
J. Appl. Phys. 125, 045110 (2019); https://doi.org/10.1063/1.5081819 125, 045110

© 2019 Author(s).

Transport properties and crystal structure
of layered LaSb2

Cite as: J. Appl. Phys. 125, 045110 (2019); https://doi.org/10.1063/1.5081819
Submitted: 16 November 2018 . Accepted: 13 January 2019 . Published Online: 31 January 2019

Karl F. F. Fischer , Nikolaj Roth, and Bo B. Iversen 

ARTICLES YOU MAY BE INTERESTED IN

Thermoelectric properties of topological insulator lanthanum phosphide via first-principles
study
Journal of Applied Physics 125, 045107 (2019); https://doi.org/10.1063/1.5043170

Analytical model for the intensity dependence of 1500 nm to 980 nm upconversion in Er3+:
A new tool for material characterization
Journal of Applied Physics 125, 043106 (2019); https://doi.org/10.1063/1.5064409

Atomic layer deposited Al2O3 capping layer effect on environmentally assisted cracking in

SiNx barrier films

Journal of Applied Physics 125, 045301 (2019); https://doi.org/10.1063/1.5061780

https://images.scitation.org/redirect.spark?MID=176720&plid=1158986&setID=379065&channelID=0&CID=358581&banID=519827759&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=03d5d28dbe8a32623cf81b586d7d58c339f29be6&location=
https://doi.org/10.1063/1.5081819
https://doi.org/10.1063/1.5081819
https://aip.scitation.org/author/Fischer%2C+Karl+F+F
http://orcid.org/0000-0002-4663-1022
https://aip.scitation.org/author/Roth%2C+Nikolaj
https://aip.scitation.org/author/Iversen%2C+Bo+B
http://orcid.org/0000-0002-4632-1024
https://doi.org/10.1063/1.5081819
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5081819
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5081819&domain=aip.scitation.org&date_stamp=2019-01-31
https://aip.scitation.org/doi/10.1063/1.5043170
https://aip.scitation.org/doi/10.1063/1.5043170
https://doi.org/10.1063/1.5043170
https://aip.scitation.org/doi/10.1063/1.5064409
https://aip.scitation.org/doi/10.1063/1.5064409
https://doi.org/10.1063/1.5064409
https://aip.scitation.org/doi/10.1063/1.5061780
https://aip.scitation.org/doi/10.1063/1.5061780
https://doi.org/10.1063/1.5061780


Transport properties and crystal structure of
layered LaSb2

Cite as: J. Appl. Phys. 125, 045110 (2019); doi: 10.1063/1.5081819

View Online Export Citation CrossMark
Submitted: 16 November 2018 · Accepted: 13 January 2019 ·
Published Online: 31 January 2019

Karl F. F. Fischer, Nikolaj Roth, and Bo B. Iversena)

AFFILIATIONS

Center for Materials Crystallography, Department of Chemistry and iNANO, Aarhus University, Aarhus, Denmark

a)Author to whom correspondence should be addressed: bo@chem.au.dk

ABSTRACT

LaSb2 has a layered crystal structure along the c-axis with ∼2% difference between the in-plane orthorombic a and b axes. Here,
we report on the thermal conductivity, electrical resistivity, and Seebeck coefficient from 10 to 300 K as well as the magnetore-
sistance at 10 K. Using the van der Pauw technique on single crystal samples, the in-plane electrical resistivity tensor has been
measured and it is found to be isotropic. An anisotropic crystal structure may have isotropic properties, but in the present case,
the isotropic nature stems from crystal imperfection. Single crystal X-ray diffraction provides evidence of a mixing of the in-
plane a- and b-directions leading to observed diffraction intensity where systematic absences are expected. Whether the under-
lying structural mechanism is twinning or stacking faults is unknown, but it could be the origin of the previously observed
charge density wave states, and it may also explain the high unsaturating linear magnetoresistance reported here. At ambient
conditions, LaSb2 is found to be stable in air, with no sign of bulk degradation after 5 years of storage; however, some change is
observed in the amorphous background scattering.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5081819

I. INTRODUCTION

Lanthanum diantimonide adopts the layered ortho-
rhombic SmSb2 structure,1,2 which can be seen in Fig. 1. The
structure consists of pseudo-tetragonal layers stacked along
the c-direction with each subsequent layer being shifted
with respect to the previous by a displacement along the b
direction. Crystals of LaSb2 generally terminate on these
pseudo-tetragonal layers,3 though termination on pure Sb
surfaces found in the middle of these layers has also been
observed.4

The superconductivity and high linear magnetoresistance
of LaSb2 has inspired many studies.3–11 The superconducting
phase was originally reported to have a critical temperature
of 0.4 K.5 Later reports showed that the superconducting
transition is broad and with an onset temperature up to 2.5 K
in the a,b-plane and 1.0 K along the c-axis and achieving full
superconductivity between 0.4 and 0.7 K.4,9,10 The critical
field is observed to be higher in-plane than out-of-plane.
Applying a pressure results in a narrowing of the supercon-
ducting transition to near step-like with a critical tempera-
ture in and out-of-plane of 1.7 K, showing that pressure

stabilizes the superconducting state and changes it from 2D
to 3D behavior.9,10

LaSb2 has been suggested as a high magnetic field sensor
due to the high linear magnetoresistance, which shows no
signs of saturation even at 45 T.7 The linear magnetoresis-
tance of materials with similar structures has been attributed
to the presence of a charge density wave (CDW). Transition
metal dichalcogenides with the 2H structure (TaS2, TaSe2,
NbSe2) exhibit nearly linear magnetoresistance as a result of
CDWs in the materials.12–18 LaAgSb2 is another example that
has a CDW state and a large magnetoresistance that shows
no signs of saturation at 18 T.19–22 This has led many to search
for the presence of a CDW in LaSb2, and despite not observ-
ing direct evidence of a CDW, many still cite it as a likely
explanation for the linear magnetoresistance.3,4,7–9 Evidence
of a CDW transition was eventually observed in a solid solu-
tion with Ce and correlated to a kink in the resistivity that
changes with Ce concentration, where the kink for pure
LaSb2 is at 355 K.11 The authors hypothesized that the
observed CDW arose due to stacking faults present in all their
samples independent of Ce concentration.
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Thermoelectric materials often have relatively large
and complex crystal structures such as skutterudties23 or
clathrates,24,25 but simple metal pnictogenides or chalco-
genides also exhibit excellent thermoelectric properties
with prominent examples being FeSb2,

26,27 Zn4Sb3,
28

Mg3Sb2,
29 GeTe,30 and PbTe.31–33 Very strong interest has

concerned layered metal-chalcogenides such as Bi2Te3,
34

SnSe,35,36 and Cu2Se.
37 However, the metallic behavior of

LaSb2 means that it is not of immediate interest as a ther-
moelectric material.

Because LaSb2 adopts an orthorhombic structure,
in-plane anisotropy of the transport properties may be
present. In general, anisotropic crystal structures poten-
tially can have isotropic properties, but the reverse is not
possible. We have recently developed the van der Pauw
method to measure anisotropic resistivity tensors,38–40 and
since LaSb2 only has 2% in-plane anisotropy in the crystal

structure, it represents a challenging material for testing
the method. As detailed below, the in-plane resistivity was
found to be isotropic in magnetic fields between 0 and 9 T
at 10 K and in the temperature range from 10 to 300 K.
The lack of anisotropy in the resistivity in such a large
field and temperature range indicates a deviation from a
perfect single crystal with possible structural mixing of
the a- and b-directions. This explanation is supported by
single crystal X-ray diffraction data, which show that the
crystal structure is closely related to a tetragonal struc-
ture1,41,42 with missing intensity extinctions arising from a
90° rotation of the layers.

II. EXPERIMENTAL

Single crystals of LaSb2 were grown using the self-flux
method.43,44 Prior to synthesis, the lanthanum (Koch-Light

FIG. 1. The layered crystal structure of LaSb2 with Sb in black and La in red. The layers are each approximately tetragonal, as shown in (b), while the stacking of the
layers is different in the a and b directions, as shown in (c) and (d) (illustrated using VESTA50).
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Laboratories Ltd., ≥99.7%) was handled in a glovebox where it
was polished and further purified using an arc melter
(Edmund Bühler GmbH, MAM-1 Glovebox Version). Antimony
(ChemPUR, 99.9999% metal basis) and purified lanthanum
were mixed in a 9:1 molar ratio in an alumina crucible, which
was sealed in a fused silica ampoule with a static vacuum of
less than 10−4 mbar. Synthesis was carried out in a tube
furnace with the ampoule encased in alumina sand to stabilize
potential temperature fluctuations. The ampoule was heated
to 1173 K at 150 K/h with a 6 h dwell and then cooled to 913 K
at 1 K/h where the furnace was switched off. During cooling
but after the flux has solidified, the alumina crucible broke.
Flux and crystals were separated using centrifugation. The
resulting crystals are layered with an easy cleavage plane and
metallic luster after cleaving, and they were confirmed to be
LaSb2 by Powder X-ray Diffraction (PXRD) on powder
obtained from a ground piece.

Powder of LaSb2 was also prepared to evaluate the air
sensitivity of the compound and a stoichiometric mixture of
lanthanum and antimony sealed in a fused silica tube with a
static vacuum of less than 10−4 mbar. This ampoule was then
heated up to 1273 K at 100 K/h and held at that temperature
for 125 h after which the furnace was turned off. The resulting
matte gray polycrystalline lump was ground into a black
powder with mortar and pestle and confirmed to be LaSb2
with PXRD.

The PXRD data were collected on a Rigaku SmartLab
diffractometer using Bragg-Brentano optics geometry and
monochromatic CuKα1 radiation. Evaluation of single crys-
tallinity was done using a Bruker X8 Apex II with a mono-
chromatic micro source IμSAg AgKα1 and a 2D APEXII
detector. Additionally, single crystal X-ray diffraction
experiments were performed at the ChemMatCARS beam-
line at the Advanced Photon Source (APS), USA, on several
crystal specimens in an attempt to ascertain whether the
mixing of the a- and b-directions is due to twinning or
stacking faults.

Physical properties in the a, b-plane were measured using
a Physical Property Measurement System (PPMS) quantum
design. The Seebeck coefficient, thermal conductivity,
and electrical resistivity were measured using the Thermal
Transport Option (TTO), while the magnetoresistance and
electrical resistivity were measured using the Alternating
Current Transport (ACT) in van der Pauw (vdP)38,39 configura-
tion (described in application note 1076-304). In order to
measure the resistivity in vdP geometry, the gold wires had to
be connected as a line contact along the full thickness of the
sample due to the comparatively high through plane resistiv-
ity.6,45 Samples for ACT-vdP measurements were parallelepi-
peds around 3 × 3 × 0.15mm. The sample for TTO was a bar
measuring 12.6 × 1.8 × 0.5mm with a lead separation of 4.9mm.
All geometries were averaged from a minimum of ten mea-
surements and the standard deviation was used as the uncer-
tainty. This uncertainty in geometry translates to an error of
around 5% on the transport properties measured with the
four-point bar method, which is also the expected error using
this method.46–49

III. RESULTS

A. Stability

Early reports on LaSb2 noted it to be very stable under
ambient conditions in air;1 however, a later report noted it to
be highly air-sensitive stressing the importance of cleaving
crystals in vacuum.3 Therefore, a study of the air-sensitivity of
LaSb2 was performed, and PXRD data are shown in Fig. 2. No
major sample degradation or reactions in air were observed in
a 5 year (rounded up from 4 years and 10 months) period;
however, a minor change in the amorphous background scat-
tering has occurred. The micaceous nature of LaSb2 results in
a high degree of preferential orientation, which can be seen
by comparing the expected and observed relative PXRD
reflection intensities. The change in the amorphous back-
ground was only observed after long-term storage, showing
that the change is slow despite all handling, storage, and
grinding to a fine powder was done in air. Whether it is
caused by adsorption, surface reconstruction or reactions is
unknown. The observed stability and slow change in amor-
phous contribution is in agreement with later reports, where
no surface contamination was observed despite cleaving the
crystals in air to allow for the removal of leftover loose flakes
from the cleaving process.4,11 These loose flakes could also be
the reason for an earlier study not observing any diffraction
spots in their Low Energy Electron Diffraction experiments.3

The fact that LaSb2 is stable enough to be handled and
cleaved in air could be useful for obtaining very thin samples;
however, the strong interaction between the layers, which is
evident from termination having been observed at the pure

FIG. 2. Powder X-ray diffractogram of LaSb2 after synthesis in turquoise, after
2 years in blue, and after 5 years in purple. Below are the expected peak posi-
tions and intensities for relevant phases obtained from ICSD, LaSb2 in green,
La2O3 in yellow, and Sb in orange. Additionally, Miller indices of selected reflec-
tions of LaSb2 are written in green.
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antimony layer,3 does make exfoliation difficult. Additionally,
the strong interaction also suggests that bonds are being
broken in the process, which may make the material unstable
when it becomes too thin.

B. Transport properties

The single crystal pieces resulting from the flux varied in
size with the largest being around 10 × 10 × 1 mm, all with high
metallic luster and well-defined terraces and edges. The crys-
tals used for measurements are of high quality in the a,
b-plane with large Residual Resistivity Ratios (RRRs) of 50-53
ρ(300K)
ρ(10K)

� �
, which are comparable to earlier reports of between

45 and 68 when corrected for different minimum tempera-
tures. The actual reported RRR values were between 60 and
90 with minimum temperatures of 2 or 4 K.4,6,7,10 These RRRs
are calculated from the ACT-vdP measurements and the TTO
measurement, with the TTO data shown in Fig. 3. Further evi-
dence of high crystal quality in the a, b-plane is also seen in
the thermal conductivity in Fig. 3(c), where the crystalline
peak is at a comparatively high temperature, indicating that
the phonons, just like the electrons, have a long mean-free
path.9,10 A long phonon mean-free path indicates a low con-
centration of scattering sites (defects, impurities, etc.) within
the LaSb2 layers. The thermal conductivity above 180 K
has been grayed out, as the radiative heat loss becomes signif-
icant, and this leads to a measured thermal conductivity
that is too high.46 However, extrapolating with a T−1 depen-
dence yields a room temperature thermal conductivity of
13-14W/mK, which is comparable to other metals with heavy
elements.

As expected for a metallic compound, the Seebeck coef-
ficient is low, negative, and increasing linearly with tempera-
ture, with the exception of a small local peak and minimum at
70 K and 110 K, respectively. The measured Seebeck coeffi-
cients below 25 K are not shown as the high thermal conduc-
tivity and low Seebeck coefficient resulted in a diminishing
signal to noise ratio with a random scatter between 0 and
−1 μV/K. The only reported Seebeck coefficient for LaSb2 is
for a polycrystalline pressed pellet where it was found to be
+2 μV/K and virtually constant between 115 and 300 K.42

However, this difference may be attributed to the influence of
the c-axis and grain boundary effects.

The in-plane resistivity reported here is slightly lower
than what is reported in the literature, where the room tem-
perature value was found to be ∼140 μΩ cm.6 This could be
random variation in samples or a difference in the measure-
ment technique. However, based on the illustration of the
setup in Ref. 6, contact was only made on the top of the
crystal, whereas our samples were specifically mounted such
that electrical contact was achieved along the full thickness of
the sample to account for the high through plane resistivity.

The magnetoresistance shown in Fig. 4 was measured at
10 K using the ACT-vdP setup, where the magnetoresistivity
measured with positive and negative field is overlaid one
another. The magnetoresistivity increases slowly with the

field up to around 2 T where it starts increasing linearly. The
zero field resistivity value is 1.5(3) μΩ cm and reaches 16(1) μΩ
cm at 9 T. This is slightly higher than the reported values at
10 K,9 but when calculating the relative magnetoresistance

ratio [ρ(H)�ρ(0)]
ρ(0) , the values are nearly identical, suggesting that

the discrepancy in absolute values is likely caused by errors in
sample geometry.31 Others report a relative magnetoresis-
tance ratio around 12 to 14 at 9 T and 2 K;6,7 the higher values
are to be expected due to the lower temperature.

FIG. 3. (a) Electrical resistivity, (b) Seebeck coefficient, and (c) thermal conduc-
tivity against temperature.
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Because LaSb2 adopts an orthorhombic crystal structure,
one would expect there to be some anisotropy in the electri-
cal transport within the layers as well as out of the layer;
however, to our knowledge, no studies have considered the
in-plane anisotropy. Using the vdP method on single crystals
allows for determination of the in-plane resistivity tensor,40

but all measurements showed that the in-plane resistivity is
isotropic from 0 to 9 T at 10 K and from 10 K to 300 K at 0 T.
While one would expect very comparable values along the a-
and b-directions based on the structure, an undetectable
anisotropy in such a large temperature and field range is
unlikely. As the layers of the crystal are almost tetragonal
themselves, it may be expected that stacking faults or twin-
ning could occur where some layers or parts of the crystal
are rotated 90° relative to each other, i.e., formation of either
stacking faults or crystal twinning.1,42,43 This could result in
an isotropic behavior if there is a mixing of the a- and
b-directions by a 90° rotation between some layers. The
observed isotropy strongly suggests such mechanism to be at
play. Furthermore, previous reports have also reported low
crystal quality in the c-direction6 and weak interlayer
interaction,3,4,9–11 suggesting that this is a common feature of
LaSb2 crystals, especially when considering the good agree-
ment between reported properties and RRRs. Another mani-
festation of the weak interaction between layers is that the
irregularities between layers, be it twinning or stacking faults,
has little to no influence on the in-plane crystallinity, which is
evident from the high RRRs and long mean free path of the
phonons and electrons.

C. Crystal structure

Refinement of the powder X-ray diffraction data on
LaSb2 gives room temperature unit cell dimensions of
a = 6.3165(5) Å, b = 6.1965(5) Å, and c = 18.495(3) Å. Crystal

FIG. 5. Single crystal diffraction frames from five locations on the crystal, as indicated with corresponding letters on the picture of the crystal in the bottom right.

FIG. 4. Magnetoresistance measured at 10 K with positive and negative field
overlaid on top of each other, where the measured resistivity is on the left y-axis
and the relative on the right y-axis.
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quality and homogeneity were evaluated by single crystal
X-ray diffraction on a crystal used for ACT-vdP measure-
ments, where frames were collected at different locations on
the crystal and compared as seen in Fig. 5. The frames from
tested areas look very similar and the crystal is concluded to
be homogeneous. The C-frame looks slightly different than
the rest and was recorded on the very edge of the crystal in a
corner that had a visual indication of potential damage from
cutting; however, the difference is slight and should not
affect any property measurements of the bulk crystal.

As expected from the earlier literature, the diffraction
spots are slightly elongated and split.1 Evidence of the mixing
of the a- and b-directions can be seen by looking for the sys-
tematic absences expected for the Cmca space group. The C
centering results in the selection rule that hþ k has to be
even for all hkl reflections, while the c-glide plane along the b
axis gives the selection rule that l has to be even for all h0l
reflections.51 Looking at Fig. 6, one can clearly see that the
selection rule from the C centering is obeyed in both the hk0
and the hk1 planes, where the reflections for which h and k
are both odd are weak. However, the selection rule from the
c-glide plane is not observed when looking at the hk1 plane,
where there should be a row of absences along h01.
Additionally, there is no clear difference between the h01 and
0k1 reflections, which show the presence of an occasional 90°
rotation between layers of the crystals.

Unfortunately, the micaceous nature of the crystals
makes it prohibitively hard to find a crystal of suitable quality
and thickness to get sufficient diffraction data quality along l
to elucidate whether it is stacking faults or twinning. This
mixing of the a- and b-directions on a structural level is in
good agreement with what was expected from the observed
in-plane isotropy in the resistivity. The good agreement
between the measured properties in this and other studies
suggests that the crystals in all the studies are very similar;
therefore, all the crystals likely exhibit this mixing of the
in-plane directions with the same underlying mechanism.

It has previously been noted that the structure of LaSb2
is related to a tetragonal structure,1,41,42 with the difference,
besides unit cell lengths, being a longer shift along the b-axis
such that the layers line up in the a, c-plane just like they line
up in the b, c-plane (see Fig. 1). Due to the small difference
between the a- and b-directions and the relation to the
tetragonal structure, one could, ignoring the difference in
unit cell lengths, equivalently have described this 90° rota-
tion, as a random shift along either of the unit cell axes.

IV. CONCLUDING REMARKS

Ever since the unsaturating linear magnetoresistance of
LaSb2 was observed,6 many attempts have been made at
explaining its origin. The presence of CDW states is com-
monly cited as a likely explanation, but direct evidence for the
presence of CDW states has been elusive.3,4,8,9 Recently, evi-
dence of a CDW transition was observed and hypothesized to
arise from stacking faults.11 In the present study, we have
observed an isotropic resistivity in the layers of an ortho-
rhombic crystal. While this is physically possible, then it is
unlikely considering the range of temperature and magnetic
fields used here. Based on single crystal X-ray diffraction
measurements, we demonstrate that the isotropic behavior
arises from a structural mixing of the a- and b-directions.
Whether the underlying mechanism is the presence of twin-
ning or stacking faults in LaSb2 could not be resolved due to
the micaceous nature of the crystals making crystals of suffi-
cient size elusive. All measured properties are in agreement
with the literature demonstrating that this structural mixing
of the a- and b-directions is likely to be omnipresent in LaSb2
crystals grown by the flux method. Applying pressure to the
crystal structure may deform the layers and increase the
interlayer interactions, possibly causing a shift toward a more
tetragonal structure with increased long-range order. This
would explain the observed sharpening of the transition to
the superconducting phase. The specific nature of the inter-
layer interactions in LaSb2 is at the heart of the exciting prop-
erties, and it would be of interest to pursue further pressure
studies of this material. If the irregularities along the
c-direction are the origin of the CDW, then the linear magne-
toresistance should have a dependence on pressure, and in
combination with a pressure study of the crystal structure,
this could provide important further insight into the transport
properties.

FIG. 6. Unwarped diffraction images of the hk0 (left) and the hk1 (right) planes
recorded on inhouse APEX-II (top) and APS (bottom). h and k are the horizontal
and vertical axes, respectively.
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Contrary to what one might expect from a lanthanide-
containing compound, no indications of bulk air-sensitivity
are observed, even over a period of several years. Some
change in the amorphous background scattering was
observed after prolonged storage, but probably, air contami-
nation should only be a concern for surface studies that are
highly sensitive to contaminants.
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