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The structure and magnetic properties of Smi@e, _,Si,), compounds(x=0-1.0 have been
investigated. All the compounds crystallize in ThSis-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
T4, which first decreases, goes through a minimum=a0.4—-0.6, and then increases again with Si
concentration. As temperature increases, for the compoundsxwi®3 both a antiferromagnetic—
ferromagnetic transition and the ferromagnetic—paramagnetic transitions are observed a3 well at
and at the Curie temperatufe, respectively. With increasing Si content fhedecreases, whereas

T, increases from 140 K fox=0 to 215 K for x=0.2. For compounds withk=0.3 the
antiferromagnetic—paramagnetic transition was observed with increasing temperature anelthe Ne
temperature increases with increasing Si content. The saturation magnetization at 1.5 K decreases
first, goes through a minimum at=0.6, and then increases again with increasing Si content. At
room temperature, the saturation magnetization decreases monotonically fropsH8.87for x=0

to nearly zero fox=0.3. © 1996 American Institute of Physids$S0021-897606)02423-1]

INTRODUCTION but also for examine the mechanism of the physical proper-

The ternary RMpX, compoundsR is rare earth, X is t?es. The_present article deals with the influence of substit.u—
Ge or S} crystalize in the body-centered-tetragonal tion of .S| for Ge on the crystal structure and on magnetic
ThCrSi, type of structure with space groug/mmm in  Properties of SmMg(Ge, ,Si,), compounds.
which the R, Mn, and X atoms occupy the,24d, and &
sites, respectively? This structure can be described as a
stacking of atomic layers with the sequencen-NK—R—X—
Mn- along thec axis. The magnetic properties of Ry The SmMn(Ge, _,Siy), compounds withk=0, 0.1, 0.2,
have been investigated by several grotipdt has been es- 0.3, 0.4, 0.6, 0.8, 0.9, and 1.0 were prepared by arc melting
tablished that at room temperature Smée, is a ferromag- under argon atmosphere. For ensuring homogeneity, the
net with Curie temperature 350 K, whereas SmBIinis an  sample ingots were turned over and remelted several times,
antiferromagnet with Nel temperature 398 K.The mag- followed by annealing at 1073 K for 2 weeks in an evacuated
netic properties of RMyX, compounds are very sensitive to quartz tube. Purity of the metals used in the sample prepara-
the Mn—Mn distance, particularly to the intralayer Mn—Mn tion was 99.9% for Sm and Mn, and 99.999% for Ge and Si,
distanceRyy,,_un- There is a critical value dR}y,_\,, @about  respectively. X-ray powder diffraction with i radiation
2.85 A, below which the coupling between the Mn momentswas used to check the crystal structure and determine lattice
within the layer is antiferromagnetic and above which thisparameters. The thermal magnetic behavior of the samples
coupling is ferromagnetit? With changing temperature, the was measured in an applied magnetic field of 0.04 T and in
RMn,X, compounds exhibit very interesting magnetic the temperature range 1.5-300 K in an extracting sample
behavior*® In SmMn,Ge;, three different magnetic ordering magnetometefESM) and above 300 K in a vibrating sample
types have been observed: ferromagnetism for 153TK magnetometefVSM). The magnetic transition temperatures
<341 K (Curie temperatune antiferromagnetism for 106.5 were derived from the thermal magnetic curves by extrapo-
K<T<153 K, and reentrant ferromagnetism below 106.%5 K. lating M? vs T plots to M?=0. The magnetic susceptibility
Braberset al>® have found a field-induced magnetoresis-was studied in the temperature range from 300 to 1000 K in
tance effect in the SmMfGe, compound, associated with the a magnetic field of 1.2 T by means of a Faraday balance. The
transition from the antiferromagnetic to the ferromagneticNeel temperature is defined by the cusp maximunyr),
state. This magnetoresistance effect appearing in a bulk ma&erresponding to the zero crossingay/dT. The magneti-
terial may be more heartening for practical application. zation as a function of the external magnetic field was mea-

A suitable element substitution is usually used not onlysured on the samples consisting of powder particles, which
for improving the performances of the magnetic materialswere free to orient themselves in the applied magnetic field,

EXPERIMENT
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with increasing Si contert. This may be associated with the

__ 180 ¢ - smaller atomic radius of Si compared with Ge. As a conse-
“« - . quence of the decrease of the lattice parameters, the intra-
¥ 170 ] layer nearest Mn—Mn distanc®y,,_, and the interlayer
[ nearest Mn—Mn distanc},,_u, decrease as well. Figure 1
160 . . . . a ; : .
also showsRy,,_y, as a function of the Si concentration and
—— 10.8 it can be seen th&$,,_,,, decreases linearly with increasing
=< Si content. The values of tHe{,,_u, are also listed in Table
o 10.6 .
10.4 , \ , \ The temperature dependence of magnetization of the
4.05 & SmMn,(Ge, _,Siy), compounds measured in the temperature
= 4'00 ] range 1.5—400 K in a field of 0.04 T is presented in Fig. 2.
= 1 ] For the compounds witlk<<0.3, three magnetic transitions
3.95 ] are observed. The first transition occurs at the critical tem-
— 3.90 L L L . peratureT,, which strongly depends on the Si content and
= 2.88¢ . changes from about 40 to about 115 K. This is a transition
g from ferromagnetic(F) to antiferromagnetidAF) order of
L R.84 7 the Mn moments. Below ;, the Sm sublattice is ferromag-
o = | netically ordered and is ferromagnetically coupled to the fer-
2_80 L 1 | 1 . . ..
~ romagnetic Mn-sublattice moments due to the positive
0.0 0.2 04 0.6 08 1.0 Sm-Mn exchange interactionln the compounds with

Si content x x=0.2 and 0.3, the magnetization increases with increasing
temperature at the temperature lower tign This may be
FIG. 1. The lattice constants and c, the unit-cell volumeV, and the ~ associated with the domain wall pinning occuring at low
intralayer nearest Mn—Mn distan&),_y, as a function of Si concentration temperature in these samples. Af already the magnetic
x for the SmMn(Ge, -,Si,), compounds. ordering of the Sm sublattice collapses and Mn-sublattice
magnetization is subject to a transition toward an antiferro-
at 1.5 K in an ESM with a superconducting magnet up to 7 Tmagneuc _c_onflguratlon. With Increasing temperatur_e, at the
. o econd critical temperatuig,, the transition from antiferro-
and at room temperature in pulsed magnetic fields up to 18 . : , :
. o . magnetism to ferromagnetism occurs. With further increas-
T. The saturation magnetization was derived by extrapolat: o .
. S - ing temperature, af ., the transition from the ferromagnetic
ing the high-field parts oM vs 1B plots to 1B=0. : )
to the paramagneti@P) phase is observed. Such a complex
temperature-dependent  magnetic  behavior of the
RESULTS AND DISCUSSION SmMn,(Ge, _,Siy), results from the strongly temperature-
The crystal structures of the SmMtbe, _,Si,), com-  dependent nearest Mn—Mn distances and Sm—Mn exchange
pounds were analyzed by x-ray powder diffraction usinginteraction. Since at room temperature ®,_y, distance
CuKa radiation. It was found that all Compounds investi- exceeds the critical value of about 2.85 A, the Mn sublattice
gated are single phase and crystallize in T}SGrtype struc- oraders ferromagnetically. As temperature decreases the
ture. The lattice constants andc, derived from the x-ray- Run-un distance decreases, and it seems likely that, below
diffraction patterns by using a least-squares program, and thk2, Ryn-win b€COmes smaller than the critical value of about
unit-cell volumeV are presented as function of Si concen-2.85 A BelowT, the Sm sublattice magnetization becomes
trationx in Fig. 1 and the values are listed in Table 1. It can Sufficiently strong to break the antiferromagnetic Mn—Mn
be seen that substitution of Si for Ge results in a linear decoupling via the Sm—Mn coupling. For the compounds with

crease of the lattice constamts, and the unit-cell volumg ~ X>0.3, only one magnetic transition was observed, which
corresponds to the transition &, from ferromagnetic to

antiferromagnetic statesee Fig. 2
TABLE I. The lattice constant& andc, the unit-cell volumeV, and the Figure 3 shows the studied temperature dependence of
intralayer nearest Mn—Mn distand&};,_,, for SmMn,(Ge, _,Si,), com- susceptibility for the SmMsiGe, _,Si), compounds with
pounds. ) -x2%/2 '
x=0.3 in the temperature range from 300 to 1000 K in a
X a(A) c A V (A3 R& i (A3 magnetic field of 1.2 T by means of a Faraday balance. In the
magnetic susceptibility curveg(T) for compounds with

0.0 4.064 10.892 179.89 2.874 . .
01 4052 10.844 178.04 2 865 xzo.?,_, a maximum was obser\{ed, which corres.ponds to the
0.2 4.034 10.775 175.34 2852 transition from antiferromagnetic to paramagnetic state. The
0.3 4,025 10.751 174.17 2.846 Neel temperature is defined by the cusp maximunmy©r)
0.4 4.016 10.727 173.01 2.840 and listed in Table Il. The N& temperature of SmMSi,
0.6 3.999 10.647 170.27 2.828 compound determined in this investigation is larger than that
08 3.989 10.563 168.08 2.821 reported by Szytula and SzdtThis may result from the fact
0.9 3.977 10.526 166.48 2.812 P y szylia -NIS may resutt from the fe
1.0 3.973 10.501 165.76 2.809 that the magnetic field used in this investigation is higher
than that used by Szytula and Szbtt.
J. Appl. Phys., Vol. 80, No. 12, 15 December 1996 Wang et al. 6899
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TABLE II. The ferromagnetic—antiferromagnetic transition temperalyre

the antiferromagnetic—ferromagnetic transition temperalurethe Curie
temperaturdl,, the Neel temperaturdy, and the saturation magnetization
M, at 1.5 K and at room temperature for SmjBe, _,Si;), compounds.
T, T, T, T M, (1.5 K) M, (RT)
X (K) (K) (K) (K) (paff.u.) (upff.u.)
0.0 115 140 346 3.40 3.27
™ i 0.1 66 188 344 3.11 1.54
i 8 ;"\ e x=03 0.2 38 215 331 2.75 0.25
g |f rxeoa 04 3 . 1es 008
U .x=0. . . .
< 4 x =08 06 36 412 1.36 0.05
= 0.8 39 417 1.59
0 0.9 40 420 1.68
Y 1.0 41 432 1.82
8+ ko *x = 0.8
+x. = 0.9
4 L ax = 1.0 . ..
content. This may originate from the decreaseRif, -
0 Because th&y,,_y, decreases with Si content, a higher tem-
0 100 200 300 400 perature is needed to ensure tR&f,_\, achieves or larger
T (K) than 2.85 A. The value of, first decreases, goes through a

minimum atx=0.4-0.6, and then increases slowly with in-
FIG. 2. Temperature dependence of the magnetizadian the temperature creasing Si concentration. The decrgas@pf\nth Si content
range 1.5-400 K for SmM#Ge, ,Si,), compounds in a magnetic field of X for a smallerx may result from the increase of the antifer-
0.04 T. romagnetic Mn—Mn coupling strength due to the decrease of

the intralayer nearest Mn—Mn distanBg,,_,,, upon substi-

tution of Si for Ge, whereas the slight increaseTgfwith Si

Figure 4 shows the transition temperatuiigs T,, Tc,  content forx>0.6 may result from the decrease of the Mn-

and Ty as functions of the Si content and the inset in it gypjattice moments due to the substitution of Si for Ge,
shows those oRy,_,- The transition temperatures are also which leads to a slight decrease in the Mn—Mn antiferromag-
listed in Table Il. The decrease of the Curie temperature withheatic exchange interaction in the Mn sublattice. TheeNe
Si content may result from the decrease of magnetization %mperatureTN increases monotonically with increasing Si
the Mn sublattice upon substitution of Si for Geee below.  concentration. This also results from the enhancement of the
The second magnetic transition temperatdig increases pegative Mn—Mn exchange interaction on Si substitution for
from 140 K for x=0-215 K forx=0.2 with increasing Si

500

_"ESman(Gel_xSi ) ﬂ " T, e
12T 14 400 p T, _—
: T .

| \ x=o04 *h
sl aees | om0, T
300 | 400 e

T (K)
e
K)

200

O 1
2.88 2.84 2.80

100 \ e )

O Il 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Si content

Mn—Mn(

X (10_7m3/m01)

FIG. 4. Phase diagram of SmMe, _,Si),. The ferromagnetic—

300 600 900 300 600 900 antiferromagnetic transition temperatur&,, the antiferromagnetic—
ferromagnetic transition temperatufg, the Curie temperaturg,, and the
T (K) Neel temperatureTy for SmMny(Ge, _,Si,), compounds obtained in this

investigation can be identified. Insét;, T,, T., andTy as function of the
FIG. 3. Magnetic susceptibility vs temperaturd of SmMn,(Ge, _,Si,), intralayer nearest Mn—Mn distan&,,_, for the SmMn(Ge, _,Si,), com-
compounds measured at 1.2 T. The maximuny(@) definesTy . pounds.
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ferromagnetic coupling between Sm and Mn moments due to

60 . i
the decrease of the interlayer nearest Mn—Mn distance
*x =090 4x =103 vx =08 R ith Si contentx i ing, which leads t
ol "X = 01 ox = 04 ax = 0.9 Mn—mn Wi i contentx increasing, which leads to more
sx =02 0x =06 ox = 1.0 | Mn moments aligning along the axis.

] The magnetization curves at room temperature have

40 b //./ﬂ—o—*-“‘:: | been measured by using pulsed magnetic fields up to 10 T.
S e S The values for the saturation magnetization as a function of

,'v/ T Si content are also shown in the inset in Fig. 5 and it can be

hd 1 seen that the saturation magnetization decreases monotoni-
cally with the Si content. This is due to a gradual transition
of the magnetic order of the Mn moments on the Mn sublat-

tice from ferromagnetic foix=0 to antiferromagnetic for
x=0.3.

M (Am®/kg)

CONCLUSION

1 In conclusion, all SmMg(Ge, _,Si,), compounds with
x=0-1.0 crystallize in ThGSi, type of structure. Substitu-
~10 -0 Oé? g(-)tl&gto;(ﬂ 1.0 | tion of Si for Ge leads to a linear decrease in the lattice
constantsa, ¢, and the unit-cell volum& from a=4.064 A,
c=10.892 A, v=179.89 B for x=0 to a=3.973 A,
c=10.501 A,V=165.76 & for x=1.0. The intralayer near-
B (T) est Mn—Mn distanceR},,_, decreases linearly from 2.874
A for x=0 to 2.809 A forx=1.0. In all compounds a mag-
pounds. Inset: The saturation magnetization at 1.5 K and at room temperarletlc transition from ferromagnetic to. anuferromagne_tlc IS
ture as a function of Si concentrationfor the SmMnp(Ge, _,Si,), com- Observed at lower temperaturé’g, which decreases first,
pounds. goes through a minimum at=0.4—0.6, and then increases
slightly with Si content. With increasing temperature, for the
compounds with x<0.3 both antiferromagnetic—
the decrease of the intralayer nearest Mn—Mn distanc@rromagnetic transition and ferromagnetic—paramagnetic
Run-mn- Figure 4 is a spin phase diagram for transition are observed as well & and T, respectively.
SmMny(Ge, ,Siy),, which divided the temperature-Si- The former increases and but the latter decreases with Si
content plane by several areas which correspond to the ditontent. For compounds witk=0.3 the antiferromagnetic—
ferent magnetic order, as pointed out in Fig. 4. The magnetigaramagnetic transition is observed and thelNemperature
phase diagram we obtained is very similar to that of theincreases monotonically with Si content. A tendentious spin
Sm;_,GdMn,Ge, systeni and that of the Sm.,Y,Mn,Ge,  phase diagram has been obtained. Substitution of Si for Ge
system. leads to an increase of the antiferromagnetic—ferromagnetic
The magnetization of the SmMGe ,Si), com-  transition temperaturd, from 140 K atx=0 to 215 K at
pounds as a function of applied magnetic field was measureg=0.2. The increase df, is important for practical applica-
at 1.5 K in applied fields up to about 7(Fig. 5). The values  tjon of the magnetoresistance effect. The saturation magne-
of the saturation magnetization at 1.5 K as a function of Skization at 1.5 K decreases first, goes through a minimum at
content are shown as an inset in Fig. 5 and also listed ix=0.6, and then increases again. The saturation magnetiza-
Table I1. It can be seen that the saturation magnetization firgion at room temperature decreases monotonically from
decreases, goes through a minimum at alietl.6, and then 3 27,,,/f.u. for x=0 to nearly zero fox=0.3. These changes
increases again with increasing Si concentration. Neglectingh the magnetic properties can be quite well understood by
the contribution of the Sm atoms to the magnetic momentsmeans of the variation in the intralayer and interlayer nearest
the Mn atomic moment in SgMn,Ge, was derived to be Mn—Mn distances and Sm—Mn exchange interaction with Si
1.7ug . This value is too small compared withugd, which  concentration.
corresponds to three unpaired electrons in tite shell.
Szytula and Siekhave explained the small Mn moment in ACKNOWLEDGMENT
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FIG. 5. Magnetization curves at 1.5 K for the Smjtae, _,Si,), com-
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