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Superconductivity in palladium-based Heusler compounds
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This work reports on four more Heusler superconductors: Pd,ZrAl, Pd,HfAl, Pd,ZrIn, and Pd,HfIn. These
compounds exhibit superconducting transition temperatures ranging from 2.4-3.8 K as determined by resis-
tivity measurements. According to their behavior in an external magnetic field, all compounds are type II bulk
superconductors. The occurrence of superconductivity was predicted for these compounds using electronic
structure calculations. The electronic structures exhibit van Hove singularities (saddle points) at the L point.
These lead to a maximum in the corresponding density of states and superconductivity according to the van
Hove scenario. The superconducting properties of electron-doped and hole-doped substituted compounds
Pd,B,_B.Al, whereby B=Zr and Hf, and B'=Y, Nb, and Mo, were investigated to obtain information about
the dependence of the transition temperature on the density of states at the Fermi energy following the van
Hove scenario. The calculated electronic structure reveals that the substituted compounds do not follow a
rigid-band model. In addition, the random distribution of the substituted atoms strongly increases impurity-type
electron scattering. The substituent concentrations used in this work lead to strongly enhanced impurity-type
scattering and eventually to suppression of the superconducting state.
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I. INTRODUCTION

Heusler compounds with the L2, structure type and a stoi-
chiometric composition A,BC became popular with the ar-
chetype Cu,MnAl,' a remarkable compound that shows fer-
romagnetic ordering despite the absence of any
ferromagnetic element. At present, the Heusler family is
widely associated with the research area of spintronic appli-
cations. Some Heusler compounds have been reported to
show half-metallic ferromag.gnetism,2’3 a feature of utmost
concern with respect to the desired high degree of spin po-
larization, and thus for implementation in spintronic applica-
tions. Several Co-based Heusler compounds were employed
as electrodes in magnetic tunnel junctions.*> In contrast to
the magnetic Heusler compounds, Heusler superconductors
play a minor role with respect to application because of their
low transition temperatures. Investigating what causes a cer-
tain Heusler compound to show magnetic order or supercon-
ductivity is, however, of general scientific interest.

Up to now, very few Heusler compounds have been re-
ported to be superconductors; the first of these were pub-
lished in Ishikawa’s pioneering review.® Currently, Pd,YSn
is the Heusler compound with the highest critical tempera-
ture 7. of 4.9 K.7 Despite the occurrence of ferromagnetic
ordering in elemental nickel, Heusler compounds with nickel
at the Wyckoff 8c position were found to exhibit supercon-
ductivity; the compound with the currently highest critical
temperature of 3.4 K, Ni,NbSn, was reported in 1983.7 The
coexistence of superconductivity and antiferromagnetic order
was found in Heusler compounds Pd,YbSn (Ref. 8) and
Pd,ErSn.’

For a better understanding of the magnetic properties of
solid materials, we need to understand their electronic struc-
tures. We have performed electronic structure calculations
using ab initio methods in order to find promising palladium-
based Heusler compounds as candidates for superconductiv-
ity that match our design criterion, i.e., a saddle point at a
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certain high-symmetry point in the energy dispersion curve
at the Fermi energy €. Such a saddle point leads to a high
density of states n(ey) at the Fermi energy. These are referred
to as van Hove singularities.'® Prospective candidates for
superconductivity include certain Heusler compounds with
27 electrons that exhibit a saddle point at the L point close to
€r in the corresponding energy dispersion curve according to
the van Hove scenario.!'~!3 It is known from the BCS theory
for superconductivity that the transition temperature of a su-
perconducting material increases exponentially with an in-
creasing n(ep) given that Debye frequency and Cooper-
pairing interaction are independent of n(ez).'* The unusually
high transition temperatures of the intermetallic A15 super-
conductors, which are highly important for application pur-
poses (i.e., as superconducting magnets), were explained
with the van Hove scenario. Based on the van Hove scenario,
we have already reported Heusler superconductors with 27
electrons: Pd,ZrAl, Pd,HfAl, and Ni,ZrGa.'>!3 Here we
present a more detailed investigation of the palladium-based
compounds and report two more 27-electron superconduct-
ing Heusler compounds: Pd,ZrIn and Pd,HfIn. Electron-
doping and hole-doping experiments were performed with
Pd,ZrAl and Pd,HfALI to investigate the dependence of 7, on
the energy of the corresponding van Hove singularities. To
do this, we prepared and characterized solid solutions of pure
compounds of Pd,B,_ B, Al, whereby B=Zr and Hf, and B’
=Y, Nb, and Mo.

II. CALCULATIONAL DETAILS

The electronic and vibrational properties of the pure com-
pounds were calculated by means of WIEN2k (Refs. 15 and
16) in combination with PHONON.!” The electronic properties
of the substituted—electron-doped or hole-doped—
compounds were calculated using the Korringa-Kohn-
Rostocker method together with the coherent-potential
approximation.'3:1?
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FIG. 1. Optimization of the lattice parameter. Shown is the op-
timization for Pd,ZrAl in (a) and Pd,HfAl in (b). The solid lines are
the results of an equation of state fit.

The electronic structure of the pure A,BC compounds was
calculated using the full potential linearized augmented
plane-wave (FLAPW) method as implemented in WIEN2K.
The exchange-correlation functional was taken within the
generalized gradient approximation (GGA).2’ A 25X25
X 25 point mesh was used as basis for integration in the
cubic systems resulting in 455 k points in the irreducible
wedge of the Brillouin zone. The energy convergence crite-
rion was set to 107> Ry while, at the same time, the criterion
for charge convergence was set to 1 X 1073¢~. The muffin-tin
radii were set to 2.5 agp (agp=0.529 177 2 A) for the tran-
sition metals as well as the main group element. The primi-
tive fcc cell, which contains four atoms, was enlarged to a
cell with 16 distinguished atoms to calculate the Hellmann-
Feynman forces for the phonon analysis. For these calcula-
tions, a force convergence criterion of 1 X 10 Ry apy was
used in addition to the energy and charge convergence crite-
ria. All phonon calculations were performed for the opti-
mized lattice parameter.

The electronic structure of the substituted A,B,_,B.C
compounds was calculated by means of the full relativistic
Korringa-Kohn-Rostocker (SPRKKR) method.!®!° The
exchange-correlation functional was taken within the Vosko-
Wilk-Nusair parametrization.?’:?> No noticeable differences
in the electronic structure were observed when using the full
potential version of the program together with GGA. The
coherent-potential approximation (CPA) was used to account
for the random distribution of the B and B’ atoms in the
Pd,B,_,B.Al or Pd,B,_,B/In solid solutions.

The electronic structures reported below (see Sec. IV)
were calculated for the experimental as well as the optimized
lattice parameter of each compound. Figure 1 shows the re-
sults for the optimization of the lattice parameter for Pd,ZrAl
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TABLE I. Lattice parameters of palladium-based superconduct-
ing Heusler compounds. Compared are the experimental values d.y;
(see Sec. IV) with the optimized values ay. B is the bulk modulus.

dexp dopt B

(A) (A) (GPa)
Pd,ZrAl 6.406 6.467 151
Pd,ZrIn 6.536 6.623 141
Pd,HfAl 6.376 6.436 159
Pd,HfIn 6.530 6.592 150

and Pd,HfAl. The optimized lattice parameters from an
equation of states fit>® are slightly larger than experimental
parameters by about 1%. This is common for calculations in
the generalized gradient approximation. GGA slightly over-
estimates the lattice parameter compared to the pure local-
density approximation, which tends to overbinding.>*-2 The
accompanying bulk moduli for Pd,ZrAl and Pd,HfAl are
151 and 159 GPa, respectively. The results from the optimi-
zation of the lattice parameters are summarized in Table L.

III. EXPERIMENTAL DETAILS

Polycrystalline ingots were prepared by repeated arc melt-
ing of stoichiometric mixtures of the elements in an argon
atmosphere at a pressure of 1X 10~ mbar to avoid oxygen
contamination. The samples were subsequently annealed for
two weeks at 1073 K in evacuated quartz tubes. After the
annealing process, the samples were quenched to 273 K in a
mixture of ice and water to retain the desired L2, structure.
Slow cooling of the samples after the annealing process leads
to enhanced B2-type antisite disorder. This is mainly a dis-
order between the transition metal (B) on the 4a site with the
main group element (C) on the 4b site that is often found in
Heusler compounds.

The crystal structures of the compounds were investigated
using powder x-ray diffraction (XRD). The XRD measure-
ments were carried out using a Siemens D5000 diffracto-
meter with monochromatized Cu K, radiation. The purity of
the compounds was confirmed using scanning electron mi-
croscopy with energy dispersive x-ray spectroscopy (EDX).
The superconducting transitions were verified in resistivity
measurements using a Physical Property Measurement Sys-
tem (PPMS, Quantum Design, Model 6000). The resistivity
of samples with polished surfaces was measured using the
four-point probe technique. The diamagnetic shielding and
the Meissner effect of the compounds were investigated us-
ing temperature-dependent and field-dependent magnetiza-
tion measurements with a superconducting quantum interfer-
ence device (SQUID, Quantum Design, MPMS-XL-5).
Small spherical sample pieces of approximately 20 to 120
mg were used to ensure precise measurements. The
temperature-dependent magnetization measurements were
carried out under zero-field-cooled (ZFC) and field-cooled
(FC) conditions. For the ZFC measurements, the samples
were first cooled down to 1.8 K without applying any mag-
netic field. Afterward, an external magnetic field of 2.5 mT
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FIG. 2. X-ray diffraction patterns of the pure Heusler supercon-
ductors. Panels (a)—(d) display the patterns for Pd,ZrAl, Pd,HfAl,
Pd,ZrIn, and Pd,HfIn.

was applied, and the sample magnetization was measured
with increasing temperature. The FC magnetization was re-
corded subsequently in the same induction field upon cooling
down to 1.8 K again. The field-dependent magnetization was
recorded at a temperature of 2 K, well below the transition
temperatures of all superconductors.

IV. RESULTS AND DISCUSSION
A. Pure compounds
1. Structural characterization

All compounds crystallize in the cubic L2, Heusler struc-

ture (space group Fm3m), where the Wyckoff positions are
8¢ (3—1,3-‘,&) for Pd atoms, 4a (0,0,0) for B=Zr or Hf atoms,
and 4b (%,%,%) for C=Al or In atoms. Figure 2 shows the
diffraction patterns for all pure compounds. The raw data
(black) are compared to the difference between a calculated
Rietveld refinement and the raw data (gray). The experimen-
tal lattice parameters as found from Rietveld refinements are
given in Table I. The patterns indicate excellent phase purity
for all compounds. In the case of Pd,ZrIn, the (111) reflex is
very small, and the (200) reflex is not seen at all. This is not
an effect of B2-type disorder but is instead due to almost
equal scattering factors of Pd, Zr, and In. Even in a presum-
ably perfectly ordered L2; structure of Pd,ZrIn, the intensity
of the (200) reflex would be less than 1% of that of the (220)
reflex.

Hf and Zr are very difficult to separate during purification
of the elements even in high-purity materials. The used Zr is
stated to contain less than 3% Hf by the manufacturer and
vice versa, <3% Zr in Hf. To detect this type of cross con-
tamination, polished disks of the materials were investigated
using scanning electron microscopy with EDX. No traces of
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FIG. 3. (Color online) EDX spectra of (a) Pd,ZrIn and (b)
Pd,HfIn. No cross contamination of Zr and Hf is observed.

Hf were found in the Zr-containing compounds and vice
versa as shown in Fig. 3. According to the methodological
detection limit, the impurities of Pd,HfIn in Pd,ZrIn are
=1%.

2. Calculational results

The calculated electronic structures of Pd,ZrAl and
Pd,ZrIn are shown in Figs. 4 and 5. The electronic structure
of both compounds is very similar. The hybridization gap—
typical for Heusler compounds—that separates the low-lying
s states from the d bands is clearly visible at around 6 eV
below the Fermi energy in the energy dispersion curve as
well as in the density of states of both compounds. This gap
is slightly larger in Pd,ZrIn, reflecting the larger lattice pa-
rameter as compared to Pd,ZrAl.
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FIG. 4. (Color online) Electronic structure of Pd,ZrAl. (a) dis-
plays the band structure and (b) the density of states. (Both were
calculated using FLAPW for the optimized lattice parameter.)
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FIG. 5. (Color online) Electronic structure of Pd,ZrIn. (a) dis-
plays the band structure and (b) the density of states. (Both were
calculated using FLAPW for the optimized lattice parameter.)

Most interesting, however, is the occurrence of a van
Hove singularity just above the Fermi energy at the L point.
At the same time, only one rather steep, d band is crossing
the A direction. The flat bands forming the van Hove singu-
larity at the L point result in a maximum density of states.
This maximum density emerging from the states just above
€ is about 3.5 eV~! in Pd,ZrAl and thus about 0.8 eV~!
higher than in Pd,ZrIn. In both compounds, the density is
slightly lower directly at €.

The energy of the states at the high-symmetry points is
summarized in Table II together with the density of states
n(ep) at the Fermi energy. Table II shows that the energy of
the van Hove singularity at the L point is rather resistant to
variation in the lattice parameter, whereas some deviations
are found in the energies of the states at the I' and X points if
comparing the values calculated for the experimental and
optimized lattice parameters. The density of states at the
Fermi energy is slightly higher in the Zr compounds com-
pared to the Hf compounds. Overall, no remarkable differ-
ences are noticed if comparing the compounds or the differ-
ent lattice parameters used in the calculations.

Figure 6 shows the phonon dispersion and the phonon
spectrum of Pd,ZrAl. The vibronic structure exhibits four

TABLE II. Energy of the van Hove singularities close to €g. The
experimental lattice parameters a of the Al-containing compounds
are assigned by *. All energies E are given with respect to the
Fermi energy €.

a E(L) E(T) E(X) n(er)

(A) (meV)  (meV)  (meV) (ev7h)
Pd,ZrAl 6.406" 108 —-694 =317 2.6
6.467 109 -630 -299 2.7
Pd,ZrIn 6.623 65 =307 =270 2.7
Pd,HfAl 6.376" 172 -643 -287 2.3
6.436 173 -585 =272 2.4
Pd,HfIn 6.592 136 -171 -245 2.4
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FIG. 6. Vibrational structure of Pd,ZrAl. (a) displays the pho-

non dispersion and (b) the phonon density of states g(w). Note that

negative energies correspond to solutions of the wave equation with

complex ¢ values. (The calculations were performed with the opti-
mized lattice parameter.)

groups of vibrational states, the low-lying acoustical modes,
and the high-lying optical modes. For high-symmetry direc-
tions, the set of acoustic modes (LA, TA,, and TA,) is non-
degenerate only along I'-K. The optical modes are threefold
degenerate at I as is revealed in the splitting of the bands in
the 3 direction. The highest optical modes originate from the
Al atoms and the lowest optical modes arise from Pd [see
Fig. 6(b)].

The acoustical modes of Pd,ZrAl are unstable close to the
I' point. The energies with negative values correspond to
wave vectors with complex ¢ values. This instability is most
pronounced in the TA, mode, which is unstable over a wider
range of g. Such instabilities were previously observed in
Ni-based and Co-based Heusler compounds.?”-?® For the ex-
ample of Ni,TiGa, it was shown?® that magnetic order is not
a necessary condition for phonon softening to occur. Here,
this fact is demonstrated for another nonmagnetic compound.

The phonon dispersion and density of Pd,ZrIn is shown in
Fig. 7, in which the density can be seen to cover a smaller
range of phonon energies. Due to the higher mass of In, the
splitting of the three groups of optical modes is less pro-
nounced compared to Pd,ZrAl. The gaps between the groups
are closed or become pseudogaps.

Table III summarizes the energies of the optical phonon
modes and compares the average phonon frequency
=fwg(w)dw to the Debye temperature ®,. ®, was deter-
mined from a fit of the calculated specific heat of the
phonons to a Debye model. The high-lying optical modes at
about 30 meV in the Al-containing compounds do not over-
lap with the remainder of the phonon spectrum and appear
like Einstein frequencies. In a hybrid Einstein-Debye model
for Pd,HfAl, the corresponding Einstein temperature is @
~350 K calculated from the average phonon frequencies of
that mode. The Debye temperature of Pd,ZrAl was not
clearly revealed from the fit. This is partially due to the ob-
served phonon softening. Most probably, the clear splitting
of the Zr-induced optical mode requires a hybrid model with
two different Einstein temperatures to describe the specific
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FIG. 7. Vibrational structure of Pd,ZrlIn. (a) displays the phonon
dispersion and (b) the phonon density of states. (The calculations
were performed with the optimized lattice parameter.)

heat correctly. The Debye temperatures of the In-containing
compounds are lower compared to those with Al, as expected
from the differences of the phonon spectra.

3. Resistivity

The superconducting transitions of the pure compounds
were verified with temperature-dependent resistivity mea-
surements. Figure 8 shows the resistive superconducting
transitions of the pure compounds. The transition tempera-
tures Tf"d were determined by calculating the mean value of
the onsets and offsets of the superconducting transitions. The
values are summarized in Table IV. In the case of Pd,HfIn,
the onset of a superconducting transition can already be ob-
served at approximately 3.1 K, but the resistivity does not
drop straight to zero. This jump is then followed by the pro-
nounced bulk superconducting transition for the Heusler
compound at 2.4 K. No impurities were found in the XRD
pattern of Pd,HfIn. It is therefore concluded that this broad
onset may be attributed to bulk inhomogeneities of the
sample. It may be caused by an unidentified ternary or binary
impurity phase below the XRD detection limit consisting of
the elements Pd, Hf, and In as neither contaminations nor
impurities of Zr were found in the EDX analysis.

TABLE III. Energetics of the optical phonon modes and average
temperatures. The energy at X corresponds to the highest mode. The
temperature equivalent of the mean phonon frequency @ is given
for better comparison to the Debye temperature ® [note that the
values with * are not accurate due to the phonon softening in
Pd,ZrAl (see Fig. 6)].
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FIG. 8. (Color online) Resistive superconducting transitions of
the pure compounds. Shown is the temperature-dependent resistiv-
ity in the region around T‘fid for the Heusler superconductors
Pd,ZrAl, Pd,HfAl, Pd,ZrIn, and Pd,HfIn.

4. Magnetic properties

The results of the temperature-dependent magnetization
measurements are given in Figs. 9(a)-9(d). All compounds
exhibit superconducting transitions. The onsets of these tran-
sitions are given in Table IV. Thermal irreversibilities be-
tween ZFC and FC measurements indicate that all com-
pounds are type II superconductors. All samples show quite
sharp superconducting transitions indicating low grades of
impurity. However, very large differences in magnitude be-
tween ZFC and FC measurements are found in all cases in-
dicating a reduced Meissner effect. This feature is caused by
flux pinning that is attributed to bulk inhomogeneities. For
all compounds, the resistive superconducting transitions ap-
pear at slightly higher temperatures as compared to the mag-
netization measurements. This fact is well known. The resis-
tive transition takes place when one percolation path
throughout the sample becomes superconducting. The mag-
netic transition requires a certain superconducting volume.
The volume susceptibilities yy, were calculated assuming a
demagnetization factor of % of a perfect sphere. Using this
approximation for all compounds confirms bulk supercon-
ductivity. Precise statements about the superconducting vol-

TABLE IV. Critical temperatures of the palladium-based Heu-
sler superconductors. The critical temperatures szd of the resistiv-
ity measurements represent mean values of the superconducting on-
sets and offsets. The critical temperatures from the magnetization
measurements Tﬁ/mg represent the onsets of the superconducting
transitions.

fio@); fhol), hol); hoX) o 0, TR Tee H,.,
(meV) (meV) (meV) (meV) (K) (K) (K) (K) (mT)
Pd,ZrAl 6.96 21.4 29.0 32.3 194 >310" Pd,ZrAl 3.2 3.1 6.0
Pd,ZrIn 8.52 18.1 20.2 22.5 159 220 Pd,ZrIn 3.1 3.0 12.3
Pd,HfAl 10.2 18.9 28.5 31.1 194 277 Pd,HfAl 3.8 34 10.3
Pd,HfIn 9.73 16.5 18.8 21 153 209 Pd,HfIn 2.4 2.3 6.2
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FIG. 9. (Color online) Temperature-dependent magnetization of
the pure compounds. Panels (a)—(d) show the volume susceptibili-
ties xy in the regions around 7. upon ZFC and FC conditions for
Pd,ZrAl, Pd,HfAL'> Pd,ZrIn, and Pd,HfIn. The measurements
were performed with magnetic induction fields uoH of 2.5 mT,
respectively.

umes, however, cannot be made because the measured
samples do not correspond to perfect spherical or other geo-
metrical bodies. The segregated unidentified impurity, which
was found in the resistivity measurement of Pd,HfIn, is also
observed as additional structure in the corresponding
temperature-dependent magnetization curve. The magnetic
data of Pd,ZrIn also exhibit small deviations. This suggests
that the unidentified impurity may consist of the elements Pd
and In only. Due to the higher transition temperature of
Pd,ZrIn, this effect is not visible in the corresponding resis-
tivity measurement. The critical temperatures of both com-
pounds may increase if formation of this impurity phase can
be avoided.

Figures 10(a)-10(d) shows the field-dependent magneti-
zations (butterfly curves) at temperatures of 2 K in the su-
perconducting state for all compounds. Theoretically, the
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FIG. 10. Butterfly curves for Pd,ZrAl, Pd,HfAl,'? Pd,ZrIn, and
Pd,HfIn. Panels (a)-(d) show the normalized susceptibilities x/ xo
at temperatures of 2 K in a range from —100 to 100 mT, respec-
tively. All curves were measured from the ZFC state.
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TABLE V. Properties of the substituted palladium-based Heusler
superconductors. a are the measured lattice parameters and Tf“d is
the critical temperatures from resistivity measurements.

a Tmid
(A) (X)

szzro_gYO' 1 Al 6.432
szzro_ngo'lAl 6.372 2.1
Pd,Hf 75Y o 5Al 6.393 32
Pd,Hf,5Y, sAl 6.404 2.9

critical magnetic field H,; for a certain temperature and a
certain compound can be determined from the virgin curve
of the field-dependent magnetization. This is not possible,
however, for these intermetallic samples, because the bulk
inhomogeneities lead to a more symmetric shape of the
curves, which impedes accurate calculations of H.,. Rough
estimations provide values of H,, for the compounds as pre-
sented in Table IV.

B. Substituted compounds

According to the van Hove scenario,!' a maximum T,
should be obtained for a maximum n(ey) at € at a given
Debye frequency and Cooper-pairing interaction. For the
cases of Pd,ZrAl and Pd,HfAl, the van Hove singularities
coincide with €z when the compounds are doped with elec-
trons. Assuming a rigid-band model and a fixed lattice pa-
rameter, the calculated electronic structure suggests that dop-
ing by about 0.1 of an electron shifts the band with the
singularity at L onto €. This may be established by substi-
tuting the group 4 element (Zr, Hf) by 10% of an element of
group 5 (V, Nb) or 5% in case of group 6 elements (Cr, Mo).
In a similar way, a substitution by a group 3 (Sc, Y) element
will shift €, downwards to the singularity at X. To investigate
the behavior of 7, upon electron doping and hole doping the
solid solutions of Pd,B,_,B;Al with B=Zr and Hf, and B’
=Y, Nb, and Mo were prepared as described in Sec. III. For
Pd,ZrAl, Y and Nb could be substituted for Zr, whereas only
Y could be substituted for Hf in Pd,HfAl. Doping with Mo
was not possible for either compound.

1. Structural characterization

The crystal structures of the substituted alloys were ana-
lyzed as described in Sec. III. The alloys crystallize in the

cubic L2, Heusler structure (space group Fm3m). With the
exception of Pd,HfsY,sAl none of the alloys exhibit any
impurities in the XRD patterns. The experimental lattice pa-
rameters are obtained from Rietveld refinements (see Table
V). The increasing and decreasing lattice parameters in the
solid solutions originate from the differing atomic radii of
the substituted elements. The atomic radii of Nb and Mo are
smaller than those of Zr and Hf, whereas the atomic radius of
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FIG. 11. Electronic structure of Pd,Zr; 9B Al, B=Y, Nb. Com-
pared is the density of states of the pure compound to the cases of
10% substitution of Zr by Y or Nb. (Calculated by SPRKKR with
the experimental lattice parameter.)

Y is larger. This is reflected in the lattice parameters listed in
Table V. Besides the impurities, which were found in the
XRD pattern of Pd,Hfj, 5Y sAl, the small difference between
the lattice parameters of Pd,Hf;;5Y,sAl and Pd,Hf; Y, 5Al
supports the conclusion that the lattice of Pd,Hf,_, Y Al be-
comes saturated with Y when 0.25=x=0.5. Increasing the
Y concentration above this limit causes impurities to segre-
gate. One of these impurities was identified as elemental yt-
trium.

2. Calculational results

Figure 11 shows a comparison between the density of
states of the Pd,Zry¢Y Al and Pd,ZryoNb, Al solid solu-
tions and of Pd,ZrAl in its pure form. The calculations were
performed using SPRKKR and the results agree very well
with the density of states from the FLAPW calculations. The
solid solutions were treated in the CPA approximation. It
should be noted that a band structure is no longer persistent
in the random alloys due to the lack of periodicity.

Figure 11(a) shows that the maximum density of states
close above €, being indicative for the van Hove singularity
at the L point, is slightly shifted to higher energies in the
Y-substituted compound. This is due to underdoping of elec-
trons. The position of the maximum is rather stable for elec-
tron doping in the Nb-containing compound [see Fig. 11(c)]
in comparison to the pure Zr compound [see Fig. 11(b)]. This
shows that bands do not behave completely rigid. However, a
small shift of € is evident. Adequate electron doping should
thus allow the van Hove singularity to coincide with €. In
theory, the situation is rather similar for electron-doped and
hole-doped Pd,HfAI.
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FIG. 12. (Color online) Electron doping in Pd,Zr;_Nb,Al and
Pd,Hf,_,Nb,Al. (a) shows the residual resistivity due to impurity
scattering, (b) shows the energy shift of the maximum of n(E) as-
sociated with the van Hove singularity at the L point, and (c) shows
the density of states at the Fermi energy relative to the density in the
pure compounds with x=0. (Calculated for the normal conducting
state by SPRKKR with the fixed lattice parameters of the pure
compounds.)

Figure 12 illustrates the effect of electron doping on the
electronic properties for the examples of Pd,Zr;_,Nb,Al and
Pd,Hf,_,Nb,Al. The energy shift of the maximum of n(E)
associated with the van Hove singularity at the L point can-
not be given more precisely due to lack of a band structure.
From the fit, it is expected that the singularity coincides with
€ at a Nb concentration of approximately 20 or 30% in the
alloys based on Zr or Hf, respectively. The density of states
n(ep) at the Fermi energy increases with increasing Nb con-
tent.

A detailed analysis of Pd,HfAl reveals that this increase is
not primary due to the shift of the maximum of the density of
states arising from Pd states of the pure compound but by an
increase in the density located at the Nb atoms. This reorder-
ing of the electron densities demonstrates that a rigid-band
model is not directly applicable for this sort of compounds
even if using a fixed lattice parameter in the calculations.
Pd,ZrAl shows an intermediate maximum of n(e€gp). In this
case, the local density of states npy(€p) at the Pd atoms also
exhibits a maximum. Here, the Nb concentration x at the
intermediate maximum of n(x,e€r) corresponds to the one
where the van Hove saddle point at L coincides with the
Fermi energy.

In a trivial analysis, the increase in states at € may sug-
gest that the resistivity decreases already in the normal con-
ducting state. This is, indeed, not the case due to the strong
influence of impurity scattering in the substituted com-
pounds. The random distribution of the Zr or Hf and Nb
atoms on a common site of the lattice leads to an increase in
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FIG. 13. (Color online) Resistive superconducting transitions
for the solid solutions Pd,Zr;_,B;Al. Shown is the temperature-
dependent resistivity in the region around Tmld for the pure com-
pound Pd,ZrAl as well as the alloys Pd,Zry¢Y(;Al and
Pd22r049Nb0.1A1'

the resistivity as is also observed for simple binary alloys
such as Pd,_,Ag 2> It is conceivable that reordering of
charges and/or impurity scattering prevent an increase in the
superconducting transition temperature.

3. Resistivity

All solid solutions were investigated with respect to su-
perconductivity in temperature-dependent resistivity mea-
surements as described in Sec. III. The corresponding critical
temperatures 7™ are given in Table V. Figure 13 shows the
resistivity measurement of Pd,ZrAl in comparison to the al-
loys Pd,Zry Y Al and Pd,Zr, ¢Nby;Al. A superconducting
transition was only found in Pd,ZryoNby Al (T™¢=2.1 K).
In this alloy, resistivity already begins to decrease at approxi-
mately 4.1 K. This may be attributed to a superconducting
impurity phase below the detection limit of XRD. This phase
may be a disordered cubic A15 material.3' Some of these are
known to exhibit superconducting transitions around 4 to 5
K. PdyZry Y Al does not show a superconducting transi-
tion. A small drop in resistivity occurs at approximately 2.6
K, but this does not correspond to a bulk superconducting
transition. Most probably, this drop is caused by small super-
conducting paths in regions with lower yttrium contents
throughout the inhomogeneous bulk sample. Figure 14
shows the temperature-dependent resistivity of Pd,HfAl in
comparison to the alloys Pd,Hfy;5Yq,5Al and
Pd,Hf, 5Y 5Al. Superconducting transitions are observed in
both alloys but the transition temperature decreases with in-
creasing yttrium concentration.

Maximum transition temperatures were expected for
electron-doped Pd,ZrAl and Pd,HfAl according to the van
Hove scenario. For Pd,HfAl, no conclusion can be drawn
about the possibility of electron doping and increasing 7
because only Y was incorporated successfully into the unit
cell of Pd,HfALl. This hole doping led to a decrease in T, with
increasing Y content as expected from the electronic struc-
ture. For Pd,ZrAl, hole doping with 10% of Y led to destruc-
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FIG. 14. (Color online) Resistive superconducting transitions
for the solid solutions Pd,Hf;_,Y ,Al. Shown is the temperature-
dependent resistivity in the region around T’Cmd for the pure com-
pound Pd,HfAl as well as the alloys Pd,Hf;75Y(,5Al and

tion of superconductivity, and the superconducting transition
is lowered in the alloy Pd,ZryoNbj Al as compared to
Pd,ZrAl. The expected behavior was thus not found. Non-
magnetic scattering should not suppress superconductivity
by itself according to Anderson’s theorem.? It was, however,
shown that enhanced disorder leads to spatial fluctuations of
the superconducting gap A and eventually to suppression of
the superconducting state.3* Thus, a Nb concentration of
10% manifestly provokes a degree of disorder, which is suf-
ficient to reduce 7. considerably. Electron-doping experi-
ments with the cubic A15 superconductors led to similar re-
sults, where T is very often lowered upon electron doping or
hole doping via element substitution.?*

V. SUMMARY AND CONCLUSIONS

Using ab-initio calculations as a basis, the Heusler com-
pounds Pd,ZrAl, Pd,HfAl, Pd,ZrIn, and Pd,HfIn have been
identified as prospects for superconductivity according to the
van Hove scenario. Resistivity and magnetization measure-
ments provided evidence that all compounds are type II bulk
superconductors with transition temperatures in the range of
2.4-3.8 K. Following the van Hove scenario, solid solutions
of Pd,B,_,B.Al with B=Zr and Hf, and B’=Y, Nb, and Mo
were synthesized to investigate the dependence of supercon-
ducting properties on the valence electron concentration and
thus the density of states at the Fermi energy. Although the
incorporation of some elements was possible for both com-
pounds Pd,ZrAl and Pd,HfAl, superconductivity was sup-
pressed in all solid solutions as compared to the pure com-
pounds. The rather sizable amounts of the substituents used
here provoked a degree of disorder beyond the validity of the
Anderson theorem. Instead of shifting the van Hove singu-
larities to € they caused suppressions of the superconduct-
ing state.
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