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The intermetallic germanide Gd,Pt;  Ge, 9 was synthesized using an arc-melting method. The crystal structure
was characterized using powder x-ray diffraction, revealing a disordered ternary AlB,-type structure (space
group P6/mmm, No. 191) with lattice parameters a = 4.2092(1) A and ¢ = 4.0546(2) A. Physical properties
were investigated by magnetic susceptibility and heat capacity measurements, which indicated onset of antiferro-
magnetic order at 7; = 8 K. The obtained properties were compared with the ones reported for other members of
the AlB,-type Gd,T' Ge; (T = Ni, Cu, and Pd) family. The magnetic ordering in these compounds was discussed
in terms of their crystal structure and the influence of Gd ions.
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I. INTRODUCTION

Ternary RE,TX; intermetallic compounds (RE = rare
earth, T = transition metal, X = semimetal) are prospective
materials rich in phenomena and potential technical applica-
tions, for example, Er,NiSis, which is a promising candidate
for a magnetic refrigerant material [1]. These features can
be regarded because of interaction between RE ions and
layered crystal structure. This is mostly related to the fact
that RE,TX3; compounds often belong to aristotype AlB;
(P6/mmm, No. 191 [2], see Fig. 1), which is one of the
simplest crystal structures. This structure may be represented
by triangular Al layers (Wyckoff position la) alternating
along the c¢ axis with layers of B (2d). The B atoms form
honeycomb graphitelike layers, where the distance between
neighboring atoms is d = % ~ 1.7 A for AlB,. In general,
many structural variants of intermetallics can be derived from
the AlB, aristotype by replacing Al and B atoms and/or
distorting the lattice. The relationship between various AlB,-
derived structures was thoroughly discussed by Hoffman and
Pottgen [3].

The best known AlB,-type compound is MgB,, which was
reported as a superconductor with a high 7. = 39K [4]. This
discovery aroused significant excitement and prompted many
researchers to undertake efforts to synthesize compounds with
the AlIB,-like structure.

The honeycomb layers of the ternary RE,T X3 with AlB,-
type structure are occupied by 7T and X atoms and separated
by layers of RE ions. This structure can exist in two variants
that differ in c/a ratio, i.e., ordered and disordered. In the
ordered variant, the a parameter value is about two times
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larger than ¢ (c/a ~ 0.5) like, for example, in U,IrSis [5]
or Ca;PdGes [6]. The second variant is a disordered struc-
ture with lattice parameter c/a =~ 1 where T and X atoms
are randomly distributed over the honeycomb lattice. The
statistical distribution of 7 and X ions in graphitelike layers
causes a variation of local environment around RE ions, which
promote the magnetic cluster formation. Moreover, in this
type of structure, the strengths of interactions between nearest
neighbors (NN) and next-NNs (NNNs) are comparable, which
is one of the essential sources of magnetic frustration [7]. For
these reasons, a lot of reported RE,T X3 compounds exhibit
spin-glass-like behavior, e.g., ErpNiSis [1], Tb,PdSi; [8],
and Nd,PtGes [9]. Furthermore, there are also reported ex-
traordinary physical phenomena for members of the RE,T X3
family such as a Kondo effect observed in Ce;NiGe; [10]
and a double magnetic transition in PrpNiGe; at 12 and 5.5
K [10]. Another example of intriguing properties is super-
conductivity, observed in disordered 2:1:3-type compounds
with nonmagnetic RE ions, e.g., Y,PtGe; (T, = 3.3K) [11],
Y,PdGe; (T, = 3.0K) [12], and La;NiGes (T; ~ 0.45K)
[10]. Pakhira er al. [13] proposed that vacancies are essential
to get chemically pure RE,T X3 compounds, as it was applied
to synthetize, i.e., TmyNig 93Si2.93. We propose an alternative
method which is based on changing the 7 : X ratio deliber-
ately to obtain RE>T}+,X3_, composition. This method was
already successfully applied to synthesize chemically pure
ternary intermetallics Tb,Pd, 25Ges 75, Dy,Pd; 25Ges 75 [14],
and HOQPd],j;Ger [15]

In this paper, we report on successful synthesis of an
intermetallic compound Gd,Pt; Ge;, 9 and compare its prop-
erties with other known members of the Gd,7Ge; family:
Gd,CuGes [16], Gd;NiGe; [10], and Gd,PdGes [17]. The
experimental investigation includes magnetic properties and
specific heat analysis.

©2022 American Physical Society
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FIG. 1. Crystal structure of Gd,Pt;;Ge,o with a disordered
ternary AlB, structure variant. Big spheres are Gd; small represent
Pt and Ge. Panel (b) was generated using VESTA software [18].

II. EXPERIMENTAL

Polycrystalline samples of Gd,Pt;;,Ges_, (x = 0-0.3)
were synthetized from appropriate amounts of high-purity
constituent elements, i.e., Gd (99.9%, Onyxmet), Pt (99.5%,
Alfa Aesar), and Ge (99.999%, Alfa Aesar). The expected loss
of Gd was compensated by adding an extra amount of this
element (~2% molar excess). Obtained mixtures were melted
in an inert atmosphere (Zr-gettered high-purity argon gas)
inside an arc furnace (MAM-1 Edmund Buhler GmbH). The
ingot was turned over and remelted several times to ensure
homogeneity. The overall change in weight after the syn-
thesis process was negligible (~0.5%), which indicates that
the actual alloying level was close to the assumed elemental
concentration. The final products were crushed and checked
by powder x-ray diffraction (pXRD) carried out on a Bruker
D2Phaser diffractometer equipped with a XE-T detector (Cu
K, radiation). The FULLPROF package was used for Rietveld
analysis of the pXRD data. Samples of Gd,7T Ge; compounds
(T = Ni, Pd, or Cu) were synthesized using the same method,
as it is described in the Supplemental Material [19].

The valence states of the elements were analyzed by x-ray
photoemission spectroscopy (XPS) to confirm that magnetic
properties of compounds are not affected by the presence of
Gd- and transition metal-containing oxide impurities. Before
the measurements, the surface of samples was etched for 15
min by an Ar ion gun (FDG 150 ion source mounted in the an-
alytic chamber). The XPS measurement was carried out using
Omicron NanoScience ultrahigh vacuum equipment. Sam-
ples were measured at room temperature at pressures <1.1 x
10 mBar. The photoelectrons were excited by a Mg-K,
x-ray source operated at 15 keV and 300 W. An Argus hemi-
spherical spectrophotometer equipped with a 128-channel
detector was used for photoelectron energy measurements.
The data analysis was performed with the CASA XPS software,
using a Shirley background subtraction and a Gauss-Lorentz
curve fitting algorithm by the least-squares method—GL(30).

Results of XPS measurements are presented in the Supple-
mental Material [19].

The magnetic properties of Gd,Pt;,,Ge;_, samples were
examined through a series of experiments performed with
a Quantum Design Physical Property Measurement System
with a vibrating sample magnetometer. The magnetization
measurements were recorded for different applied magnetic
field values (up to 9 T) both in a zero-field-cooling (ZFC)
mode as well as in a field-cooling (FC) mode. The spe-
cific heat measurements were collected with and without an
applied magnetic field using a standard thermal relaxation
technique in the temperature range 1.9-300 K.

The density functional calculations were done within the
projector augmented wave method [20,21] as implemented
in the Vienna Ab initio Simulation Package [22,23]. For
the calculations based on the generalized gradient approxi-
mation (GGA), we used the exchange-correlation functional
according to the Perdew-Burke-Ernzerhof (PBE) formula-
tion [24]. In many cases, a GGA as well as a local density
approximation (LDA) or a local spin density approxima-
tion (LSDA) has well-known limitation when applied to the
systems with a strong electron correlation. For rare earth ele-
ments (lanthanides), the more the valence electrons in atoms
are localized, the more their atomic properties are conserved
in the solid state. Thus, one of the essential features of rare
earth compounds is the fact that the f shell is spatially lo-
cated around the nucleus. Both the pure band approach and
the artificial treatment of the 4f electrons as a core state
for Gd metal [25,26] did not bring satisfactory compatibility
with experimental data. The difficulty in describing both band
behavior and localized behavior has led to the concept of
the Hubbard model combined with first principles LDA (or
LSDA) in a computational scheme called LDA + U [27].
Thus, more advanced electronic structure methods (LSDA +
U [27]) have resulted in the proper ground state of Gd [25] and
the 4 splitting close to the experimental data [28,29]. In our
density functional theory (DFT) calculations of Gd,PtGes;, we
refer to the widely used approach based on the correlated
band structure. The f states were included in valence for
the Gd atom. Moreover, the Hubbard U correction (PBE +
U) in the rotationally invariant form of Dudarev et al. [30]
has also been applied to treat the localized Gd-4f electronic
states. Various studies of Gd and Gd-related systems often
provide a similar value of Hubbard corrections in DFT +
U calculations [31-34]. However, as noted in Ref. [28], the
value of the Hubbard interaction U is much more difficult to
estimate because the constrained LSDA calculation does not
necessarily provide the ultimate value to be used in a LDA
+ U or GGA + U study. Moreover, the optimal U parameter
provided in Ref. [28] allowed the GGA + U and LDA + U
methods to correctly describe both the experimental XPS and
Bremsstrahlung Isochromat Spectroscopy (BIS). It should be
noted that the value of the parameter U is different from that in
the previously mentioned papers [31-34]. To put things into a
wider perspective, in the presented calculation, the magnitude
of U is varied between 0 and 10 eV for the Gd-4f. To achieve
a balanced description of Gd,PtGe; with the P6/mmm
structure with an experimental observation, the dependence
of selected observables on the effective U parameter has
been investigated. We also assumed the ferromagnetic (FM)
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FIG. 2. Le Bail refinement of powder x-ray diffraction (XRD)
data for Gd, Pt ; Ge, 9. Experimental 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 the space group P6/mmm (No. 191).
The inset shows the enlarged plot for 40° < 260 < 60° range. The
(002) reflection at ~ 45° marked by an arrow is strongly broadened
compared with neighboring (110), (111), and (201) at 43°, 48°, and
50e.

and antiferromagnetic (AFM) orders and the relaxation of
cells.

A kinetic energy cutoff of 520 eV and a total energy
convergence threshold of 107®eV were used. The force
convergence criterion of 1077 eV /A during the structural re-
laxation was adopted. The first Brillouin zone was sampled by
using a I'-centered 16 x 16 x 14 k-point grid.

III. RESULTS AND DISCUSSION

Analysis of pXRD patterns indicates that fully stoichio-
metric Gd,PtGe; reveals the presence of a small amount of
a parasitic phase, which can be indexed as GdPt,Ge,; (tetrag-
onal ThCr;Si,-type structure). This impurity phase cannot
be removed by thermal annealing of the ingot. The pure
samples can be synthesized by deliberately changing occu-
pation of honeycomb sites by Pt and Ge. In this way, the
single-phase sample is achieved with the nominal stoichiom-
etry Gd,Pt; 1Ge, 9. The refinement is presented in Fig. 2. For
simplicity, we will refer to this compound as Gd,PtGes. The
crystal structure of the Gd,PtGes; was verified to be AlB;
type, and crystallographic data are provided in Table I. We
have also observed an anisotropic broadening effect—the 00/
reflections are much more broadened than the others. Such
a phenomenon was previously reported for other members of
the RE,T Ges family, e.g., TbyPd| »5Ge; 75 [14] and Nd,PtGes
[9]. To account for the broadening, we used the quartic model
of anisotropic strain implemented in the FULLPROF program
[35] to improve fitting of the lattice parameters to the pXRD
patterns.

For Gd,T Ges, the lattice parameters scale with the size
of the transition metal atom, which is easy to observe as a

TABLE 1. Refined structural parameters for an intermetallic
compound Gd,Pt; 1Ge, 9.

Cell formula Gd(Pty.s5Ge.4s)

Space group P6/mmm (No.191)
a(A) 4.2092 (1)
c(d) 4.0546(2)
V(A% 62.212(4)
Molar weight (g mol~?) 739.7
Density (gcm?) 5.94

RE (1a) x=y=2z=0
Pt (2d) x=5y=%32=05
Ge (2d) x=1y=%2=05
Figures of merit

R, (%) 14.4

Ryp (%) 14.2

Rexpt (%) 8.31

x2 2.93

contraction of the ¢ parameter and expansion of the a param-
eter (Table II). However, in contrast to what was observed for
the Nd,TGe; system [9], the volume of the unit cell does
not increase monotonously with the increase of radius of T
atoms. The smallest value of volume of the unit cell was
found for the Gd, CuGes;. This phenomenon may be explained
by the comparable ionic radius of Cu and Ge, which leads
to the closest packing of honeycomb layers. Comparing the
lattice parameters of the Gd,7 Ge; compounds, we can con-
clude that the c/a ratio ~ 1. This minor difference between ¢
and a lattice parameters is responsible for comparable values
of the NN and the NNN exchange interaction strength [1].
Lack of superstructure reflections (which were observed in
Ca;PdGej; and Ca,;PtGe; [6]) suggests the presence of occu-
pational disorder within the 7-Ge plane. The coexistence of
site disorder and magnetic frustration provides conditions for
formation of glassy magnetic order [36] and causes many of
the REQTX3 compounds, c.g., TmzNiQ'93Si2'93 [13], EerlSl‘;
[1], and Ho;Nig95Siz.95 [10], to show spin-glass-like prop-
erties. To investigate the nature of magnetic ordering in the
intermetallic compound Gd,PtGes, we performed physical
properties measurements.

The XPS analysis excluded the contamination of studied
samples with impurities, which could impact the magnetic
measurement results. No characteristic peaks for oxides were
detected on high-resolution spectra.

The temperature dependence of DC magnetic susceptibil-
ity x is plotted in Fig. 3. The x(7) curve was obtained for an
applied magnetic field value of 0.01 T. At high temperatures,
Gd,PtGe; exhibits paramagnetic behavior, which can be ob-
served as an increase of x(7) with decreasing temperature.
This phenomenon may be described by the Curie-Weiss law
expressed by the following equation:

C

X=T—9CW’

where C is the Curie constant, and Ocw is the Curie-Weiss
temperature. A linear fit to the inverse of the DC magnetic sus-
ceptibility (inset of Fig. 3) was performed in the temperature
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TABLE II. Comparison of the structure parameters and the transition temperature for Gd, 7 Ge; compounds.

Rion (A) Rr/Rge a(A) c(d) V(A% c/a T, (K)
Gd,NiGe; [10] 0.83 0.95 4.053 4.101 59.03 1.012 10
Gd,CuGe; [16] 0.87 1.00 4.079 4.089 58.85 1.002 12
Gd,PtGes 0.94 1.08 4.20917 4.05463 62.212 0.963 8
Gd,PdGe; [17] 1.00 1.15 4.2146 4.049 62.286 0.961 10

range 10-300 K. The fit of the Curie-Weiss law to the exper-
imental data resulted in a value of 6cw = —12.8(3) K, which
indicates AFM interactions between magnetic moments.

The obtained value of C was used to calculate an effective
magnetic moment, which is given by the expression:

<3CkB ) 172
Meff = s
¢ 1gNa

where kg is the Boltzmann constant, up is the Bohr magne-
ton, and N4 is the Avogadro number. The value of per =
7.45(1) pp is only slightly smaller than the theoretical free
moment value (Uheo = gi/J(J +1) =794 ug [37]) ex-
pected for the Gd*>* ion. The deviation of the calculated
moment from its theoretical value is < 7%, which may be
explained as an acceptable measurement error. The trivalent
nature of the Gd ion was earlier reported for other members
of the Gd, T Ges family.

In the main panel of Fig. 3, a peak in the low-temperature
region can be observed, which may indicate the onset of
AFM ordering. However, a similar upturn is also observed
for glassy materials, e.g., RE;NiSi3 [10], U,TSi; [38], and
Nd»Nig.g4Siz94 [39]. To clarify which type of order exists
in Gd,PtGes;, we have measured the AC magnetization as a
function of temperature for various frequencies (not shown
here). In the case of glassy materials, the maximum in the
real part of the AC susceptibility x/(7T") should shift toward
higher temperature with increasing frequencies [36]. This
phenomenon was not observed (see Fig. S5 of the Supplemen-
tal Material [19]), which may suggest the long-range character
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FIG. 3. The temperature dependence of the magnetic susceptibil-
ity for Gd,Pt; 1 Ge, 9. The inset shows inverse magnetic susceptibility
in function of temperature.

of magnetic ordering in Gd,PtGes;. On the other hand, this
compound exhibits an ageing effect (see Fig. S6 of the Supple-
mental Material [19]), which is observed for spin-glass-like
materials during the remnant magnetization measurements
described in detail in our previous works [9,14,15]. However,
this feature is sometimes exhibited by materials with long-
range magnetic ordering, which was discussed in the literature
[40]. It is worth noting that all known Gd,T Ges intermetallic
compounds [16,17] are reported as AFMs which exhibit some
features of spin-glass-like compounds. It contrasts with their
homologues with other lanthanide elements, which are typical
cluster glass materials.

The ZFC and FC susceptibility data are plotted in Fig. 4.
Both ZFC and FC curves exhibit an upturn at about 7 = 10 K
and tend to deviate from each other below this temperature.
It should also be observed that the temperature of the bifur-
cation between ZFC and FC curves is sensitive to the applied
magnetic field and shifts to lower temperatures with increas-
ing H. Moreover, this bifurcation exists even at uoH = 1T,
which more evidence for AFM ordering rather than a spin-
glass-like transition. Thus, a cusp observed in Fig. 4 may be
identified as a point of the paramagnetic-AFM phase transi-
tion for Gd,PtGe;. The transition temperature 7, was given
as a maximum of d(xT)/dT for uoH = 0.01T, and it is
equal to Ty = 8 K. This value is close to data obtained for
other Gd,T Ge; compounds (see Table III). Here, Ty is use-
ful to estimate a frustration parameter proposed by Ramirez
[71 f = |6cw|/Tr. The calculated value of f = 1.6 suggests
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0.44 H Gdzpt11G629 a
1 NGNS _
0.42 \ ]
0.4 i
TED 0.38 ]
5 0.364 = -/‘&‘”@\ 4
o ] 0°
& 0.34 © i
g 1 QQOOC i
= 032+ 0 i
< 034 qOoo FC ZFC i
| 50°
0.28 (pooo —001T o 001T
1 ° —_— 01T 01T
0.26—- 1T 1T i
024 T T T T T T T T T

1 2 3 4 5 6 7 8 9 107 M

FIG. 4. The zero-field-cooled (ZFC) and field-cooled (FC)
curves of magnetic susceptibility for Gd,Pt; ;Ge, ¢ compound for
different applied magnetic field values.
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TABLE III. Selected physical property data for Gd,Pt, ;Ge, 9.

GdzCUGG:; Gdz NiGe3 Gdz PdG€3 Gd2 PtGe3
[16] [10] [17]
Ty (K) 12 8 10 8
f 1.5 1.4 0.6 1.6
Bew (K) —18 113 -6 —~12.803)
Metr (LB) 8 8.0 8 7.45(1)
Cp.peax (J/mol K) 20 - 21 20.5

existence of magnetic frustration, although of comparatively
weak strength. Therefore, Gd,PtGe; can be classified as a
moderately frustrated magnetic system compound.

Magnetization isotherms measured as a function of the
magnetic field for Gd,PtGe; are shown in Fig. 5. The high-
temperature curves are linear, which is typical for Curie-Weiss
paramagnets. In contrast, M(H) plots obtained at temperatures
near Ty exhibit nonlinear dependence on the magnetic field
H. Furthermore, these curves do not show any appreciable
hysteresis. It should also be observed that the magnetization
of this compound does not attain saturation even in high
magnetic fields up to uoH = 9T. Another noteworthy fea-
ture is that the value of M for the highest magnetic field is
substantially lower than the theoretical value corresponding
to Gd>*. These findings are in line with our expectations
and confirm that Gd ions exhibit AFM order below T = 8 K.
Similar behavior was also reported for other members of the
Gd, T Ges family.

Heat capacity C, measurements were carried out to get
more information about the magnetic transition in a low-
temperature region. In Fig. 6, the results of C,, as a function of
temperature measured without an external magnetic field are
presented.

Noticeably, the C, plot attains a saturation value at room
temperature, which is consistent with the Dulong-Petit limit:
3nR ~ 150 T mol ' K~!, where n is the number of atoms

T T T T T T T
4 4
5 27 ]
O
3
SR -
o
=
=
2 4
T T T T T T T
-9 -6 -3 0 3 6 9
poH (T)

FIG. 5. Isothermal magnetization as a function of an applied
magnetic field of Gd,PtGe; for different temperatures.
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FIG. 6. Temperature dependence of the heat capacity for
Gd,Pt; ;Ge, 9. The inset shows plot of C,,/T vs T at low temperatures
measured for poH = 0-9T.

per formula unit (n = 6), and R is the gas constant (R =
8.314Tmol~! K~!). At low temperatures, a very visible peak
appears in the vicinity of 7y, which confirms the bulk charac-
ter of the magnetic transition in Gd,PtGe3;. A maximum value
of C, for this hump exceeds 20 J/mol K, which is expected
for equal-moment magnetic structure and is consistent with
simple AFM ordering in this compound [41]. The inset of
Fig. 6 shows a C,/T vs T dependence for poH =0 and 3
T. The peak around 7y is rather broad and is only weakly
affected by the external magnetic field. For AFM materials
with a well-ordered crystal structure, a sharp peak is usually
expected, while a broad peak is typical for spin-glass mate-
rials; however, Gd, T Ges compounds previously described in
the literature also exhibit this feature. The broadening of the
specific heat anomaly may set from the presence of structural
disorder in these materials. Moreover, this phenomenon is
usually observed in frustrated AFM systems, which do not
exhibit glassy behavior, e.g., CugCly(cpa)s [42], PbCuTe,Oq
[43], and KCoPOy, [44].

All the reported Gd,T Ge; compounds show an AFM be-
havior but with some features of the spin-glass state (e.g.,
slow relaxation of ordered moment), while most of the known
RE,T Ge; materials are found to have a typical spin-glass or
cluster-glass transition below their spin-freezing temperature
with all the features of a glassy state, including pronounced
shift of the transition temperature with increasing excitation
frequency. The explanation of this phenomenon seems to be a
challenging task, which requires careful insight into the origin
of magnetism in RE, T Ge; compounds. Physical properties of
the abovementioned compounds arise from the coexistence of
the layered structure and the strong electron correlation effect
of the lanthanide 4 f electrons, which was described in detail
in the literature [2,3].

It was noted in various families of lanthanide-bearing in-
termetallics that the presence of the orbital component of the
total angular momentum (lacking in the case of Gd*t, J = %

S= % L = 0) usually increases magnetic frustration [45—47],
which can lead in some cases to a formation of a glassy
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magnetic state, while the homologous compounds with Gd
show long-range order. This underlines the role of single-ion
anisotropy in the magnetic frustration and spin/cluster-glass
behavior.

To gain insight into the electronic structure of Gd,PtGes,
we performed density functional calculations assuming the
hypothetical perfect 1:3 Pt: Ge stoichiometry. Pure PBE cal-
culation (U = 0eV) for Gd,PtGe; results in the locations of
narrow 4f occupied and unoccupied bands of Gd near the
Fermi level Ef (at —4.4 and 0.7 eV with respect to Ep, respec-
tively). The 4 f exchange splitting is almost identical to that
obtained in the LDA calculation for the bulk Gd and the Gd
surfaces in Refs. [25,26], whereas various photoemission and
reverse photoemission studies show that the occupied and un-
occupied 4 f Gd bands shift downward in energy. The neglect
of the strong correlation of the 4 f electrons leads to the incor-
rect prediction of experimentally observed features in the pho-
toemission spectrum. Previously cited in Ref. [48], DFT stud-
ies of bulk Gd and Gd(0001) surface indicate that the neglect
of the strong correlation of the 4 f electrons leads to the wrong
prediction of ground state as well as to substantial errors in
the magnetic moments and exchange splitting. Petersen et al.
[48] have demonstrated that a gradient-corrected DFT com-
bined with a Hubbard-like description of the onsite Coulomb
repulsions in the 4 f band (the PBE + U method) leads to an
improved description of the physical properties of Gd.

To check how reliable the prediction of PBE + U is with
the value of parameter U, for which the ground state of the
bulk hexagonal close-packed (hcp) Gd and the Gd surfaces has
been successfully predicted in Refs. [31-34,48], we used the
value of U = 6.0eV for Gd,PtGe;. Unfortunately, the total
energy difference between AFM and FM orderings AE =
E4, — E4y (13.4 meV/f.u.) is positive. Thus, the FM ground
state of Gd,PtGes is incorrectly preferred with U = 6¢eV.
Therefore, we considered it worthwhile to perform the cal-
culations for Gd,PtGe; with the U parameter varied from O to
10 eV. The PBE and PBE + U functionals favor the AFM
coupling between the Gd ions in Gd,PtGes for U = 7eV
and for 0 < U < 2eV. The total energy of Gd,PtGes; with
AFM-ordered Gd ions in a P6/mmm structure is at least 2
meV/f.u. above the FM one for U parameter changes between
2 and 7 eV. The difference between the AFM and FM states
in total energy increases in favor of the FM state at the value
of the parameter U = 8,9, and 10 eV. For both AFM and FM,
the calculated value of the Gd magnetic moment is underes-
timated (>4%) in comparison with the experimental value of
et [dashed line in Fig. 7(a)]. Moreover, the inclusion of the
Hubbard U does not affect the theoretical value of the mag-
netic moment of the Gd ion for 0 < U < 8¢eV, as can be seen
in Fig. 7(a). However, the increase of the U parameter has the
effect of pushing the 4 f states away from the Fermi level. For
U = 7eV, the PBE + U calculation leads to the proper AFM
ground state of Gd,PtGes;, and the exchange splitting of 4f
states is enhanced, resulting in a 11.9 eV splitting of occupied
and unoccupied 4f states of Gd. Results for the density of
states (DOS) obtained from such calculations are shown in
Figs. 7(b) and 7(c). The electronic structure of Gd,PtGes in
the energy region between —11.8 and —8 eV has a character
of Ge s states. The Pt 4d, Ge 4p, and Gd 5d electronic states
are mostly located below the Fermi energy (Ep = 0eV). In

=

PBE+U (AFM calculation)

g ) o o ° ° ° ° ? et (€XP.)
=61
=z
€
[}
E4+
o
£ FM
Q
22 AFM FM °
(&)
©
E AFM PM
0 1 1 1 1 i 1 Q
0 2 4 6 8 10
U (eV)
b
( ) AFM - PBE+U (U=7 eV)
— 4d states of Pt
— 4s states of Ge
~5L |® 4p states of Ge
% 5d states of Gd
8
8
Lo
%]
o
a
5t
-1‘0 8 -6 J4 -é 0
Energy (eV)
(€
Gd,PtGe; (AFM) - PBE+U - f-states of Gd
] .
[ o
b - U=0eV
. noE - U=4eV
510_ i: - U=7eV
© i
Ij
° o
@ hi :
¥ n i
o |:'I 3
@ i b
\ ]
s | f A
1 B
ao ! % j P

-10 -8 -6 -4 -2 0 2 4
Energy (eV)

FIG. 7. (a) Gd magnetic moment in Gd,PtGe; as a function of
Hubbard U parameter obtained within PBE + U calculations. To
facilitate comparison with experimental result the value pi.g is shown
as a dashed line. (b) Orbital resolved density of states (DOS) of Pt

and Ge atoms in Gd,PtGes. (c) f-projected DOS of Gd based on
PBE + U calculations.

the region between —5.5 and —2.2 eV, 4d electronic states of
Pt make the predominant contribution to the DOS. The Gd 5d
electronic states contribute to the conduction band. Thus, the
d-like bands overlap with the Ge p states of both majority and
minority spins. In summary, the combination of GGA in DFT
with onsite Coulomb correction U for the 4 f states of Gd al-
lows us to reliably describe the AFM order in Gd,PtGes. The
optimal U value, which is related with increase in intrashell
correlation effect in 4f states of Gd, turned out to be 7 eV.
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The magnetic moment on each Gd was found to be 7.12 g,
which is in rather good agreement with the experimental value

of petr (7.45 1Lp).

IV. CONCLUSIONS

We have successfully synthesized an intermetallic ternary
compound Gd,PtGe; by an arc melting technique. The com-
pound forms in a single phase only when the composition
is tuned out of the ideal 1:3 stoichiometry (Gd,Pt; Ge;9).
The performed magnetic property measurements revealed the
existence of long-range AFM ordering in Gd,PtGe; which
is very similar to that observed for other members of the
Gd,TGes family. The DC susceptibility measurements al-
lowed us to estimate the negative value of the Curie-Weiss
temperature (Ocw = —13 K), ptesr = 7.45 up, and the transi-
tion temperature 7; = 8 K. These parameters were used to
calculate the empirical measure of the frustration f = 1.6,
suggesting the presence of intermediately strong magnetic

frustration in Gd,PtGe;. However, the absence of a shift to-
ward higher temperature with increasing driving frequencies
in the plot of the real part of Mac(T) (Fig. S5 of the Sup-
plemental Material [19]) is inconsistent with a spin-glass-like
transition in this compound and suggests a disorder-affected
AFM order. The density functional calculations revealed that
the Ge 4p and Gd 5d states are the main contributions to the
DOS at the Fermi level. The difference between the behav-
ior of Gd,T Ge; and other members of the RE,TGe; family
underlines the importance of the orbital contribution to the
total angular momentum for the formation of glassy magnetic
order. Further studies, including local probe methods and
neutron spectroscopy, are needed to establish the character of
magnetic order in Gd, T Ges.
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