
JOURNAL OF APPLIED PHYSICS VOLUME 93, NUMBER 10 15 MAY 2003
Critical Phenomena, Spin Glasses,
and Superconductivity Mark Novotny, Chairman

Magnetic phase transitions in „Tb,Y…Mn2M2 „MÄGe and Si … systems
I. S. Dubenko
Department of Physics, SIU, Carbondale, Illinois 62901

I. Yu. Gaidukova and S. A. Granovsky
Faculty of Physics, M.V. Lomonosov Moscow State University, 119899 Moscow, Russia

K. Inoue
Institute for Molecular Science, Nishigounaka 38, Myoudaiji, Okazaki 444-8585, Japan

A. S. Markosyan
Faculty of Physics, M.V. Lomonosov Moscow State University, 119899 Moscow, Russia

S. Roy and N. Alia)

Department of Physics, SIU, Carbondale, Illinois 62901

~Presented on 14 November 2002!

The temperature- and field-induced magnetic phase transitions in pseudoternary systems
Tb12xYxMn2Ge2 and Tb12xYxMn2Si2 , which are characterized by a separate magnetic ordering of
the Mn and Tb subsystems, have been studied on strongly textured samples by magnetization and
thermal expansion measurements. In the concentration region 0.4<x<1.0, where the Mn moments
are ordered only, the magnetic structure is antiferromagnetic. The magnetic ordering in the Tb
subsystem is accompanied by a transformation of the Mn magnetic structure. As a result, the
compounds show a spontaneous magnetization. This transition is of a first-order type. In both
systems the transition temperature for the Tb subsystemTC

(Tb) decreases linearly with increasing Y
concentration and goes to zero at aboutx50.40. Canted phases and field-induced first-order
transitions into the collinear phase have been observed in both systems below this temperature. It is
concluded that thef –d exchange interaction is the primary factor governing the value ofTC

(Tb) .
© 2003 American Institute of Physics.@DOI: 10.1063/1.1541652#
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INTRODUCTION

The ternary intermetallic compounds RMn2X2 with X
5Ge or Si are antiferromagnets at high temperatureTN

.400 K) and attract interest due a number of temperatu
induced magnetic phase transitions. These compounds
tallize in the ThCr2Si2-type tetragonal structure formed b
rare earth~RE!, Mn, and X layers in the sequenceR–X–
Mn–X–R perpendicular to the tetragonal axis. One of t
interesting properties of the RMn2X2 compounds with mag-
netic RE is that the RE sublattice remains in the param
netic state belowTN and orders atTC

(R);100 K.1 In the tem-
perature intervalTC

(R),T,TN , the magnetic structure of th
Mn sublattice depends on the in-plane Mn–Mn distan
When this distance is smaller than about 2.86 Å a spontane-
ous magnetization appears in the Mn sublattice.2,3 Below
TC

(R) various collinear and noncollinear ferrimagnetic stru
tures are stabilized in these compounds.4–7

The TbMn2X2 compounds show a relatively simple b
havior. These compounds have been studied by diffe
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methods.4,6–8,9 However, the results obtained are controv
sial. According to recent data,4 TbMn2Ge2 has a collinear
ferrimagnetic structure atT,TC

(Tb) , which transforms into a
canted one atTtr;30 K. TC

(R) varies from 95 to 110 K.1 In
TbMn2Si2 , the negatively coupled Tb and Mn sublattic
form a collinear ferrimagnetic structure belowTC

(Tb) as re-
ported in Ref. 9. However, following Ref. 6 in TbMn2Si2 a
collinear antiferromagnetic structure of the Mn sublattice c
exists with the ferromagnetic Tb sublattice belowTC

(Tb)

565 K and a canted ferrimagnetic structure is stable be
53 K. The differences in the magnetic properties of the t
compounds with X5Ge and Si can be attributed to differe
Mn–Mn distances. However, belowTC

(R) the f –d exchange
interaction comes into play as well. The role of this factor
still unclear.

Considering the large difference between the lattice
rameters of TbMn2Ge2 (a53.990 Å, c510.845 Å) and
TbMn2Si2 (a53.930 Å, c510.486 Å)1 a comparison of the
magnetic characteristics of two systems Tb12xYxMn2Ge2

and Tb12xYxMn2Si2 with a variablef –d exchange can be
informative in clarifying the relative role of the factors, suc
as f –d exchange interaction and interatomic distances, in
il:
5 © 2003 American Institute of Physics
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low temperature behavior of the RMn2X2 intermetallics.
In this work, the temperature- and field-induced ma

netic phase transitions have been studied on textured sam
of the pseudoternary Tb12xYxMn2X2 systems by magnetiza
tion and thermal expansion measurements.

EXPERIMENT

The polycrystalline samples have been synthesized
induction melting of elemental materials and homogeniz
for 170 h. at 750 °C. The magnetization in the temperat
range 4–400 K has been measured by a supercondu
quantum interference device~SQUID! magnetometer in
fields up to 55 kOe. The thermal expansion has been stu
in the temperature range 8–300 K by the x-ray diffracti
method using a He flow cryostat.

In Fig. 1 the temperature dependence of the dc sus
tibility xDC, is shown for the Tb12xYxMn2Ge2 compounds.
The sharp increase ofxDC is due to the onset of magnet
order in the RE sublattice.TC

(Tb)576 K for x50 and de-
creases with increasing Y concentration. The lo
temperature transition from a canted to a collinear ferrom
netic structure known for TbMn2Ge2 can be associated wit
the rapid change ofxDC at 18 K. Similar dependencies, a
though more smoothed atTC

(Tb) , have been obtained for th
Tb12xYxMn2Si2 system~see inset in Fig. 1!. Note, however,
the shape ofxDC(T) near the transition temperature depen
strongly on texture in both systems~compare also with Refs
4 and 10!. More reliably the transition temperatures can
determined from the magnetization measurements.

As can be seen from Fig. 2~a!, where the results for
TbMn2Si2 are exemplified, the antiferromagnetic~70, 80,
and 90 K!, canted~58 K!, and collinear~5 K! ferromagnetic
phases can be distinguished by the character of magne
tion process. In the vicinity of the phase transition the m
netic field induces transitions between the antiferromagn
and canted phases and between the canted and coll
phases. Hence, the transition temperaturesTC

(Tb) andTtr can

FIG. 1. Temperature dependence of the dc susceptibility of
Tb12xYxMn2Ge2 compounds measured at 1000 Oe. The inset shows
same data for the Tb12xYxMn2Si2 system.
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be evaluated extrapolating the critical fields of the transitio
to zero. Similar transitions occur in the Tb12xYxMn2Ge2

system@Fig. 2~b!#.
Using the magnetization data, the magnetic phase

grams of the Tb12xYxMn2X2 systems have been construct
~Fig. 3!. The two diagrams practically coincide with eac
other, the scattering of the transition pointsTC

(Tb) and Ttr

between TbMn2Ge2 and TbMn2Si2 being within the range
reported in the literature. In the Y-rich region,x.0.5, no
transitions are observed in the magnetization curves.
temperature dependence of the low-field susceptibility va
linearly below about 170 K in all these compounds. Th
indicates that the Tb sublattice is in the paramagnetic s
for x.0.5.

The temperature dependence of the unit cell volume
typical Tb12xYxMn2X2 compounds is given in Fig. 4. Only
two samples, TbMn2Ge2 and Tb0.9Y0.1Mn2Ge2 , show a pro-
nounced volume expansion atTC

(Tb) . The volume effect

e
e

FIG. 2. Magnetization curves of TbMn2Si2 ~a! and Tb0.9Y0.1Mn2Ge2 ~b!.

FIG. 3. Magnetic x–T phase diagrams of the Tb12xYxMn2Ge2 and
Tb12xYxMn2Si2 systems.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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DV/V is equal to 3.231023 and 2.731023 for x50.0 and
0.1, respectively. It is important to note that the transition
TC

(Tb) is of a first-order type according to the x-rayxDC and
M (H) data.

Due to the large volume effect, coexistence of the a
ferromagnetic and canted ferromagnetic phases has bee
served in the vicinity of TC

(Tb) in TbMn2Ge2 and
Tb0.9Y0.1Mn2Ge2 by x-ray diffraction. The intensity of the
x-ray peaks belonging to these phases varies smoothly
temperature according to the fraction of each phase. Suc
overlapping of the diffraction peaks nearTC

(Tb) must be ob-
servable in the neutron diffraction experiments, too.

CONCLUDING REMARKS

As can be seen from Fig. 3, the magnetic ordering of
Tb sublattice breaks at the same Y concentration for b

FIG. 4. Temperature dependence of the unit cell parameterV1/35(a2c)1/3

for some characteristic samples of Tb12xYxMn2Ge2 ~full symbols, left
scale! and TbMn2Si2 ~open symbols, right scale!. The hatched regions show
the area of coexistence of the phases in two Ge-containing compounds
a volume expansion atTC

(Tb) .
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X5Ge and Si. The fact that the lattice parameters are dif
ent in two systems indicates that the main factor in stabi
ing a magnetic order in the Tb sublattice is thef –d ex-
change interaction. One can suggest that thef –d molecular
field acting on Tb is weak in the RMn2X2 series and is can
celed out aboveTC

(Tb) because of the negative Mn–Mn ex
change. A first-order type magnetic phase transition aT
5TC

(Tb) takes place in these compounds because a spon
ous moment arises in the Mn sublattice due to thef –d ex-
change. Hence, the total molecular field acting on the
sublattice changes abruptly atTC

(Tb) .
The large volume expansion observed atTC

(Tb) in the
Tb-rich Tb12xYxMn2Ge2 compounds requires study more
detail. This effect can depend on the details of the Mn s
lattice magnetic structure belowTC

(Tb) and can arise when th
angle between the Mn spin moments exceeds some bo
line value.
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