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Abstract

The magnetic properties of polycrystalline Nd, ,Gd Mn,Ge, (0=x=1) compounds have been investigated by means of X-ray
diffraction and measurements of the DC magnetization. All compounds crystallize in the ThCr,Si,-type structure with the space group
14/mmm. Lattice parameters and the unit cell volume obey Vegard's law. The samples with x=0.6 are ferromagnetic and have spin
reorientation temperature. In the case of 0.7=x<1, samples are ferrimagnetic with compensation point and reentrant ferrimagnetism is
observed for x=0.8 and x=0.85. As a result, the magnetic phase diagram has been constructed. [0 2001 Elsevier Science BV. All rights

reserved.
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1. Introduction

The ternary intermetallic compounds of the formula
RMn,X, with R=rare-earth elements and X=S or Ge
have been extensively studied because of their interesting
magnetic properties [1-3]. These compounds crystallize in
the body-centered tetragonal ThCr,Si,-type structure with
the space group 14/mmm, in which R, Mn and X atoms
occupy 2a(0,0,0), 2d(0,1/2,1/4) and 4€(0,0,2) sites, re-
spectively [4]. This structure can be described as a stacking
of atomic layers aong the c-axis direction with the
sequence Mn—X—R-X—-Mn. The magnetic properties of
these compounds are very sensitive to the intralayer Mn—
Mn spacing R}, ., It was found that ferromagnetic phase
is observed when Ry, ,, is larger than a critical value of
2.85 A whereas antiferromagnetic phase is stable when
Ryn_wn IS smaller than 2.85 A [5].

Mossbauer spectroscopy [6], neutron scattering [7,8],
magnetization on single crystal [9] and polycrystal [2,7,10]
studies show four phase transitions in NdMn,Ge, com-
pound. According to above references, various values of
transition temperatures have been found for T.(Nd) (21,
40, 100 K), Tex(Mn) (210, 215, 250 K), T.(Mn) (330,
334, 336, 339 K) and T (Mn) (415, 430 K). Below the
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spin reorientation temperature (Tgg), the Mn sublattice has
conical ferromagnetic structure down to low temperatures.
Above T4, canted ferromagnetic structure occurs up to the
T.(Mn). Antiferromagnetic Mn layers along a are stabi-
lized between T.(Mn) and T (Mn), and the compound is
paramagnet for T>T,(Mn). The Nd sublattice acquires a
ferromagnetic arrangement aong the a-axis and is fer-
romagnetically coupled to the Mn layers below T.(Nd).

GdMn,Ge, is a collinear ferrimagnet for T<95 K and
transforms to an antiferromagnet with a first order transi-
tion above this temperature. In the ferrimagnetic tempera-
ture range, along the c-axis, the moment on Gd is aligned
antiparallel to the Mn moment. Above 95 K, the Gd
moments are disaligned and the Mn sublattice acquires a
collinear antiferromagnetic structure that persists up to 365
K. Above this temperature, GdMn,Ge, is a weak fer-
romagnet in a narrow temperature range and becomes
paramagnetic above about 480 K [11-13].

This study reports the influence of substitution of Gd for
Nd on crystal structure and magnetic properties of
Nd,_,Gd,Mn,Ge,.

2. Experimental
Nd,_,Gd,Mn,Ge, compounds with x=0.0, 0.2, 0.4, 0.5,

0.6, 0.7, 0.75, 0.8, 0.85 and 1.0 were prepared by induction
melting congtituent elements under Ar atmosphere in a
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water-cooled copper boat. The purity of the elements were
99.9% for Nd and Gd, 99.98% for Mn and 99.9999% for
Ge. Adding the 2% excess Mn over the stoichiometric
amount compensated the mass loss of Mn during the
melting. In order to achieve good homogenity, the poly-
crystaline ingots were turned over and remelted severa
times.

X-ray diffraction studies were carried out by using
Rigaku D-Max 2200 diffractometer equipped with CuKa
radiation. The magnetic properties of Nd,_,Gd,Mn,Ge,
compounds were studied by means of a SQUID magneto-
meter (Quantum Design) in the temperature range 5—-350
K in magnetic fields up to 5 T. Magnetization measure-
ments above room temperature were done using a vibrating
sample magnetometer.

3. Results and discussion

The X-ray patterns confirm that al compounds are
single phase and crystallize in the ThCr,Si ,-type structure.
The refined lattice parameters a and ¢, unit cell volumeV
and intralayer Mn—Mn distance R},,,_,,, are shown in Fig.
1 and the values are listed in Table 1. The linear decrease
of the lattice constants a and ¢, and the unit cell volumeV,
which may be associated with the smaller atomic radius of
Gd compared with Nd, shows that these parameters obey
Vegard's law.

The thermal variation of the magnetization of the
Nd,_,Gd,Mn,Ge, compounds in the temperature range
5-350 K in applied field of 400 Oe is presented in Fig. 2.
The obtained transition temperatures (Table 2) for the
samples with x=0 and x=1 are in good agreement with the
values reported in the literature. At low temperatures,
GdMn,Ge, is ferrimagnetic due to negative Gd-Mn
exchange interaction stabilized at low volume [13]. This
compound shows antiferromagnetic behavior between the
first order phase transition temperature (95 K) from
ferrimagnetism to antiferromagnetism and the Néel tem-
perature of 364 K. Above the Néel temperature, there is a
smal spontaneous magnetization indicating that
GdMn,Ge, is aweak ferromagnet with T, of 460 K. The
spin reorientation observed in NdMn,Ge,, which leads to
phase transition from a conical ferromagnetic structure to a
canted ferromagnetic structure, is depressed by the substi-
tution of Gd for Nd and disappears for the compounds with
x>0.6. The spin reorientation temperature (Tg;) was
defined by the cusp maximum of M(T) curves. The width
of cusp broadens with increasing x. Below T, another
transition is seen at about 20 K (Ty), which is attributed to
the ordering of R subléttice. Below T, magnetization
increases with decreasing temperature for x=0 and x=0.2,
and decreases for x=0.4. This may be explained by
assuming that in these compounds the rare earth sublattice
couples either ferromagnetic or antiferromagnetically to
the Mn sublattice in the case of light (Nd) or heavy rare
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Fig. 1. Variation of the lattice constants a and c, unit cell volume V and
the intralayer nearest Mn—Mn distance R;,,_,,, With Gd concentration x at
room temperature for the Nd,_,Gd,Mn,Ge, compounds.

Table 1
The lattice constants a and c, the unit cell volume V, and the intralayer
nearest Mn—Mn distance R;, ., for the Nd,_,Gd Mn,Ge, compounds

X a(A) c(A) V(A% R wn (A)
0.0 4.102 10.906 183.5 2.901
0.2 4.089 10.902 182.3 2.891
0.4 4.076 10.895 181.0 2.882
05 4.068 10.890 180.2 2.876
0.6 4.061 10.888 179.6 2.872
0.7 4.054 10.884 178.9 2.867
0.75 4.050 10.882 178.5 2.864
0.8 4.046 10.881 178.1 2.861
0.85 4.040 10.880 177.6 2.857
1.0 4.024 10.874 176.1 2.845
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Fig. 2. Temperature dependence of the magnetization in the temperature
range 5-350 K for Nd,_,Gd,Mn,Ge, compounds in a magnetic field of
400 Oe.

earth (Gd), respectively. If we take into account free Nd*°
(3.3 ug) and Gd® (7.0 ;) ions, the Nd magnetic moment
becomes dominant for x=0.2 and the Gd magnetic mo-
ment becomes dominant for x=0.4 in the R sublattice, and
thus the magnetization increases for x=0.2 and decreases
for x=0.4 below T;. The compensation temperature is
seen for the samples with 0.7=x<1. Bearing in mind that
the magnetic moment of the R sublattice decreases more
rapidly with increasing temperature than the magnetic
moment of the Mn sublattice and taking into account that
the total magnetic moment of R sublattice increases with
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increasing Gd content for x=0.7, the Mn sublattice mo-
ment can cancel the R sublattice moment at higher
temperatures. Therefore, the compensation temperature
increases monotonously.

Reenrant ferrimagnetism is observed for the samples
with x=0.8 and x=0.85. For these samples, the R}, .
values at room temperature are very close to the critical
value. The lattice contraction due to cooling causes a
transition from the ferrimagnetic phase to the antiferro-
magnetic phase at T,. This antiferromagnetic phase is
stable down to T, and then again a transition takes place
because of the negative R—Mn exchange interaction. A
trace of antiferromagnetic phase is seen for x=0.75. The
variation of T, and T, in opposite direction with increasing
X induces a broadening of the width of the antiferro-
magnetic phase region, which can be correlated to the
decrease of the intralayer Mn—Mn distance Ry,,,_u.. The
intralayer Mn—Mn distance Ry,,_v, in these samples
decreases linearly with increasing x. The decrease of the
Run_wn Weakens the ferromagnetic coupling, yielding
broadening of antiferromagnetic phase region. As a resullt,
the stability of antiferromagnetic phase increases with
increasing x and the ferrimagnetic phase between T, and
T, disappears for x=1.

Fig. 3 exhibits the temperature dependence of the
magnetization above room temperature in an applied field
of 400 Oe. The saturation behavior with a small mag-
netization value indicates the presence of awesk ferromag-
netic phase in the temperature range T, <T<T,. This
may be due to the unstable antiferromagnetic Mn—Mn
coupling [11].

For x=0.8 and x=0.85, Fig. 4 shows the magnetization
as a function of applied field at various temperatures. A
field induced metamagnetic transition from antiferromag-
netism to ferrimagnetism occurs at about 1 T. A multi-step
increase of the magnetization takes place for x=0.8 at
T=146 K, which may be attributed to a step-like growth of
ferrimagnetic domains in the layered antiferromagnet.

Fig. 5 shows the magnetization of the Nd, _,Gd,Mn,Ge,
compounds as a function of applied field at 5 K up to the
50 kOe. The values of saturation magnetization as a
function of Gd concentration are drawn in Fig. 6 and are

Table 2

The magnetic transition temperatures Tg, Teomps Tsry T1s Ta Ters Teo Ty @nd the saturation magnetization ug at 5 K for the Nd,_,Gd,Mn,Ge, compounds
X Tr (K) Tsr (K) Tcomp (K) T, (K) T, (K) Te (K) Te, (K) Ty (K) M [ms/ful]
0.0 23 214 336 430 4.70

0.2 25 160 342 3.16

0.4 18 90 345 2.06

05 60 346 442 1.28

0.6 45 346 445 0.54

0.7 25 346 448 0.53

0.75 50 345 453 0.75

0.8 62 141 238 342 456 0.76

0.85 77 121 298 342 458 115

10 95 460 364 1.99
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Fig. 3. Temperature dependence of the magnetization above room
temperature for Nd, _,Gd,Mn,Ge, compounds in a magnetic field of 400
Oe.

aso listed in Table 2. The saturation magnetization
decreases with increasing x at 5 K up to x=0.7, and then
increases again.

The magnetic phase diagram for the Nd, _,Gd, Mn,Ge,,
summarizing the results, is presented in Fig. 7. The
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Fig. 4. Magnetization as a function of applied field for x=0.8 and
x=0.85 at various temperatures.
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Fig. 5. Magnetization of Nd,_,Gd,Mn,Ge, compounds as a function of
applied field at 5 K up to the 5 T.

transition temperatures are also listed in Table 2. The spin
reorientation temperature decreases linearly with increas-
ing x from 214 K a x=0 to 45 K a x=0.6. The
compensation temperature increases monotonously with
increasing x. In the light of results in the literature [14], we
completed T,(x) and T,(x) in the magnetic phase diagram.
The T(Mn) value for NdMn,Ge, was taken from the
literature and connected to T, to define the AF phase

region.
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Fig. 6. Saturation magnetization as a function of Gd concentration x of
Nd,_,Gd,Mn,Ge, compounds.
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Fig. 7. Magnetic phase diagram of Nd,_,Gd Mn,Ge, compounds.
4. Conclusions

All the Nd,_,Gd,Mn,Ge, compounds crystallize in the
ThCr,Si ,-type structure. Substitution of Gd for Nd causes
linear increases in the lattice constants and unit ceII
volume from a=4.102 A, c=10. 906 A, and V=183. 5 A’
for x=0to a=4.024 A, c=10.874 A, and V=176.1 A® for
x=1. Ferromagnetism observed in NdMn,Ge, transforms
to ferrimagnetism with the substitution of Gd (heavy rare
earth) for Nd (light rare earth). The saturation magneti-
zation at 5 K decreases up to x=0.7 and then increases
again. Reentrant ferrimagnetism is observed for x=0.8 and
x=0.85. Consequently, the x—T magnetic phase diagram
has been established from the derived transitions tempera-
tures.
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