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The structure and magnetic properties of SmMn2~Ge12xSix!2 compounds~x50–1.0! have been
investigated. All the compounds crystallize in ThCr2Si2-type structure. Substitution of Si for Ge
leads to a linear decrease of the lattice constants and the unit-cell volume. In all compounds a
transition from the ferromagnetic to the antiferromagnetic state is observed at a lower temperature
T1, which first decreases, goes through a minimum atx50.4–0.6, and then increases again with Si
concentration. As temperature increases, for the compounds withx,0.3 both a antiferromagnetic–
ferromagnetic transition and the ferromagnetic–paramagnetic transitions are observed as well atT2
and at the Curie temperatureTc , respectively. With increasing Si content theTc decreases, whereas
T2 increases from 140 K forx50 to 215 K for x50.2. For compounds withx>0.3 the
antiferromagnetic–paramagnetic transition was observed with increasing temperature and the Ne´el
temperature increases with increasing Si content. The saturation magnetization at 1.5 K decreases
first, goes through a minimum atx50.6, and then increases again with increasing Si content. At
room temperature, the saturation magnetization decreases monotonically from 3.27mB/f.u. for x50
to nearly zero forx50.3. © 1996 American Institute of Physics.@S0021-8979~96!02423-1#
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INTRODUCTION

The ternary RMn2X2 compounds~R is rare earth, X is
Ge or Si! crystallize in the body-centered-tetragona
ThCr2Si2 type of structure with space groupI4/mmm, in
which the R, Mn, and X atoms occupy the 2a, 4d, and 4c
sites, respectively.1,2 This structure can be described as
stacking of atomic layers with the sequence -Mn–X–R–X–
Mn- along thec axis. The magnetic properties of RMn2X2
have been investigated by several groups.3–7 It has been es-
tablished that at room temperature SmMn2Ge2 is a ferromag-
net with Curie temperature 350 K, whereas SmMn2Si2 is an
antiferromagnet with Ne´el temperature 398 K.7 The mag-
netic properties of RMn2X2 compounds are very sensitive to
the Mn–Mn distance, particularly to the intralayer Mn–Mn
distanceRMn–Mn

a . There is a critical value ofRMn–Mn
a , about

2.85 Å, below which the coupling between the Mn momen
within the layer is antiferromagnetic and above which th
coupling is ferromagnetic.3,4 With changing temperature, the
RMn2X2 compounds exhibit very interesting magneti
behavior.2,5 In SmMn2Ge2, three different magnetic ordering
types have been observed: ferromagnetism for 153 K,T
,341 K ~Curie temperature!, antiferromagnetism for 106.5
K,T,153 K, and reentrant ferromagnetism below 106.5 K6

Braberset al.5,8 have found a field-induced magnetoresis
tance effect in the SmMn2Ge2 compound, associated with the
transition from the antiferromagnetic to the ferromagnet
state. This magnetoresistance effect appearing in a bulk m
terial may be more heartening for practical application.

A suitable element substitution is usually used not on
for improving the performances of the magnetic material
6898 J. Appl. Phys. 80 (12), 15 December 1996 0021-8979
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but also for examine the mechanism of the physical prop
ties. The present article deals with the influence of substi
tion of Si for Ge on the crystal structure and on magne
properties of SmMn2~Ge12xSix!2 compounds.

EXPERIMENT

The SmMn2~Ge12xSix!2 compounds withx50, 0.1, 0.2,
0.3, 0.4, 0.6, 0.8, 0.9, and 1.0 were prepared by arc melt
under argon atmosphere. For ensuring homogeneity,
sample ingots were turned over and remelted several tim
followed by annealing at 1073 K for 2 weeks in an evacuat
quartz tube. Purity of the metals used in the sample prepa
tion was 99.9% for Sm and Mn, and 99.999% for Ge and S
respectively. X-ray powder diffraction with CuKa radiation
was used to check the crystal structure and determine lat
parameters. The thermal magnetic behavior of the samp
was measured in an applied magnetic field of 0.04 T and
the temperature range 1.5–300 K in an extracting sam
magnetometer~ESM! and above 300 K in a vibrating sample
magnetometer~VSM!. The magnetic transition temperature
were derived from the thermal magnetic curves by extrap
lating M2 vs T plots toM250. The magnetic susceptibility
was studied in the temperature range from 300 to 1000 K
a magnetic field of 1.2 T by means of a Faraday balance. T
Néel temperature is defined by the cusp maximum ofx(T),
corresponding to the zero crossing ofdx/dT. The magneti-
zation as a function of the external magnetic field was me
sured on the samples consisting of powder particles, wh
were free to orient themselves in the applied magnetic fie
/96/80(12)/6898/5/$10.00 © 1996 American Institute of Physics
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FIG. 1. The lattice constantsa and c, the unit-cell volumeV, and the
intralayer nearest Mn–Mn distanceRMn–Mn

a as a function of Si concentration
x for the SmMn2~Ge12xSix!2 compounds.
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at 1.5 K in an ESM with a superconducting magnet up to 7
and at room temperature in pulsed magnetic fields up to
T. The saturation magnetization was derived by extrapol
ing the high-field parts ofM vs 1/B plots to 1/B50.

RESULTS AND DISCUSSION

The crystal structures of the SmMn2~Ge12xSix!2 com-
pounds were analyzed by x-ray powder diffraction usin
CuKa radiation. It was found that all compounds invest
gated are single phase and crystallize in ThCr2Si2-type struc-
ture. The lattice constantsa andc, derived from the x-ray-
diffraction patterns by using a least-squares program, and
unit-cell volumeV are presented as function of Si concen
trationx in Fig. 1 and the values are listed in Table I. It ca
be seen that substitution of Si for Ge results in a linear d
crease of the lattice constantsa,c, and the unit-cell volumeV
of
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TABLE I. The lattice constantsa and c, the unit-cell volumeV, and the
intralayer nearest Mn–Mn distanceRMn–Mn

a for SmMn2~Ge12xSix!2 com-
pounds.

x a ~Å! c ~Å! V ~Å3! RMn–Mn
a ~Å3!

0.0 4.064 10.892 179.89 2.874
0.1 4.052 10.844 178.04 2.865
0.2 4.034 10.775 175.34 2.852
0.3 4.025 10.751 174.17 2.846
0.4 4.016 10.727 173.01 2.840
0.6 3.999 10.647 170.27 2.828
0.8 3.989 10.563 168.08 2.821
0.9 3.977 10.526 166.48 2.812
1.0 3.973 10.501 165.76 2.809
J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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with increasing Si contentx. This may be associated with the
smaller atomic radius of Si compared with Ge. As a cons
quence of the decrease of the lattice parameters, the in
layer nearest Mn–Mn distanceRMn–Mn

a and the interlayer
nearest Mn–Mn distanceRMn–Mn

c decrease as well. Figure 1
also showsRMn–Mn

a as a function of the Si concentration an
it can be seen thatRMn–Mn

a decreases linearly with increasing
Si content. The values of theRMn–Mn

a are also listed in Table
I.

The temperature dependence of magnetization of t
SmMn2~Ge12xSix!2 compounds measured in the temperatu
range 1.5–400 K in a field of 0.04 T is presented in Fig.
For the compounds withx,0.3, three magnetic transitions
are observed. The first transition occurs at the critical tem
peratureT1, which strongly depends on the Si content an
changes from about 40 to about 115 K. This is a transitio
from ferromagnetic~F! to antiferromagnetic~AF! order of
the Mn moments. BelowT1, the Sm sublattice is ferromag-
netically ordered and is ferromagnetically coupled to the fe
romagnetic Mn-sublattice moments due to the positiv
Sm–Mn exchange interaction.3 In the compounds with
x50.2 and 0.3, the magnetization increases with increas
temperature at the temperature lower thanT1. This may be
associated with the domain wall pinning occuring at lo
temperature in these samples. AtT1 already the magnetic
ordering of the Sm sublattice collapses and Mn-sublatti
magnetization is subject to a transition toward an antiferr
magnetic configuration. With increasing temperature, at t
second critical temperatureT2, the transition from antiferro-
magnetism to ferromagnetism occurs. With further increa
ing temperature, atTc , the transition from the ferromagnetic
to the paramagnetic~P! phase is observed. Such a comple
temperature-dependent magnetic behavior of t
SmMn2~Ge12xSix!2 results from the strongly temperature
dependent nearest Mn–Mn distances and Sm–Mn excha
interaction. Since at room temperature theRMn–Mn

a distance
exceeds the critical value of about 2.85 Å, the Mn sublatti
orders ferromagnetically. As temperature decreases
RMn–Mn
a distance decreases, and it seems likely that, bel

T2, RMn–Mn
a becomes smaller than the critical value of abo

2.85 Å. BelowT1 the Sm sublattice magnetization become
sufficiently strong to break the antiferromagnetic Mn–M
coupling via the Sm–Mn coupling. For the compounds wit
x.0.3, only one magnetic transition was observed, whic
corresponds to the transition atT1, from ferromagnetic to
antiferromagnetic state~see Fig. 2!.

Figure 3 shows the studied temperature dependence
susceptibility for the SmMn2~Ge12xSix!2 compounds with
x>0.3 in the temperature range from 300 to 1000 K in
magnetic field of 1.2 T by means of a Faraday balance. In t
magnetic susceptibility curvesx(T) for compounds with
x>0.3, a maximum was observed, which corresponds to t
transition from antiferromagnetic to paramagnetic state. T
Néel temperature is defined by the cusp maximum ofx(T)
and listed in Table II. The Ne´el temperature of SmMn2Si2
compound determined in this investigation is larger than th
reported by Szytula and Szott.7 This may result from the fact
that the magnetic field used in this investigation is high
than that used by Szytula and Szott.7
6899Wang et al.
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FIG. 2. Temperature dependence of the magnetizationM in the temperature
range 1.5–400 K for SmMn2~Ge12xSix!2 compounds in a magnetic field of
0.04 T.
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Figure 4 shows the transition temperaturesT1, T2, Tc ,
andTN as functions of the Si contentx and the inset in it
shows those ofRMn–Mn

a . The transition temperatures are als
listed in Table II. The decrease of the Curie temperature w
Si content may result from the decrease of magnetization
the Mn sublattice upon substitution of Si for Ge~see below!.
The second magnetic transition temperatureT2 increases
from 140 K for x50–215 K for x50.2 with increasing Si
FIG. 3. Magnetic susceptibilityx vs temperatureT of SmMn2~Ge12xSix!2
compounds measured at 1.2 T. The maximum ofx(T) definesTN .
6900 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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TABLE II. The ferromagnetic–antiferromagnetic transition temperatureT1,
the antiferromagnetic–ferromagnetic transition temperatureT2, the Curie
temperatureTc , the Néel temperatureTN , and the saturation magnetization
Ms at 1.5 K and at room temperature for SmMn2~Ge12xSix!2 compounds.

x
T1
~K!

T2
~K!

Tc
~K!

TN
~K!

Ms ~1.5 K!
~mB/f.u.!

Ms ~RT!
~mB/f.u.!

0.0 115 140 346 3.40 3.27
0.1 66 188 344 3.11 1.54
0.2 38 215 331 2.75 0.25
0.3 37 308 2.34 0.07
0.4 36 371 1.98 0.05
0.6 36 412 1.36 0.05
0.8 39 417 1.59
0.9 40 420 1.68
1.0 41 432 1.82
o
ith
of

content. This may originate from the decrease ofRMn–Mn
a .

Because theRMn–Mn
a decreases with Si content, a higher tem

perature is needed to ensure thatRMn–Mn
a achieves or larger

than 2.85 Å. The value ofT1 first decreases, goes through
minimum atx50.4–0.6, and then increases slowly with in
creasing Si concentration. The decrease ofT1 with Si content
x for a smallerx may result from the increase of the antifer
romagnetic Mn–Mn coupling strength due to the decrease
the intralayer nearest Mn–Mn distanceRMn–Mn

a upon substi-
tution of Si for Ge, whereas the slight increase ofT1 with Si
content forx.0.6 may result from the decrease of the Mn
sublattice moments due to the substitution of Si for G
which leads to a slight decrease in the Mn–Mn antiferroma
netic exchange interaction in the Mn sublattice. The Ne´el
temperatureTN increases monotonically with increasing S
concentration. This also results from the enhancement of
negative Mn–Mn exchange interaction on Si substitution f
FIG. 4. Phase diagram of SmMn2~Ge12xSix!2. The ferromagnetic–
antiferromagnetic transition temperatureT1, the antiferromagnetic–
ferromagnetic transition temperatureT2, the Curie temperatureTc , and the
Néel temperatureTN for SmMn2~Ge12xSix!2 compounds obtained in this
investigation can be identified. Inset:T1, T2, Tc , andTN as function of the
intralayer nearest Mn–Mn distanceRMn–Mn

a for the SmMn2~Ge12xSix!2 com-
pounds.
Wang et al.
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FIG. 5. Magnetization curves at 1.5 K for the SmMn2~Ge12xSix!2 com-
pounds. Inset: The saturation magnetization at 1.5 K and at room temp
ture as a function of Si concentrationx for the SmMn2~Ge12xSix!2 com-
pounds.
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the decrease of the intralayer nearest Mn–Mn distan
RMn–Mn
a . Figure 4 is a spin phase diagram fo

SmMn2~Ge12xSix!2, which divided the temperature–Si-
content plane by several areas which correspond to the
ferent magnetic order, as pointed out in Fig. 4. The magne
phase diagram we obtained is very similar to that of th
Sm12xGdxMn2Ge2 system

9 and that of the Sm12xYxMn2Ge2
system.10

The magnetization of the SmMn2~Ge12xSix!2 com-
pounds as a function of applied magnetic field was measu
at 1.5 K in applied fields up to about 7 T~Fig. 5!. The values
of the saturation magnetization at 1.5 K as a function of
content are shown as an inset in Fig. 5 and also listed
Table II. It can be seen that the saturation magnetization fi
decreases, goes through a minimum at aboutx50.6, and then
increases again with increasing Si concentration. Neglect
the contribution of the Sm atoms to the magnetic momen
the Mn atomic moment in Sm2Mn2Ge2 was derived to be
1.7mB . This value is too small compared with 3mB , which
corresponds to three unpaired electrons in the 3d shell.
Szytula and Siek4 have explained the small Mn moment in
the ThCr2Si2 type of crystal structure by means of the spi
transfer from the 3p shell of Si to the 3d shell of Mn. Since
substitution of Si for Ge give rise to a decrease of the latti
constantsa, which leads to a increasing overlap of the 3p
state of Si or Ge with the 3d state of Mn, and more and more
spin transfer from the 3p shell to the 3d shell of Mn, result-
ing in a further decrease of magnetic moment on the M
atoms with increasing Si content. The increase of the satu
tion magnetization of the SmMn2~Ge12xSix!2 compounds
with Si contentx.0.6 may associate with the increase of th
J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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ferromagnetic coupling between Sm and Mn moments due
the decrease of the interlayer nearest Mn–Mn distan
RMn–Mn
c with Si contentx increasing, which leads to more

Mn moments aligning along thec axis.
The magnetization curves at room temperature ha

been measured by using pulsed magnetic fields up to 10
The values for the saturation magnetization as a function
Si content are also shown in the inset in Fig. 5 and it can
seen that the saturation magnetization decreases monot
cally with the Si content. This is due to a gradual transitio
of the magnetic order of the Mn moments on the Mn subla
tice from ferromagnetic forx50 to antiferromagnetic for
x50.3.

CONCLUSION

In conclusion, all SmMn2~Ge12xSix!2 compounds with
x50–1.0 crystallize in ThCr2Si2 type of structure. Substitu-
tion of Si for Ge leads to a linear decrease in the lattic
constantsa, c, and the unit-cell volumeV from a54.064 Å,
c510.892 Å, V5179.89 Å3 for x50 to a53.973 Å,
c510.501 Å,V5165.76 Å3 for x51.0. The intralayer near-
est Mn–Mn distanceRMn–Mn

a decreases linearly from 2.874
Å for x50 to 2.809 Å forx51.0. In all compounds a mag-
netic transition from ferromagnetic to antiferromagnetic
observed at lower temperaturesT1, which decreases first,
goes through a minimum atx50.4–0.6, and then increases
slightly with Si content. With increasing temperature, for th
compounds with x,0.3 both antiferromagnetic–
ferromagnetic transition and ferromagnetic–paramagne
transition are observed as well atT2 and Tc , respectively.
The former increases and but the latter decreases with
content. For compounds withx>0.3 the antiferromagnetic–
paramagnetic transition is observed and the Ne´el temperature
increases monotonically with Si content. A tendentious sp
phase diagram has been obtained. Substitution of Si for
leads to an increase of the antiferromagnetic–ferromagne
transition temperatureT2 from 140 K atx50 to 215 K at
x50.2. The increase ofT2 is important for practical applica-
tion of the magnetoresistance effect. The saturation mag
tization at 1.5 K decreases first, goes through a minimum
x50.6, and then increases again. The saturation magnet
tion at room temperature decreases monotonically fro
3.27mB/f.u. for x50 to nearly zero forx50.3. These changes
in the magnetic properties can be quite well understood
means of the variation in the intralayer and interlayer near
Mn–Mn distances and Sm–Mn exchange interaction with
concentration.
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