMPOUNDS 

S. A. Nikitin, 0. V. Nekrasova, T. I. Ivanova, and Yu. F. Popov 

Tl1e magnetic properties of tl1e G<lzCei-z!vl11Si systen1 of rare-earth con1pouuds 
were studied. The Neel te111peratures TN were deteru1ined for alloys witl1 a Gd 
concentration in the range 0 ( x ( 0.4 and tl1e Curie ten1perature Tc of alloys 
with a Gd concentra~ion x ~ 0.5. Tl1e magnetic mon1ents per for111ula unit we1·e 
calculated. The curves of specific magnetization a- versus n1agnetic Rehl l1av1~ 
showed~ in the 0.2 < :z: < 0.6 range of Gd concentration~ sections 1~01·rcspondiug 
to tl1e threshold fields Bth, where a- starts to grow sharply. A magnetic pl1ase 
diagram was plotted and regions of existence of ferri~. antiferro-. and pHran1ag-­
netic ::)tates were <leterinine<l .. <\. 111odel \Vas proposed to explain t.he u1ag11t~ric 
properties of the <~ornpound. wl1ich ass11n1es that there exists au antiferro1uag­
netic exchange interaction between the l'vln layers and a ferrin1agnetic orderiu ~ 
of the \,In n1agnetic u101nents and rare·earth ions. 

Reports on experin1ental stu<lies of rnag:netic prop~rties of ternary r;oire-e;1rtlt 1:ott1p•JIHHI'! h;1.-.•:"l .. ·11 .\l:1 
and Si, Rl\1nSi, \Vhere Risa rare-earth n1etal or yttriun1, are rather scarce in tile litt.:•rature. D;_1tc1 uf ll\~Utrc-ii 
diffraction analysis of these alloys are not available at all. Results of magnetic rneasuren1euts :otre kno\~·n 

for only a few compounds (LaMnSi [!, 2]. GdMnSi [1-3], Y1lnSi [2-4], Dy1!11Si. a11<l Ho~lnSi [lj), "·liich 
indicate that substitution of one rare·earth element for another teads to a drastic change in the inagnetic 
properties of these compounds. For instance, La~.fnSi sho\VS a \Veak ferro1nagnetisn1, but substJt11ting \'. 
another nonmagnetic element. for La brings about antiferromagnetis1n in \":VInSi. ~fhe GcL\.lnSi co1npound 
displays ferrimagnetic properties. The R~InSi compounds \Vith R =La, ('e, and G<l have a crystal lattice of 

the type of PbFCl [5] while the crystal lattice of DyMnSi and Ho~lnSi are of the TiXiSi structurcil type [1,. 
The present paper studies the magnetic and crystal properties of the G<lrCe 1_.r.:\InSi systetn (,f isostr 1.1c­

r11ral compounds upon substitution of ceri11n1 for .:;adoliniun1. It is sho\\'Il that d1is ~uhsrit11Lion 1:c- ;t,:UJ11q.;i­
nied by a continuous transition fron1 the ferrin1ag;netic to antiferrornag:netic ordering. 

The specimens \vere obtained by arc n1elting on a copper \Vater·coolecl 'botton1 in a spectr0scopicnlly 
pure helium atmosphere. ~Ihe alloys thus prepared \Vere annealed in a 10-:; Torr vacuun1 for IOU hours at 
a ten1perature of 900° C. X-Ray diffraction analysis on a lTRS-.jQ L\[ diffracto1neter has .:;hown that th,~ 

ro1npounds obtained are isostractur:1l and forrn a tetragonal cryst;d lattice PhFC'I 1":tldi.: l li:-;ts the crys1:11 

lattice constants a and c, \vhich are seen to decrease upon substitution of Ce for C~d. 
:\Ieasurements of the specific magnetization of the GdrCe1 _x~InSi compound \Vas carried out by t\\'0 

n1ethods: (1) using a S\ving magnetometer in rnagnetic fields up to 1.4 Tl in ternperatures front 71 f{ to 
GOO {{ and (2) by the induction technique in pulse fields up to 18 Tl in the temperature ran:;e fron1 -L:2 to 
180 I\:. 

The results of the measurements of the specific magnetization u of compositions \vith .r = 0, .J: = 0.2-
0.6. and x = 0.8-1.0 in pulse magnetic fields at T = 4.2 Kare presented in Fig. I. One can see that the 
J(B) curves of the compounds. in the concentration range 0.2 ~ x ~ 0.6 sho\v sections, corresponding: to 
threshold fields Eth' in \vhich u starts to increase sharply. In addition. a considerable hysteresis is ob:::Prved 
in the vicinity of Eth (see the inset in Fig. 1). The spec

0

ific n1agnetization isotherrn J( B) for C\~.\InSi does 
not have such sections until B reaches 18 Tl. 

• .\s the Gd content gro\vs. the threshold field value diminishes and vanishes at :r: > 0.6. For con1positions 
\vith .x = 0.8, z = 0.9. and .x = 1.0, the magnetic saturation is observed in magnetic fields B > 7 Tl. The 
co1npounds \vith 0.2 ~ z ( 0.6 sho\VS an intricate temperature dependence of the specific magnetization O'" 

in different magnetic fields. For example. a maximum is observed at x = 0.2-0..± on the O"(T) curves of the 
co1npounds upon transition fron1 magnetically ordered to paran1agnetic state (PS). The n1axin1un1 shifts to 
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Table 1 

Absolute Saturation ~Iagnetic ~:foments per Compound ~'lolecule (µ 0 ) and per }fn ion (µ·Vin), 
Effective Magnetic :\foments of the Compound :\lolecule (1r,1r) and the :lln ion (µ~/," ). 
and Crystal Lattice Constants a and c (at T; 300 K) for Gd,Ce,_,:\[nSi Compounds 

x µo[µs] 
0.1 

I 
-I 

I 0.2 -

0.3 -

0.4 -

0.5 -

0.6 -

0.8 3.42 

0.9 4.38 

,· l.0 I - ·~-c),.) I 

" x 106 TI !113 kg-I 

15 

µ"" [µs] 
-

-

-
-

-
-

1.75 

1. 71 
i '" J.. I;.) 

5 

µ,ff[µB] 
4.1.5 

-

5.50 

6.00 

6.38 

6.70 

7.43 

7.80 
I ,-.-; .1.) I 

X= 7.a 

0.9 

0.8 

0,6 

o.s 

JO 

Fig. 1 

µ~k"[µs] a, A c) • .\ 

2.28 - I -
I 

- 4.110 I i.2i)8 

2.6:3 I 4.0% 7.2J9 

2.64 4.085 i.:2:30 

2.45 -t08i i.2:20 

2.13 4.074 7.196 

1.87 4.050 7 mo 
1.86 - -

-. ..:.: l .. ::,.~ •). I. 11 - l i - ,-.;' ' 

J 

2 

o 4 8 72 7S 
B. Tl 

0.4 

D.J 
0.2 

75 20 B.Tl 

Isothern1s of the specific magnetization~ of the Gd.rCe1_.r:\InSi cornpound::; at T = -l.:2 f\:. 
The inset sho\VS the hysteresis loop of the composition Gd0 _4 Ce0 .6 ).InSi at T = -l.2 I\:. 

the lo\v-temperature region as the magnetic field increases, \vhich is characteristic of the paramagnetis1n­
antiferromagnetism transition at Neel's temperature (Fig. 2). In \veak magnetic fields these compounds sho\V 
a linear <T(B) dependence at ten1peratures belo\v :Neel's point. Strong 1nagnetic fields B > Bt.h distnrb the 
antiferromagnetic state at T < T.v. Bth decreases \vith increasing temperature and tends to zero ne.ar,Xeel's 
temperature T,v (Fig. 3). 

The curves of specific magnetization er versus temperature of the compounds \vith x = 0.5 and x = 0.6 
also exhibit a maximum \vhich shifts to the lo\v-temperature region \vith increasing magnetic field. For 
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Fig. 2 

Temperature dependence of the specific magnetization~ of the Gda.-1.Ceo.6.\-InSi compound 
in various magnetic fields: B is 0.15 Tl (1). 0.47 Tl (2). 0.8 Tl (:J) 2 Tl ( 4). 3 TL ()) . 
. ; Tl 1131. 10 Tl 17). and 15 Tl(~!-

B:1 .. Tl 

Fig. 3 

--
150 

~K 

Ten1perature dependence of the threshold n1ag:netic fields Bth ._:,f t JL,; (;.J,. («-: ~ -J: :\f nSi co1n­
pounds: xis equal to 0.2 (1). 0.3 (2), U.4 (3). 0 . .5 (4). and 0.G i'.i). 

instance. at .i: :::;:::: 0.6 (Fig. -1). the tnaximurn maµ;netization in the 1n<-1~netic fii:-!,I f~ ::;; 0.:3 -rt is olJ.-;t:'r\-,,.,_1 ;tt 

TrJ :::;:::: 138 I\. and in the fiel<l B = :;.O TL at ·r0 ·= 76 I\:. The .specific 1n:ignt.:tization 1noxi1nurn di.sapp1~;1rs w1ttll 

rhe magnetic field reaches a certain value of Bm. At B > Bm <7 n1011otonically diiniHishes 'vitl1 increa:-::ing 
temperature. No TAF is observed in the fields B > Bm. For instance, at x = 0.6, Bm = 12 Tl (Fig. 4). 

As the temperature increases, the threshold fields Eth in the alloys considered diminish and vanish at 
the temperatures To that are much lower than the temperatures of transition to the paramagnetic state. For 
example, the composition \Vith x = 0.6 has To= 60 1\. (curve 5 in Fig .. 3) \vhile the n1agnetic ordering in it 
is disturbed at Tc = 218 I(. For compositions 'vith the Gd concentration .t· ~ 0.6, 11ear Tc of the transition 
from the paramagnetic to the magnetically ordered state. the dependence of the specific magnetization rr 
on the magnetic field B is nonlin~ar and is adequately described by the \\'ell-kno,vn thermodynamic relation 
H Ju = et+ Bo-2 , \Vhere a and B are thermodynamic coefficients. This relation is characteristic of ferro- and 
ferrin1agnetics near the Curie point [6]. 
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Specific magnetization cr as a function of the temperature of G<lo_oCeo.4;\-'lnSi con1pounds in 
various magnetic fields: Bis 0.3 Tl (1). 1 Tl (2), 3 Tl (3). 5 Tl (4). 7 Tl (5). and 12 Tl (6). 

VVhen the Gd concentration in the GdxCe1_;e1-lnSi compounds attains ~he \"aiues of i: ~ 0.8. the 
threshold fields disappear and rnagnetization gro\VS in a nonlinear n1;1Hner in the rt:gion of \Veak fl(:lds. Tl1e 
dependence of the specific rnagnetization er on ternperature for these co111pc.1sitions is of tit•.: \Yc[:;:,[an typ!'. 
i.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 \\·ere calculated in terms of the thern1odynan1ic 
theory of magnetic phase transformations and are presented in Fig .. ) b. 

~,~, ~,8p, K 
300 

200 

700 

o o.s 

Fig. 5 

a 

b 

F 

(0 x 

Dependence of the magnetic properties of Gd.:r:Ce1-xMnSi compounds on the Gd concen­
tration: effective magnetic moment µeff per molecule (filled circles); Curie temperature T~ 
(filled squares); Neel's temperature T.v (open squares); antiferromagnetism-ferromagnetism 
transition temperature To at \vhich the threshold fields vanish (triangles); paramagnetic 
temperatures eP (open circles). ;\'lagnetic phase diagram: F, region of ferrimr.gnetic. order­
ing; . .\. 1 region of antiferromagnetic ordering; Pli-L paramagnetic region. 

In the region of temperatures above I'.: and T.v the reciprocal of the n1agnetic susceptibility ~IX obeys_ 
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the Curie-Weiss law for all the compositions investigated. The paramagnetic Curie temperatures ep \Vere 
found from the data on the temperature dependence of l/x. The variation of the temperatures T'" T.v. 
6p, and To versus the Gd concentration is shown in Fig. 5 b. One can see that 6p, Tc, and T,v decrease 
as the Gd content decreases. At the same time the pattern of transition from the paramagnetic to the 
magnetically ordered state changes. The above experimental data suggest the conclusion that transition fron1 
the paramagnetic to the ferrimagnetic state occurs at Gd concentrations z > 0.4, •vhile the paramagnetisrn­
antiferromagnetism transition is characteristic of x < 0.4. The available experimental data also indicate that 
there exists a ferrimagnetism-antiferromagnetism transition at the temperature To in alloys \Vith 0.4: < i: < 
0.7. The magnetic phase diagram (Fig. 5 b) shows regions of magnetic phase states as dependent on the Gd 
concentration in Gd;rCe1-zWfnSi compounds. 

The effective magnetic moments µeff per molecule of the compounds studied \Yere detern1ined fro1n r he 
results of measurements on the magnetic susceptibility x 

11 I 

\Vhere ep is the paramagnetic Curie temperature, ks is Boltzmann's constant, and N is the number of 
magnetic ions per gram-molecule of the compound. The dependence of P~ff on Gd concentration is sh•.:1 \\'n 

in Fig. 5 a. The effective magnetic moments of the ~Tn ion. µ~kn, are calculated under the a.ssutnpLiL.it -,[" 

the existence in the compounds of the effective magnetic moment of the Ce ion, µ<;ff., \.vhich is equal to the 
effective magnetic n1oment of a free trivalent Ce ion (2.52 µB ). The value of µ;kn wa.s found frou1 th(> r<_·[:ii 1 1 ~':1 

f:2l 

\Vhere µ~ is the effective magnetic moment of the Gd ion. The values of µeff are given in Table l. "l'.-:i 
calculate µ':frn we used the data of [7], where the magnetic moment of Gd in GdM2Si2 compounds ( .\[ 1' a 
nonmagnetic 3d metal) was found to beµ~·:::::: 7.94 µs. 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, µMn, at T = 4.2 K for x = 0.8. x = 0.9. and x = 1.0. were 
calculated using the experimental data on magnetization and assuming a simple ferrimagnetic n1odel and an 
ordered Ce magnetic sublattice. We used the relation 

\Vhere µGd \Vas chosen equal to the magnetic moment of a free ion (µGd = 7 µB) and µC>;;, to the 1naguetic 
moment of a free trivalent Ce ion (µCe= 2.14 µB ). Here, an antiparallel orientation of Gd and Ce ions \\'a::; 
assumed as is n9rmally the case in intermetallic compounds of rare~earth metals •vith 3d transition metals. 
The results of the calculations are summarized in Table l. As follows from (8, 9], µ"n in the R~ln,Si, 
compounds (\vhere R is a rare-earth metal) takes a value of 1.5-3 µs, and this agrees \vith the results of 
our calculations (see Table 1). 'VVith concentrations 0.2 ~ x ~ 0.6 it is impossible to calculate µ~ 111 because 
of the absence of magnetic saturation in magnetic fields accessible to measurement. Differences in µ\In. 

determined from measuring the saturation magnetization at 4.2 K 1 and in µ~ft, determined fron1 n1easuring 
the paramagnetic susceptibility, are usually observed in layer magnetics [10]. 

The lack of neutron diffraction data on the Gd.rCe 1 _..r~'1nSi system makes difficult the det.ern1inntion 
of the magnetic structure of the compounds studied. Ho\vever, proceeding from the results of 111:-i.gnetic 
measurements we can make some assumptions on the character of magnetic transformations in them \vith 
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 PbFCl. The 
layer type of this structure can be formed by alternating layers of ~In, rare-earth, and Si ions in the fo!lo\vi11g; 
order: Mn-Si-R-R-Si-Mn [4]. The behavior of the specimens with x ,:;; 0.4 in weak magnetic fields can 
be explained proceeding from the assumption of an antiparallel orientation of the nearest ferrotnagnetic :.In 
layers. In this case the Gd magnetic sublattice in the compositions with 0 < x < 0.5 is, probably. not ordered 
and the magnetic properties chiefly depend on the antiferromagnetic ordering of the ~In layers. Stronger 
magnetic fields cause ordering of Gd ferromagnetic layers at B > Bth in compositions •vith 0.2 < x < 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 fields. With an increase in Gd content 1 when x > 0.4, the magnetic ordering between the Gd layers 
in the temperature range T > To becomes appreciable1 which leads to the ferrimagnetic ordering of the Gd 
and Mn layers even in the absence of a magnetic field. The antiferromagnetism arising in compounds \vith 
x = 0.5 and x = 0.6 at T < T0 can be accoun~ed for by the predominance of the exchange interaction bet\veen 
the Mn layers over the exchange interaction between the Nfn-Gd layers in these alloys. For the san1e reason 
\Ve observe antiferromagnetism and antiferromagnetism-paran1agnetisn1 transition in the con1pounds \Vith 
.r < 0.5 in a zero magnetic field. ~..\.n intensification of the interaction inside the layers of }.ln and those of Gd 
and bet\Veen the :i'ln-Gd layers as the content of Gd increases is evidenced by elevation of ten·1peratures ep 
and Tt;. The positive values of the paran1agnetic Curie tenlperatures el' g;ive e\·idf'llCt' of the predo1ninartce 
of the ferromagnetic interaction inside the .J.In and Gd layers over the ferrin1a.gnetic exchang·~ interaction 
between the Mn-Gd layers. 

Thus, analysis of the crystalline and magnetic properties of compounJs of the GJ.rCe1-.c:\fnSi syste111 
makes it possible to class them as layer type magnetics \vith a strong exchange interaction inside the layers 
and a weak interlayer exchange interaction. 

In conclusion the authors express their gratitude to R. S. Torchinova for assistance in synthesizing the 
r:ompounds. 
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