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X-ray and calorimetric studies of the GdMn,(Ge;_,Siy), compounds
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X-ray diffraction and differential scanning calorimetry have been used to study changes in the lattice parameters
and Neel temperature of the compounds GdMn,(Ge;_xSix)> (X = 0—1) with increasing Si content. It is shown that
substitution of Ge by Si leads to an 8 % decrease in the unit cell volume of the compounds at room temperature.
It is found that the Neel temperature of the compounds increases with increasing Si content from 365K at X = 0
to 465K at x = 1. The magnetic phase diagram of the system GdMn;(Ge;_xSix), is constructed according to the

obtained data.
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1. Introduction
Compounds with the structure of the type RM»X, type,
where R is a rare earth element, M — 3d-, 4d-, or 5d-
transition metal, X = Si, Ge, have attracted much attention
due to the wide range of physical phenomena observed in
them, including a variety of magnetic phase transitions, su-
perconductivity, mixed valence, Kondo effect, and etc. [1-5].
The compounds crystallize into a body-centered tetragonal
lattice of type ThCr,Si, (space group |4/mmm). Atomic
layers of elements of the same type are stacked in this struc-
ture along the crystallographic axis C in the following strict
sequence —M—X—R—X—M— [6]. The layered structure is
thought to be responsible for the wide variety of physical
properties inherent in these compounds. Of all metals (M),
only manganese carries a significant magnetic moment
in RM,X,. The existence of different magnetic structures
and magnetic phase transitions is the characteristic feature
of RMn;X, compounds, which is due to the competition
of intralayer and interlayer R—R, R—Mn and Mn—Mn
exchange interactions, as well as the anisotropy of rare-
earth ions and Mn. The intralayer Mn—Mn exchange
interactions are the strongest, and it is these interactions that
determine the maximum magnetic ordering temperature of
the compounds. Interlayer Mn—Mn exchange interactions
are found to be sensitive to the distance Mn—Mn Ay Mn
within the layer. When the distance Mn—Mn is larger
than the critical value of 2.85A the interlayer ordering
of manganese magnetic moments is ferromagnetic, and
when the distance dy, mn is smaller than the critical value,
antiferromagnetic ordering is observed.

It appears possible to change the interatomic distances
in quasi-ternary compounds with a structure of the type
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(R, R)Mn;(Ge_xSix )2 with changing the concentration of
atoms and thus establish a relationship between changes
in the lattice parameters and the magnetic structure of the
compounds. Thus, when studying the magnetic properties
of single crystals of the system GdMny(Ge;_xSix)2 we
found a very unusual effect — the easy magnetization direc-
tion reorients from the crystallographic c-axis to the basal
plane with increasing Si concentration [7,8]. The main focus
was on the study of magnetic properties at low temperatures
when the Gd and Mn sublattices are ordered. However,
to construct a complete phase diagram of the system
GdMn;,(Ge;_4Six )2, it is necessary to determine the Neel
temperature at which the antiferromagnetic—paramagnetic
phase transition occurs in the Mn sublattice. This transition
gives almost no anomalies on the temperature dependence
of the magnetic susceptibility. We have previously shown
that the differential scanning calorimetry (DSC) method [9]
can be successfully used to accurately determine the critical
temperatures of various magnetic phase transitions in these
compounds. The study of lattice parameters and DSC
analysis of intermetallic compounds GdMn;(Ge;_xSix)2
(x =0—1) have been performed in this paper. The de-
pendence of antiferromagnetic exchange interactions on the
interatomic distances of Mn—Mn is discussed. A magnetic
phase diagram of the system is constructed on the basis of
the conducted studies using literature data.

2. Samples and experimental
methodology

The alloys GdMn;(Ge;_xSix)2 (x =0, 0.1, 0.2, 0.3, 0.4,
0.6, 0.8 and 1) were smelted from pure starting components



X-ray and calorimetric studies of the GdMn,(Ge;_xSix), compounds 659

by induction melting in alumina crucibles under argon
atmosphere. The samples were annealed for 1 week at
1000°C in an inert environment followed by quenching
in water for obtaining a homogeneous state.

X-ray powder diffraction and calorimetric studies were
performed using equipment available in the Collective
Access Center for Testing nanotechnologies and advanced
materials in the Mikheev Institute of Metal Physics, Ural
Branch of RAS.

X-ray diffraction studies were performed using high-
resolution PANalytical Empyrean diffractometer, in CuK,
radiation with a scanning step of 0.013°. Temperature
X-ray diffraction studies were performed in an Anton Paar
NTK1200N vacuumized high-temperature chamber and an
Oxford Instruments TTK 450 low-temperature chamber.
X-ray phase analysis was performed in the HighScore Plus
program.

Differential scanning calorimetry data were obtained
using a STA 449 F3 Jupiter synchronous thermal analysis
instrument (Netzsch) in an argon atmosphere with heating
in the temperature range of 300—500K at a rate of
5°C/min.  Measurements were performed on powder
samples, the mass of the suspension was 40—60mg. The
instrument temperature and sensitivity were calibrated to
the melting points of indium (429.6K), tin (504.9K),
bismuth (544.4K), and zinc (692.5K). Experimental data
were processed using the NETZSCH Proteus Analysis®
software package.

3. Results and discussion

X-ray diffraction patterns of GdMn,(Ge;_xSix)2 com-
pounds at room temperature are shown in Figure 1. The
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Figure 1. Xwray diffraction patterns of GdMn;(Gei—xSix)2

compounds.
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Figure 2. Concentration dependence of lattice parameters, unit

cell volume and manganese ion intralayer spacing for compounds
Gdan(Gelfoix)z.

positions of GdMn,Ge, phase reflections are given at
the top of the figure. The phase with a structure of
the type ThCr;Sip, space group 14/mmm is the main
phase in all compounds according to X-ray phase analysis
by Rietveld method. In addition to the main phase,
compounds with X =0, 04 and 0.6 have up to 5% of
the additional phase of GdMny 33Ge, (space group Cmcm).
Substitution of Ge by Si leads to a monotonic decrease in
the parameters a, ¢ and unit cell volume as the Si content
increases (Figure 2), which is attributable to the larger
ionic radius of Ge compared to Si. The unit cell volume
of GdMn,Ge; at room temperature was found to be 8%
larger than that of GdMn,Si,. Since the crystal lattice is
tetragonal, the changes in interatomic Mn—Mn distances are
anisotropic: 2% in the base plane (within a layer) and 4 %
along the tetragonal c-axis (between layers).

Earlier, Zhang etal. measured the temperature depen-
dence of the lattice parameters a and ¢ and magnetic
susceptibility of GdMn,Ge, [10]. Two magnetic tran-
sitions were detected in the compound with the tem-
perature increase: a first-order phase transition at the
temperature of disordering of the gadolinium sublattice
of Tgg = 96K and a second-order phase transition at the
antiferromagnetic—paramagnetic transition temperature of
Tn = 368 K. The magnitude of the parameter a jumps by
Aa/a = 1073 at Tgq, and only a small anomaly of the
dependence a(T) is observed at Ty. The lattice parameter ¢
virtually does not change during these phase transitions. As
far as we know, the temperature dependences of the lattice
parameters of GdMn;Si, have not been studied so far.



660 L.A. Stashkova, A.M. Bartashevich, P.B. Terentev, V.S. Gaviko, E.G. Gerasimov, N.V. Mushnikov

Figure 3 shows the temperature dependence of the
lattice parameters and volume (V) of the unit cell of the
compound GdMn;Si;.  The lattice parameters increase
monotonically with the increase of the temperature, expe-
riencing no anomalies at the temperature of disordering
of the gadolinium sublattice, which for GdMn,Si, is
Tea = 52K [8], and reach the values of a=3.963A,
¢ =10.516A and V = 165.2A% at T = 538 K. The dashed
line in Figure 3 shows the phonon contribution to the
lattice parameter variation estimated using the 3rd order
Debye function. The Debye temperature value of 469 K
that was determined earlier for the compound YMn,Si,
in Ref. [11] was used for the calculations. A deviation of the
temperature dependence of the lattice parameters and unit
cell volume from the phonon contribution is observed below
the Neel temperature due to the positive magnetoelastic
contribution to the thermal expansion of the lattice.

The presence of anomalies on the dependence a(T) for
GdMn,Ge, and their complete absence for GdMn;Si, is
probably attributable to fundamentally different magnetic
structures.  According to neutron diffraction data, in
GdMn,Ge, all magnetic moments of Mn and magnetic
moments of Gd are directed strictly along the c-axis [12],
while the magnetic moment of Gd in GdMn;Si, is directed
perpendicular to the c-axis, and the moments of Mn are
canted relative to the c-axis by an angle of 28 degrees [8].
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Figure 3. Temperature dependence of the lattice parameters of
the compound GdMn;Si,. The dashed lines show the estimation
of the phonon contribution to the thermal expansion using the
3rd order Debye function.
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Figure 4. DSC curves of the system GdMn,(Ge;—xSix)>.

In this case, as shown in Ref. [13], the disordering of the Gd
sublattice at temperature Tgg in GdAMn,Ge; is the first-order
phase transition, while the disordering of the Gd sublattice
in GdMn;,Si; is the second-order phase transition.

Figure 4 shows the DSC curves obtained during hea-
ting of the GdMny(Ge;_xSix),; alloys. Measurements
were performed on powder samples at a scan rate of
5K/min. Pronounced A-shaped endothermic peaks are
observed on all curves at the temperature Ty of the
antiferromagnetic—paramagnetic phase transition. Transi-
tion temperature Ty increases with increasing concentration
of Si. The Neel temperatures of the ternary compounds
GdMn,Si; and GdMn,Ge; are 465 and 365 K, respectively,
and consistent with the literature data [13,14]. The
absolute value of the heat effect of these transformations
is 0.5-2.5J/g, which is significantly smaller than the
values of enthalpy change at the structural first-order phase
transitions.

The magnetic phase diagram of GdMn;(Gej_xSix)2
obtained from the DSC study in this work is shown
in Figure 5. The same figure shows the temperatures
of magnetic phase transition of disordering of gadolinium
sublattice Tgq and spin reorientation temperature Ty of
GdMn;(Ge 9Sip.1)2 compound obtained in Ref [7], as
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Figure 5. Magnetic phase diagram of the system

GdMn; (Ge—xSix )2, constructed on the basis of DSC study and
literature data.
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Figure 6. Dependence of the Neel temperature on
the unit cell volume of compounds: GdMn;(Gei—xSix)2
[our data], Sm;_xGdxMn,Si» [17], La;_xGdxMn,Si [18],
Cel,beanZSiz [19], Dyan(Silfoex)z [20]

well as the data for Neel temperature and Tgq for three
compositions from Refs. [13-15]. It can be seen that the
disordering temperatures of the antiferromagnetic phases are
in good agreement with the results of previous studies.

The increase of the values of Ty in case of substi-
tution of Ge by Si in GdMn,(Ge;_xSix), can be at-
tributed to the enhancement of Mn—Mn exchange in-
teraction which is caused by a decrease in distances
between Mn atoms [16]. In order to analyze the
influence of lattice parameters on the Neel tempera-
ture of compounds, we have plotted the dependence
of Ty on the unit cell volume both for the compounds
GdMnj, (Si;—xGex ), and for a number of other quasi-ternary
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compounds Sm;_xGdxMn;,Si; [17], La;_xGdxMn;Si, [18],
Ce_xTbyMn;Siy [19], DyMn;(Si;—xGex )2 [20] (Figure 6).
An increase in the cell volume and, consequently, Mn—Mn
distances, leads to a weakening of the antiferromagnetic
Mn—Mn interaction and a decrease of the Neel temperature
both in the case of substitution in the rare earth subsystem
and in the case of Si substitution by Ge. However, when
substituting Ge for Si, the Ty temperature decrease is slower
than in the case of substitution in rare-earth layers. An
explanation for these effects can be given based on the
results of a first-principles density functional theory (DFT)
calculation of the electronic structure of YMn,Siy [21].
The calculations have shown that the exchange interaction
between the magnetic moments of Mn atoms in neighboring
layers is not direct. There are two layers of silicon between
the Mn layers, and Si atoms form covalent bonds Si—Si
and Si—Mn. As a result, Si atoms form dimers, the
bonding molecular orbitals of which act as conductors
of the negative superexchange interaction between Mn
moments in neighboring layers. Apparently, similar dimers
are formed by germanium atoms, but the intensity of the
Mn—Mn superexchange may be different from the case
with Si. Mn—Si (and Mn—Ge) hybridization depends on
the interatomic distances in the basis plane. Increasing
interatomic distances weaken the negative superexchange
interaction Mn—Mn, leading to a decrease in the Neel
temperature.

4. Conclusion

X-ray diffraction and calorimetric  studies of
GdMn;(Ge;_xSix)> alloys have been carried out in this
paper.

It is shown that the substitution of Ge for Si leads to
a decrease in lattice parameters and unit cell volume. It
is found that the Neel temperature Ty of the compounds
increases with increasing Si concentration from 365K
at X=0 to 465K at x =1. The results indicate the
enhancement of antiferromagnetic Mn—Mn exchange inter-
actions in the compounds with the decrease of Mn—Mn
interatomic distances, which is in agreement with the results
of other studies of compounds RMn;,X; both in case of
substitutions in the rare-earth sublattice and substitution of
Si for Ge. The results of DSC studies are summarized in
the form of a magnetic phase diagram, which, in addition
to the Neel temperature data, shows literature data on the
temperature of ordering of the Gd sublattice, as well as
on the spin reorientation in the ferrimagnetic structure of
GdMng(Gelfoix)z.
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