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Abstract

In the present study we report a successful synthesis of the new intermetallic compound Nd.PtGe; by
an arc-melting method. The powder X-ray diffraction analysis indicates that this compound
crystallizes in an disordered variant of the AIB,-type structure (space group P6/mmm, no. 191) with
lattice parameters a = 4.2455 A and ¢ = 4. 1933 A. The compound exhibits a cluster-glass transition
below T: = 2.9 K, characterized through ac and dc magnetic susceptibility and heat capacity

measurements.

Introduction

According to conventional definition, spin glasses are family of random magnets, in which
ferromagnetic and antiferromagnetic spin-spin interactions exist simultaneously and compete, leading
to ordering frustration (see for example the handbook of Kawamura [1]). In this type of systems, spins

are arranged quasi-randomly and exhibit no long-range periodicity.

Spin glass systems can be very diverse from the point of view of structure and chemical composition
and can be represented, for example, by such different chemical compounds like alloys U;NiSis [2],
CeCusMnyAlyy [3] or oxides BaBio.2sC0072022 [4], but all of them have common properties, like:
magnetic frustration due to competing interactions, and site disorder [5]. Magnetic disorder of spin

glasses becomes frozen under the critical temperature called freezing temperature Ty, but unlike for
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ordered systems it can slowly evolve with time to attain local energy minimum. Below freezing
temperature spin glass systems exhibit also some magnetic irreversibility.

For example, superparamagnetic (SP) and superferromagnetic (SFM) systems or ferromagnets (FM)
with domain walls can also exhibit magnetic relaxation, aging, rejuvenation and memory effect and
sometimes also the existence of de Almeida-Thouless line (AT-line) [6]. Magnetic relaxation in SFM
or FM systems can be driven, among others, by growth or reorientations of magnetic domains
controlled by wall pinning on structural defects, grain boundaries and motion of domain walls which
makes time evolution of their magnetization very complex. Spin glasses, however, can be
distinguished from magnetically ordered systems due to their specific form of magnetization
relaxation. The Arrot plot can be also helpful because it allows confirming (or excluding) magnetic

ordering.

The time evolution of the magnetic moment due to domain reorientation is usually described by
modified power law model: m(7)=me+mz"* where r is normalized time z=t/to, mo is initial
magnetization and m, relaxing component of magnetization. Magnetic relaxation in SFM domain
system, obeys stretched exponential law m(z7)=me+m/[1-exp(-7/m)’ ]. However, this model also
correctly describes relaxation in the spin-glass and in spin cluster glass systems with properties
determined by multiple spin interactions rather than individual spins. The unique magnetic relaxation
corresponding to spin-glass state is represented by logarithmic dependence: m(t) = mo + Sin(t/to + 1),
where mo and S are magnetization at t = 0 and the magnetic viscosity, respectively. The above
examples show that magnetic relaxation measurements are crucial for studying and understanding the

spin-glass state phenomena.

In addition to experimental studies, modeling of spin glasses has also a large influence on
development of new algorithms for solving many combinatorial optimization problems i.e. the

Traveling Salesman Problem, airline scheduling, pattern recognition and circuit wiring [7].

Ternary intermetallic R2TXs- type family, where R means rare-earth ions, T is a transition metal and X
= Si, Ge, Ga, In, is an attractive system to investigate compounds with intriguing physical properties.
These compounds generally crystalize in AlIB2 — derived crystal structure with space group P6/mmm,
which exist both in disordered and ordered variant [8]. In the crystal lattice of disordered R,TXs
compounds R ions occupy Wyckoff 1a site, forming hexagonal lattice, while T and X are randomly
distributed in honeycomb layers, as shown in Fig 1 (all crystal structure drawings were generated
using the VESTA program [9]). The statistical distribution of T and X atoms cause a varying
environment around R ions, which leads to the magnetic cluster formation. Moreover, the c/a ratio is
about 1 which suggests that the strength of nearest-neighbor exchange (NN) and next-nearest-neighbor
exchange (NNN) interactions are comparable, which may promote existence of magnetic frustration

[10]. For these reasons many of R.TXs; compounds exhibit glassy behavior i.e. SmyNigg7Sizs7 [11],
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Th2No.90Si2e4 [12] and Nd2Nio.e4Siz.04 [13] are cluster-glasses, while GdzNiSis [14] and Nd2PdSis [15]
were identified as canonical spin-glasses.

In this paper, we report successful synthesis of a novel intermetallic compound Nd.PtGes which
crystallizes in disordered AlB-type structure. Performed magnetic properties and specific heat
measurements do not present evidence for long-range ordering in this compound, however they
indicated that obtained compound is another example of cluster-glass material in R TX3 family with
freezing temperature Tr~ 3 K.

Experimental

The polycrystalline Nd,PtGe; sample was prepared by arc melting the appropriate amount of
constituent elements: Nd (ingot, Alfa Aesar, purity 99.9 %), Pt (wire, Alfa Aesar, 99.95%) and Ge
(lump, Onyxmet, 99.999%). The melting process was performed using arc furnace MAM-1 GmbH
Edmund Biihler under inert (Zr — gettered high purity Ar) atmosphere. This procedure was repeated
several times with additional flipping of the sample in order to homogenize the composition. The
weight loss during the melting process found to be negligible (< 0.5 %). The room temperature X-ray
diffraction experiment on the powdered sample (pXRD) was carried out using Cu K, radiation on
Bruker D2Phaser diffractometer equipped with XE-T detector. XRD patterns were analyzed by means
of LeBail refinement, using the FullProf software package [16]. It was found that the stability and
quality of the refinement is significantly improved by applying a maximal likelihood weighting
scheme [17], instead of standard least-squares method. The magnetic properties were measured
employing the PPMS device (Quantum Design) in the temperature range 2 — 300 K. The dc magnetic
measurements were collected with VSM option in both the zero-field cooling mode (ZFC) and the
field cooling mode (FC). The ac measurements were performed with AC Measurement System
(ACMS) option. Magnetization data was collected in the frequency range 37 Hz to 10 kHz with the
magnetic field amplitude poHac = 5 MT. Heat capacity measurements were carried out on PPMS
system using relaxation technique at constant pressure for different values of applied magnetic field (0
—9T). Resistivity measurements were performed using a standard four probe technique with platinum

wire contacts spot-welded to the sample’s surface.

Results and discussion

The room temperature pXRD pattern of the Nd.PtGes is presented in Fig. 2. The LeBail refinement
confirmed a hexagonal crystal structure and denoted the lattice parameters for Nd.PtGe; which are
gathered in Table 1. The estimated c/a ratio is about 1, which means that this compound crystallize in
a disordered variant of AIB,—type structure and suggests the occurrence of magnetic frustration.
Moreover this compound shows no superstructure lines, which were observed for ordered variant of

AlB,-type structure, Ca,PtGes [8]. Calculated lattice parameters are comparable to those reported for
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Nd2NiGes [18] and NdPdGe;[19]. It is worth to note, that the volume of unit cell increases with the
increase of atomic radius of transition metal from Ni to Pt. A few weak peaks are seen in the vicinity
of the (1 0 1) Bragg peak, which could not be indexed with the space group P6/ mmm. This trace
parasitic phase was identified as NdPtGe; and cannot be removed by thermal annealing.

The temperature dependent molar magnetic susceptibility (y = M/H) of Nd,PtGe;s is shown in Fig. 3.
The results were collected in ZFC mode for magnetic field value uoH = 0.1 T. It can be seen that x(T)
increases with decreasing temperature, which is typical behavior for Curie—Weiss paramagnets and
may be described by the equation:

X=Xt

T-0cw’

where C is the Curie constant, yo iS the temperature-independent susceptibility and Ocw is the
paramagnetic Curie temperature. The 1/x vs T plot (inset of Fig. 3) shows linear behavior in
temperature range 20 - 300 K. Fitting the Curie-Weiss law to this region yields 6cw= -5.17(2) K that
suggests the presence of average antiferromagnetic interactions. The value of an effective magnetic
moment (Letr) Was calculated using formula:

. _(3Ck3)1/2
ff =
¢ HENA

where kg - the Boltzmann constant, pug - the Bohr magneton and Na - the Avogadro number. The

resulting perr= 3.71 pg in agreement with the theoretical free moment of Nd** ion (e = gn/J(J + 1)
=3.62 ps [9]).

To understand the exact nature of magnetic properties of Nd,PtGes, the dc magnetic susceptibility was
measured as a function of temperature both in ZFC and FC modes for various applied fields (poH =
0.01, 0.03, 0.1, 0.3 and 1 T). The results are presented in Fig. 4. It can be observed, that for low
applied magnetic field, ZFC curves exhibit a wide peak with a maximum at about 3 K, which shifts to
lower temperature with increasing value of poH. At low temperatures yzrc(T) and yrc(T) curves tend to
diverge below a certain temperature called the temperature of irreversibility (Tir). The difference
between these two curves becomes negligible above the applied magnetic field value poH = 0.1 T.
Such type of smeared peaks in yzrc(T) and bifurcation between yzrc(T) and yrc(T) below Tiy are often
observed in glassy systems due to the large distribution of cluster sizes [8, 9, 10, 11]. The inset of Fig.
4 displays plot of ZFC and FC susceptibility for external field poH=0.01 T in the lowest temperatures
region. It is easy to observe that both lines merge at about T = 3 K, which in general depends on the
applied magnetic field value, the size of magnetic clusters and the measuring time [3]. The precise
value of this temperature was determined from a maximum of x(T) corresponding to d(y(T))/dT=0, and
is equal to Tir = 3.2 K. This parameter is useful to calculate the empirical measure of frustration,

which is defined by equation: f = |0cw|/Tir and for investigated compound is equal 1.8. The obtained
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value of f parameter is greater than 1, which indicates that this compound belongs to frustrated glassy
systems [20].

The isothermal magnetization measurements as a function of applied magnetic field for Nd.PtGes are
presented in Fig. 5. The high temperature curves change linearly as expected for a paramagnets in a
Curie-Weiss regime. It is obvious that magnetization M(H) for any temperature does not saturate even
at the highest applied magnetic field (uoH = 9 T), which suggests absence of long-range magnetic
ordering. There is no hysteresis loop in magnetic isotherms at low temperatures (T = 2 and 10 K ).
Moreover “S”-shape of M(H) curves suggests glassy state formation in Nd.PtGes; [12], [21].
Paramagnetic behavior and a lack of magnetic ordering are also confirmed by the Arrott plot used
commonly for determining Curie or Neel temperature. The M?(H/M) curves corresponding to
temperatures 2, 10 and 20 K are presented in Fig. 6. From these plots it is obvious that the intercepts
for all M? = H/4bM — ae/2b curves are negative, where a and b are parameters in Ginzburg-Landau
theory and the parameter e=(T-T¢)Tc. This behavior, according to mean field approach indicates
occurrence of paramagnetism and a lack of magnetic ordering. In order to confirm the hypothesis
about spin/cluster-glass transition in Nd.PtGes, the ac magnetic susceptibility was measured at
frequencies v = 37, 117, 347, 1065, 3263 and 10 000 Hz (logarithmic spacing) with excitation field
5-10° T. In order to exclude the influence of the excitation field Hac on glassy state, the measurements
were performed also for a much lower field value 1-10° T (not presented here). Identical results were
obtained in both cases. Fig. 7 presents the real part ()’) of ac susceptibility at different frequencies
measured for temperatures near Tir. The x’(T) exhibits an evident peak around 2.9 K for 37 Hz which
is commonly used to determine the spin freezing temperature Tr. The Tr temperature determined from
the fit to the experimental data was not very sensitive to the fit range. This characteristic temperature
is slightly lower than Ti, and shifts toward higher temperature with increasing frequencies, which is
typically considered as a signature of magnetically frustrated glassy state formation [17]. The relative

shift in T per decade of frequency in glassy systems may be described as [10]:

ATf
TgAlogv

6Tf =

The calculated value of 6T = 0.014 is one order of magnitude higher than expected for canonical spin-
glass materials (~107%), but fits well with the range that is reported for cluster-glasses (i.e. 0.028 for
SmzNio.s7Si2e7 [8], 0.02 for Er2NiSis [11] and 0.029 for Nd2Nio.9sSiz94 [10]). Another method to
distinguish a cluster-glass from spin-glass system is applying the dynamical scaling theory of critical
slowing down. This theory involves divergence of the correlation length at the critical temperature and
can be expressed by the power law [8, 9, 10, 11]:

_ !
_ - (Tr=Tsc\™
T=To\—
Tsg
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where T ~ 1/v is the relaxation time associated with measured frequency v, zv’ is dynamic critical
exponent, Tsc is spin-glass temperature in static limit (v — 0) and to iS microscopic single spin
flipping time. The latter one can vary from 1o = 107 s for cluster glass compounds to To= 10*% s for
spin — glass materials [3]. The values of 1o and zv’ were estimated from linear fit of log(t) — log(t)
dependence, which is shown in the right inset of Fig. 7. The best results were received for 1o of the
order of 10® and zv’ = 3.64(2). These values indicate the cluster-glass behavior in Nd.PtGes.
Furthermore 1o is required to model spin dynamic near Ts by the empirical VVogel-Fulcher relation that
is described as [1, 3]:

— Ea
oo ()

where E,, kg and T, are the activation energy, the Boltzman constant and the Vogel-Fulcher
temperature, respectively. The value of the E./kg ratio and T, have been determined from the linear fit
of Tr vs 1/In(vo/v) plot, which is displayed in the left inset of Fig. 7. Estimated values are collected in
Table 2 and the Ea/ks To ratio is about 2.3 that corresponds to inter-cluster freezing process, because
this parameter is usually close to 1 for canonical spin-glasses [22]. Finally the cluster-glass formation
in Nd-PtGe; was confirmed by Tholence criterion [23] 6Tth = (Ts — To)/ T = 0.12, which value is in
line with our expectations. Thus, based on all ac susceptibility analysis, we suggest the cluster-glass

behavior of Nd,PtGes where interacting magnetic clusters freeze below Ts= 2.95 K.

Different types of glassy systems are known to exhibit non-equilibrium dynamical behavior below T,
which can be observed as the time-dependent remnant magnetization in the isothermal process [24]-
[26]. We have studied magnetic relaxation phenomenon in Nd:PtGes as a final test of glassy state
formation in this compound. Fig. 8 displays time evolution of magnetization measured in ZFC mode at
temperatures 2 and 10 K for applied field yoH = 0.01 T. In ZFC protocol the sample is initially cooled
down to relevant temperature without external magnetic field. After waiting for a certain time, which
is necessary for temperature stabilization, a low magnetic field is applied to start recording M(t) data.
It is easy to notice that for T < Tr the M(t) magnetization increases even as the temperature remains
constant in contrast to curve measured for T > T; which is time-independent. The experimentally
observed magnetic relaxation behavior is commonly described by the well-known expression for

magnetic viscosity [26]:
M(t) = Mo + SIn(t/to + 1),

where the temperature-dependent fitting parameters Mo and S are magnetization at t = 0 and the
magnetic viscosity, respectively. The reference time to depends on measuring conditions and has
limited physical applicability [26]. The applicability of this formula to M(t) data collected at T=2 K is
presented as a red line in Fig. 8. Estimated values of Mg and S are gathered in Table 2 and are

comparable to results reported for other glassy systems [20] — [22].
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Heat capacity (Cp) measurements with and without external magnetic field for Nd,PtGes were carried
out to further investigate the character of magnetic transition. In Fig. 9 it is shown that the specific
heat attains a saturation value at room temperature, which is close to classical Dulong-Petit law value:
Cp = 3nR = 150 J mol* K, where n is the number of atoms per formula unit (n = 6) and R is the gas
constant (R = 8.314 J mol* K™). It is obvious that the peak observed near T = 3 K is too broad to be
considered as a result of a typical long-range magnetic transition. It is reflected more clearly in the
inset of Fig. 9 which exhibit low temperature dependence of C,/T for different values of applied
magnetic field (uoH =0, 1, 3, 5, 7 and 9 T). This plot shows a broad hump rather than a sharp jump
generally observed in materials with long-range ordering. A well-defined upturn around Tsis strongly
affected by the applied magnetic field, which can be due to glassy state formation, or alternatively, can
be manifestation of a weak AFM transition in Nd-PtGes. Note that the existence of strong magnetic

orderings has previously been excluded by means of Arrott plot analysis.

The temperature dependent electrical resistivity of the Nd,PtGes; sample in temperature range T =2 —
300 K is shown in Fig. 10. Over the high temperature region p(T) weakly decreases and exhibits the
expected metallic behavior without any other noteworthy features. Around T = 10 K a broad upturn
can be observed, (see the inset of Fig. 10). This hump may be due to the loss of spin-disorder
contribution, but the temperature at which this effect is observed disagree with heat capacity and
magnetization data. This phenomenon was earlier reported in the literature [27], [28] and can be
explained by that the peak in p(T) cannot entirely be attributed to disorder in non-magnetic lattice. It
was also discussed by J. Mydosh in the book [29]. As the temperature decreases further, the electrical
resistivity gains the residual resistivity value po = 1.0 uQ m. The residual resistivity ratio is equal:
RRR = paoo k/p2 k = 1.8 , similar to observed in R,PdGe; (R = Th, Dy) [28].

Conclusions

The newly synthetized by an arc-melting process intermetallic compound Nd:PtGe; crystallize in
disordered variant of hexagonal AIB,-type structure with space group P6/mmm. The structural
characterization was performed by LeBail refinement of pXRD data. Calculated values of lattice
parameters are equal a = 4.2455 A and ¢ = 4. 1933 A which indicate that the strength of nearest-
neighbor exchange (along c) and next-nearest-neighbor exchange (within the ab plane) interactions are
comparable which may promote existence of magnetic frustration. The coexistent of magnetic
frustration and disorder is essential to achieve a spin-glass state. The presence of glassy phase was
confirmed by ac and dc magnetic susceptibility measurements. The behavior of yqcSuggest presence of
magnetic irreversibility at low temperatures, while measurements of y.c reveal that Nd:PtGes
undergoes cluster-glass freezing behavior below T; = 2.9 K. Moreover, this compound exhibit non-
equilibrium dynamical behavior, which is typical for glassy-systems. These results are in good

agreement with the heat capacity measurements, showing lack of sharp anomalies that would suggest
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long-range magnetic ordering. The electrical resistivity measurements confirms metallic character of
Nd.PtGes.
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Tables

Table 1

Refined structural parameters for Nd,PtGes; Numbers in parentheses are statistical uncertainties of

fitted parameters

Refined Formula

NdthGea

Space group

P6/mmm (No.191)

a(A) 4.2455(1)
c(A) 4.1933(2)
V (A% 65.789(4)
Molar mass (g mol?) 701.49
Density (g cm) 5.33

Nd (1a) X=y=2z=0

Pt (25%) / Ge (75%) (2d)

x=13y=2/32=05

Figures of merit:

Rp (%) 10.7
Rup (%) 15.9
Rexpt (%) 8.03

P 3.90

11
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Table 2

Selected physical properties data for Nd,PtGes Numbers in parentheses are statistical uncertainties of

fitted parameters. The total error is expected to be larger due to experimental factors (e.g. trace
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amounts of impurity phases).

NdPtGe;
Tr (K) 2.9 [v=37 HZ]
f 1.8
E./ks (K) 5.9(3)
To (K) 2.61(2)
Ocw (K) 5.17(2)
e (1s) 3.71(9)
Mo (emu/g) x10* 1.05(4)
S (emu/g) x10°® 2.8(1)
RRR 1.8
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Fig. 1 Crystal structure of Nd.PtGes — big balls are neodymium, small represents platinum and

germanium, which stochastically occupy hexagonal site with ratio 1:3
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Fig. 2 Le Bail refinement of powder XRD data for Nd,PtGes Observed data and calculated intensity
are represented by red circles and blue lines respectively. The difference is shown in the lower part by

solid black lines. Black vertical ticks correspond to Bragg peaks for space group P6/mmm (no. 191)
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Fig. 3 The temperature dependence of the magnetic susceptibility for Nd.PtGes. The inset shows
inverse magnetic susceptibility in function of temperature with fitted function 1/ = T/C — 0.4/C (red

line).
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Fig. 4 The difference between ZFC and FC magnetic susceptibility of Nd.PtGe; for different applied
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magnetic field. The inset shows the low temperature ypc(T) dependence for uoH = 0.01 T.
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Fig. 5 Isothermal magnetization as a function of applied magnetic field of Nd.PtGes; for different
temperatures
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Fig. 6 Arrott plot corresponding to temperatures 2, 10 and 20 K
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Fig. 7 Temperature dependence of the real part of the ac magnetic susceptibility y (T) for Nd.PtGes
The inset (1) shows plot of the freezing temperature (Tr) versus 1/In(tof) with a VVogel-Fulcher law fit
(red solid line). The inset(Il) shows In(t) plotted as a function of In(t) with the solid red line, which

represents the fit to the power-law divergence.
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Fig. 8 Time dependent remnant magnetization behavior for Nd,PtGes Solid line represents fit to

equation M(t) = Mo + Sin(t/to + 1).
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Fig. 9 Temperature dependence of the heat capacity (Cp) for Nd-PtGes The inset shows plot of Cp/T vs.
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Fig. 10 Electrical resistivity for Nd.PtGes measured at zero magnetic field. The inset shows the low
temperature p(T) dependence.
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