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We report the electronic properties of the metallic PdSn, single crystals by means of electrical resistivity, Hall

effect, angle-resolved photoemission spectroscopy (ARPES) measurements and band-structure calculations. A
simultaneous two-band analysis is conducted on magnetoresistance (MR) and Hall effect data, revealing hole-
carrier dominated transport behavior. ARPES results clearly indicate the multiband nature of PdSn, with the
presence of shallow hole and electron pockets at the Fermi level, supported by first-principles calculations. From
the MR data, a breakdown of Kohler’s rule in the 300-80 K range is observed. We consider a possible explanation
for this phenomenon, which is associated with the temperature-induced band shift near the Fermi surface.
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I. INTRODUCTION

Conductors and insulators are conventionally characterized
by their electronic band structures. The band evolution near
the Fermi level dictates the material’s physical properties,
including thermodynamic and magnetic properties, as well as
electrical transport [1]. Metals display significant band cross-
ings near the Fermi level while, in contrast, insulators feature
an energy gap of several electron volts that precludes the
presence of electronic states. In semimetals, the band structure
exhibits an overlap between the bottom of the conduction
bands and the top of the valence bands, leading to a high
degree of tunability in the material’s physical behavior when
tuning parameters are introduced. For example, in the case of
the semimetal WTe,, an extremely large increase in resistance
occurs when a magnetic field is applied, a phenomenon at-
tributed to perfect carrier compensation [2]. In recent decades,
topological semimetals with nontrivial Fermi-surface prop-
erties have gained increasing attention. These systems host
emergent phenomena, such as high mobility and edge states,
originating from high-energy physics, where a Dirac equa-
tion was established to describe the motion of particles under
the theory of relativity [3—5]. These results suggest a potential
application, which prompts the search for unique semimetals
and materials with multiple bands where both hole and elec-
tron bands cross at the Fermi level.

Elemental tin, its alloys, and intermetallic compounds have
not only been used in many technical applications but also
exhibit fascinating electronic and physical properties [6]. For
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example, a-Sn and the intermetallic compound PtSny have
been reported as topological Dirac semimetals [7,8]. The bi-
nary phase diagram of palladium and tin (Pd,Sn,,) has been
extensively studied, revealing the discovery of at least ten
different compositions of Pd,Sn,, [9,10]. On the tin-rich side
of the phase diagram, single crystals of PdSn,, with values
of m = 2, 3, and 4 were successfully grown using the flux
method [11,12]. The structures of PdSn,, with m = 2, 3, and
4 are closely related, involving the stacking of similar building
blocks that form different networks of Sn atoms [11]. To the
best of our knowledge, among these compounds, PdSny is the
only system that has been extensively studied. The physical
properties of PdSny are reported to be qualitatively similar to
those of PtSny. In fact, PdSny also exhibits a significant mag-
netoresistance (MR) of 8x10*% at B=14Tand T = 1.8 K
[12]. This prompts us to investigate PdSn, in this paper, as it
will be interesting to examine whether exotic electronic prop-
erties may also emerge, considering the structural similarity
among PdSn,, with values of m = 2, 3, and 4.

A previous study on polycrystalline PdSn, revealed the
absence of long-range magnetic order and its diamagnetic
behavior. The temperature dependence of electrical transport
suggests that the system exhibits metallic behavior [13]. In
our paper, we conducted extensive MR and Hall effect mea-
surements on a single crystal of PdSn; and found a violation
of Kohler’s rule. Angle-resolved photoemission spectroscopy
and first-principles calculations are in agreement, reveal-
ing that the Fermi level falls within several electron and
hole bands. We discuss the potential mechanisms behind the
violation of Kohler’s rule in PdSn,.

©2023 American Physical Society
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FIG. 1. (a) X-ray powder-diffraction pattern of PdSn, at room
temperature. Observed (green cross), calculated (red line), differ-
ences (blue line), and Bragg reflections (vertical bars) are labeled.
The left inset shows the Laue pattern taken along the tetragonal [001]
direction. The upper-right inset shows the respective position of Pd
and Sn atoms, where the lower-right inset shows the top view along
¢ axis. (b) Electrical resistivity under field of 0 and 9 T. The inset
shows a photo of the crystal for transport measurements.

II. RESEARCH METHODS

Single crystals of PdSn, were grown through a slow cool-
ing process from a Sn-rich melt following the Pd-Sn binary
phase diagram [14]. Pd (99.99%) and Sn (99.99%) raw ma-
terials were mixed in a molar ratio of 15:85, sealed in a
fused silica ampule under vacuum, and heated to 750 °C. The
mixture was held at that temperature for 24 hours before
being slowly cooled to 400 °C over a period of more than
100 hours. Finally, the excess Sn liquid was separated from
the crystals by inverting the tube and centrifuging at 400 °C.
The resulting crystal has a clear, platelike shape with a shiny
surface and typical dimensions of approximately 3 mmx
3 mmx 0.3 mm, as shown in the inset of Fig. 1(b). PdSn;
crystallizes in a tetragonal structure with the space group
14, /acd. Room-temperature powder x-ray diffraction mea-
surement was performed using CuKe radiation (Bruker D2
Phaser) and the data is shown in Fig. 1(a). The crys-
tal structure was analyzed using the Rietveld method with

TABLE I. Crystal data and structure refinement for PdSn,. a and
c are lattice parameters. V is the unit-cell volume. R, and R,,, are
unweighted and weighted profile R factors, respectively, and GOF
represents the goodness of fit obtained from the refinement results.
Occ. is occupancy and B, is the thermal parameter.

Tetragonal /4, /acd (No. 142)
a=6.4894(3) A, c =24.354(1) A, V = 1025.6(1) A3
R,,=9.78, R, = 7.54, GOF = 1.27

Atom X y z Occ. Biso Site
Pd 0 0 0.0578(1) 1 0.23(6) 16d
Snl 0.25 0.2517(4) 0.125 1 0.32(5) 16e

Sn2 0.1557(2) 0.1557 0.25 1 0.32(5) 16f

the TOPAS suite [15]. The refined structure parameters are
consistent with those obtained from the polycrystalline sam-
ple [13] and are summarized in Table I. The crystal orientation
was confirmed using a Laue x-ray diffraction method. The
room-temperature Laue diffractogram demonstrates the high
quality of the single-crystalline sample, with an example
shown in the inset of Fig. 1(a). Temperature-dependent
x-ray powder diffraction data were obtained using a HyPix-
6000 HE detector and a molybdenum source with an XtalLAB
Synergy-S diffractometer. The pulverized powder sample was
packed in a 0.1 mm borosilicate capillary, and the capillary
was kept spinning during data collection for data averaging
(see Ref. [15]).

Electrical transport properties were studied using a Quan-
tum Design PPMS Dynacool. Five-point contacts enabled
simultaneous measurements of resistivity and the Hall effect.
A magnetic field of up to 9 T was applied parallel to the c axis,
while the current was applied in the ab plane.

Angle-resolved photoemission spectroscopy (ARPES) ex-
periments were conducted at beamline BL21B1 of the Taiwan
Light Source within the National Synchrotron Radiation
Research Center. High-quality PdSn, single crystals were
cleaved in situ under ultrahigh vacuum (UHV) conditions,
maintaining a base pressure of 8.9x 107! torr prior to the
ARPES measurements. The polarization vector of incident
beam was consistently oriented within the angular dispersive
plane. ARPES spectra were acquired within a UHV chamber
equipped with a Scienta R4000 analyzer, employing an angu-
lar resolution set to 0.5 degrees. All spectra were collected at a
temperature of 92 K, with photon energy ranging from 37 eV
to 57 eV. The overall energy resolution of the measurements
exceeded 22 meV.

The first-principles calculations were conducted using the
QUANTUM ESPRESSO package within the local density approx-
imation. We adopted experimental lattice parameters obtained
at 100 K (see Appendix). We employed ultrasoft pseudopoten-
tials with the valence electronic configurations of Pd 44°5s?
and Sn 4d'°5s5%5p? for the calculations. The kinetic energy
cutoff was set to 90 (1080) Ry for expanding the plane-wave
wave function (charge density and potential). A 36 x36x36 k-
point sampling was adopted for the primitive-cell calculation.
Using the experimental structure, we verified that the force
on each atom was less than 0.006 Ry/A, and the stress was
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FIG. 2. Isothermal MR measured at, from top to bottom, T = 2,
20, 30, 50, 80, 100, 150, 200, and 300 K of PdSn,. An inset highlights
the data at 300 K.

approximately —1.2 GPa, suggesting that further theoretical
relaxation of the crystal structure had a minor effect.

III. MAGNETORESISTANCE AND HALL EFFECT

The temperature dependence of the electrical resistivity,
Pxx» Of PASn, measured at B = 0 and 9 T is shown in Fig. 1(b).
Upon cooling from room temperature, p, exhibits a linear
dependence on temperature, with a residual resistivity ratio
RRR = p,,(300 K)/p,x(2 K) = 15. The overall value of p,, in
our paper is more than three orders of magnitude smaller than
that observed in the polycrystalline sample, indicating signif-
icantly fewer impurity and imperfection scattering events in
our single crystal [13]. Applying a transverse magnetic field
of 9 T increases p,, while maintaining a similar temperature
dependence, with a more pronounced increase observed at
lower temperatures.

Figure 2 illustrates the magnetic-field dependence of MR
at various temperatures. MR (%) is calculated as (p.(B) —
0xx(0))/ 01 (0)x 100%, where p,,(B) and p,,(0) represent the
resistivity at B and zero field at a fixed temperature, respec-
tively. At room temperature, the MR exhibits a slow growth,
proportional to B2, reaching a small value of approximately
1% at 9T, as shown in the inset of Fig. 2. This behavior
aligns with the metallic characteristics inferred from the p(7T')
behavior. Based on Boltzmann’s classical electronic trans-
port theory, it suggests that PdSn, is a good metal with a
large Fermi surface [16]. As the temperature decreases, MR
increases and becomes linear with respect to the magnetic
field, which signifies a departure from conventional metallic
behavior. Linear MR has been observed in several systems,
spanning from metals to insulators [17-20], and its origin
can result from various factors, both classical and quantum
[21-26]. The origin of linear MR in PdSn, remains unclear at
the current stage.

Figures 3(a) and 3(b) display representative MR and Hall
resistivity py,, respectively, measured at temperatures of 300,
100, 50, and 2 K. A linear relationship between p,, and
B has been observed over a wide temperature range (100-
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FIG. 3. Representative isothermal MR (a) and Hall resistivity
(b) of PdSn,. Solid lines are global fits using a two-band model.
The legends in (b) are the same as those in (a). A five-point contact
configuration is illustrated in the inset of (b). From fits, the mobility
(w) and the carrier density (n) of holes and electrons are summarized
in (c) and (d), respectively. nm = n. + 1y, is the total carrier density.
The error bars are included and the length of them is smaller than
the symbol size. A vertical dashed line represents the temperature at
which the temperature dependence of n,y, changes.

300 K). The positive slope of p,(B) indicates that electrical
conduction is dominated by holelike charge carriers. As the
temperature decreases, oy, gradually increases, nearly dou-
bling at 7 =2 K compared to 300 K at B =9 T. Below
100 K, p.y(B) deviates from linear behavior, suggesting a
multiband nature of conduction. Therefore, we adopt a two-
band model with one effective electron band and one effective
hole band to simultaneously fit p,, and p,,, i.e.,

1 (mppn + nepre) + (nppre + nepn)pn e B>

pxx(B) and
e (nppn + nefre)? + (my — ne)* uiu2B?
(1
B (nep — nppy) + (ne — np) B
Pry(B) = = < . )

e (nh/*Lh + neﬂe)z + (m, — ne)Z/Lh/’LeBz ’

where e stands for elementary charge, n and p are carrier den-
sity and mobility, and the subscript e (or /) denotes electron
(or hole). We note that when n,, n,, ., and u; are treated
as free-fitting parameters, there is no global minimum for the
fit, and the obtained values are not physically meaningful. We
turn to first fit p,,(B) with a single band model to determine
an initial value of n = n,, i.e., the Hall coefficient
Pxy _ 1

Ry = B = 3)
for each temperature. We then assume that the value of n,
is one order of magnitude smaller than the value of nj. This
assumption is based on the observation that p,, exhibits nearly
linear behavior with respect to B at all temperatures, as shown
in Fig. 3(b), indicating dominant hole-type carrier conduction.
Finally, the obtained values of n, and n;, are used as initial
parameters, while ., and w; are left free for the global fit of
Pxx and py, using Egs. (1) and (2). Applying this methodology
yields a global minimum at each temperature. The fitting

205133-3



C.-C. CHANG et al.

PHYSICAL REVIEW B 108, 205133 (2023)

results are depicted as solid red curves in Figs. 3(a) and 3(b),
and the obtained values of ., and n,; are summarized in
Figs. 3(c) and 3(d), respectively. We are aware of the limi-
tations in applying the phenomenological two-band model to
describe MR and p,, using Eqgs. (1) and (2). In particular, this
model cannot account for the linear MR observed in PdSn,
at low temperatures [see Fig. 3(a)]. Consequently, the uncer-
tainty in the values of pe, h, and n,; at low temperatures is
underestimated when employing the method of least squares.

Between 300 and 100K, both . and u;, remain nearly
constant in temperature, at approximately 10° cm?/V s. Upon
further cooling, 1. and puy, track each other, increasing by 3—4
times as the temperature decreases to 2 K, suggesting that
lattice scattering dominates the mobility [27]. The mobility of
PdSn; is comparable to that of high-purity Si and two orders
of magnitude larger than that of conventional metals [28]. In
terms of carrier density, while n, remains nearly constant with
temperature and is 20-30 times smaller than nj, throughout
the entire temperature range, n;, decreases as the temperature
decreases. Between 300 and 100 K, the total carrier density,
Niotal = e + Ny, decreases linearly with temperature. At lower
temperatures, 7, exhibits a quadratic temperature depen-
dence down to 2 K, reaching approximately 3x10?! cm~3,
which is about 1-2 orders of magnitude smaller than that
of typical good metals [29]. The explanation for the change
in temperature dependence of the carrier density will be ad-
dressed later.

IV. ANGLE-RESOLVED PHOTOEMISSION
SPECTROSCOPY AND BAND STRUCTURE
CALCULATIONS

To gain deeper insights into the phenomenological two-
band model within the PdSn, system, we conducted an
extensive investigation combining ARPES measurements and
band-structure calculations. This comprehensive approach al-
lowed us to elucidate the electronic structure of PdSn, single
crystals. We performed ARPES experiments with varying
photon energies, ranging from 37 to 57 eV. This energy
range was carefully selected to cover multiple periods of the
Brillouin zone (BZ) along the k, direction due to the large
lattice constant along the ¢ axis to examine the character
of three-dimensional band dispersion behavior [30]. In the
photon energy-dependent ARPES experiment, the observed
bands did not display clear dispersion behavior. This observa-
tion suggests a quasi-two-dimensional band behavior for the
observed bands near the Fermi level. Figure 4(a) displays the
band mapping results across three BZs derived from ARPES
spectra acquired along the direction using a 57 eV photon
energy. Evidently, we observed two distinct electron pockets
exhibiting Fermi crossings at +0.17 and £0.22 A~! at the T
point. The smaller (larger) electron pocket is denoted by the
red (white) bars on top of Fig. 4(a). Additionally, we identified
a holelike band displaying a band crossing at 1.7 A~ in the
third BZ, which intersects with the observed electron pocket
at a binding energy of —0.2 eV. To enhance our understanding
of the observed band dispersion, Fig. 4(b) presents the calcu-
lated band structure, with distinct colors representing orbital
spectra corresponding to different orbitals. The Pd bands,
which mainly contribute to lower binding energies due to their

E-E; (eV)

Ef-03eV Er

Er+0.3eV

FIG. 4. (a) ARPES spectra of PdSn, recorded along the direction
using a 57 eV photon energy at 92 K. A band crossing at 1.7 A" in
the third BZ is labeled with green arrow. The inset is the BZ of the
conventional cell. A blue arrow marks the path from I" to X. Yellow
and orange vertical bars correspond to high symmetry points on BZ
along the 51 direction, i.e., I and X (also I/, ', I'"”, X', and X” in
other BZs) noted in (b). (b) First-principles band structure obtained
from the primitive-cell calculation along the same path. The contri-
butions of Sn s, p; + py, and p. orbitals are colored by green, blue,
and red circles, respectively. I'', X', ', X, I'”, X", and I"””" denote —1,
—-0.5,0,0.5,1,1.5,and 2 b 1, respectively. (c) First-principles Fermi
surfaces on the k,-k, plane of the primitive-cell BZ at three selected
energies relative to the Fermi level.

relatively stable bonding, are distinguishable. Meanwhile, the
bands near the Fermi level are primarily attributed to Sn p
orbitals. The nature of observed electron pockets could be
attributed to the contribution of Sn s and p, + p, orbitals,
and the holelike bands are originated from Sn p, + p, and p,
orbitals. The calculated results qualitatively corroborate the
consistency with the ARPES findings, demonstrating that the
calculated bands align with the ARPES spectra. For instance,
another band crossing of electron and hole bands occurs at
+0.25 A~! at the Fermi level, and two distinct electron pock-
ets appear in the second BZ. These findings provide evidence
that PdSn, exhibits characteristics of a multiband metal with
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the presence of shallow hole and electron pockets at the Fermi
level and a metallic Fermi surface, as shown in Fig. 4(c).
The observed hole and electron bands further strengthen that
the phenomenological two-band model analysis of MR and
the Hall effect serves as a good starting point to understand
the transport in PdSnj.

V. KOHLER’S RULE TEST

In a conventional metal, the application of a magnetic field
causes a charge to move in a circular path, referred to as
a cyclotron orbit, which results in an increase in electrical
resistance. When there is more scattering in the material, indi-
cated by a higher zero-field resistivity p,.(0), fewer cyclotron
orbits can be completed when the field is applied, leading to
a reduction in MR. This relation is described by Kohler, who
stated that MR is a function of the ratio B/ p,.(0),

, 4
ﬁax(O)} «@

where @ and m = 1 — 2 are constants [12,31,32]. Kohler’s
rule indicates that charge carriers on a single Fermi surface
with a single relaxation time dictate the magnetotransport
behavior and this principle has been verified in many metal-
lic systems [16,33]. We plot the MR data vs B/p,,(0) on a
double-logarithmic scale in Fig. 5(a). It clearly demonstrates
that the data between T = 2 — 50 K collapse onto one branch
with m =1 in Eq. (4). As the temperature gradually rises
above 50 K, the MR exhibits a gradual departure from the low-
temperature data, approaching m = 2 at 300 K. This indicates
a violation of Kohler’s rule in PdSn,.

MR=a|:

VI. DISCUSSIONS

The violation of Kohler’s rule was also observed in the
Weyl semimetal TaP. Xu et al. explained that this violation is
due to thermally induced changes in carrier density and further
proposed an extended Kohler’s rule, MR = f(B/n100), to
describe the MR of TaP [34]. The extended Kohler’s rule
takes into account that (1) n,) is temperature dependent and
(2) the carrier densities and mobilities from different bands
have a similar temperature dependence. In PdSn;, u; and
. closely follow each other, increasing as the temperature
decreases, and ntotal ~ nj across the entire temperature range
[Figs. 3(c) and 3(d)]. This conforms PdSn; to the theoretical
framework of the extended Kohler’s rule. Therefore, we plot
MR against B/n1 0o in Fig. 5(b). For the sake of convenience
in our discussions, we scale the carrier density to the 300 K
curve, i.e., N = 1 for MR (300 K), by adjusting 7, for
each curve. The plot shows that scaling works slightly better
using an extended Kohler’s rule than the original Kohler’s rule
in Fig. 5(a). However, the scaling results in a temperature-
dependent power, as demonstrated by the solid black curve in
Fig. 5(b), which is not anticipated in the extended Kohler’s
rule. This suggests that other mechanisms may also contribute
to the violation of Kohler’s rule in PdSn,.

A variety of physical mechanisms have been proposed to
explain the violation of Kohler’s rule in different systems, in-
cluding multiple scattering rates [35-38], a suppression of the
density of states at the Fermi energy [39], multiband effects

100
(@)
10+
. m=1
=<
¥ 1f T(K) =
= = 300 » 50
200 ¢ 30
0.1 150 + 20 -
o 100 « 2
. 80
0.01 : -
Blp,,(0) (T/nQ2 cm)
100 : :

MR(%)

0.01 . .
1 10
B/ntotalpxx(o) (T/HQ Cm)

FIG. 5. (a) Kohler’s plot. (b) Extended Kohler’s rule’s plot. See
text for details.

[40,41], non-Fermi-liquid behavior [42], and a temperature-
induced Lifshitz transition [43]. The anisotropic scattering
rate is related to the Hall scattering rate. The Hall angle,
cot(6y) = pPxx/ Pxy, is inversely proportional to the Hall relax-
ation time, while the relaxation time for longitudinal transport
is proportional to 1/p,,. The deviation between the Hall re-
laxation time and the transport relaxation time leads to the
anisotropic scattering rate. Figure 6 demonstrates that p,, and
cot(fy ) share the same temperature dependence. Therefore,
we can eliminate multiple scattering rates as the cause of the
violation of Kohler’s rule in PdSn,.

Suppression of the density of states occurs as a pseudogap
forms at lower temperatures. This phenomenon is commonly
observed in iron-based or cuprate superconductors, where the
carrier density undergoes significant changes as the pseu-
dogap opens. Such behavior is not observed in PdSn,, as
depicted in Fig. 3(d). The multiband effect is associated with
the compensation between the contributions of electrons and
holes, resulting in a nonlinear relationship between pxy and
the magnetic field. In the case of PdSn,, transport is primarily
dominated by the contribution of holes and, therefore, the
violation of Kohler’s rule may not link to the multiband effect.
Non-Fermi-liquid behavior is often observed in proximity
to the magnetic quantum critical point, where the magnetic
phase transition is destroyed by quantum fluctuations [44].
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FIG. 6. Temperature dependence of p,, and Hall angle cot®.

The temperature dependence of the magnetic susceptibility
indicates that PdSn; is diamagnetic, and we found no evidence
of non-Fermi-liquid behavior [13].

Finally, let’s discuss the case of thermally induced changes
in the band structure. Figure 3(d) illustrates that ny Vs
T exhibits a change in slope around 75 K, below which a
quadratic temperature dependence is observed. In the case of
a single band, the carrier density decreases as the temperature
decreases, owing to the temperature-dependent Fermi-Dirac
distribution. That is, the temperature dependence of the carrier
density is influenced by the relative position of the Fermi level
to the top of the valence band (density of holes) and the bottom
of the electron band (density of electrons) [34]. However,
when there are two or more bands crossing the Fermi level,
the situation becomes complex. Band structure calculations
reveal the presence of a few bands at k, = 0.2 — 0.3 A1
which are primarily contributed to by Sns and Snpz orbitals
and are located very close to the Fermi level. These bands
may disappear or shift in proximity to the Fermi level at
around 75 K, similar to the situation in a temperature-induced
Lifshitz transition [43]. To confirm this hypothesis, future re-
search involving ARPES measurements at lower temperatures
is needed to compare the electronic band structure in various
temperature ranges.

In summary, we have grown single crystals of PdSn, using
the flux method. Electrical resistivity and Hall effect mea-
surements indicate two-band transport behavior dominated by
hole bands. Angle-resolved photoemission spectroscopy mea-
surements and band structure calculations are in agreement,
providing support for the multiband nature of PdSn,, with
several electron and hole bands lying across the Fermi level.
The MR data follows Kohler’s rule below 50 K, but it deviates
from the universal curve at higher temperatures, possibly due
to a temperature-induced band shift. Our results demonstrate
that PdSn, exhibits interesting band structure properties that
open the door for future research.
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APPENDIX
1. Temperature-dependent x-ray diffraction

The collected patterns were analyzed with Rietveld method
using a TOPAS suite. The temperature evolution of the PdSn,
diffraction patterns from 100 to 350 K is shown in Fig. 7(a).
No apparent peak splitting or broadening was observed, in-
dicating no symmetry change or phase transition occurred
within the measured temperature range. Due to the limit of
the resolution obtained from XtaLAB Synergy-S, only lattice
constant information was extracted from the refinement. The
refined lattice constants and the unit-cell volume against tem-
perature are shown in Figs. 7(b) and 7(c).
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FIG. 7. (a) Temperature dependence of XRD paterns of PdSns,.
(b) Temperature dependence of lattice constants and (c) unit-cell
volume.
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