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Manipulation of the Magnetoresistance by Strain in

Topological TaSe;

Jie Xing, Joanna Blawat, Smita Speer, Ahmad Ikhwan Us Saleheen, John Singleton,

and Rongying Jin*

1D TaSe; exhibits many unusual physical properties due to its distorted
type-ll chains. Ribbon-shaped single crystals can be easily bended along the
b-axis, forming rings. This study investigates the magnetoresistance (MR) of
TaSe; up to 60 T in both unbended (ribbon shape) and ring-shaped (bended
ribbon) samples. Notable changes are found in the magnetotransport
properties between the two different shaped samples. One is that the MR in
ring-shaped samples is three orders lower than that in unbended samples
under the same sample environment. In addition, linear MR is observed
above =20 T in ring-shaped samples when the magnetic field is parallel or
perpendicular to the rings. Quantum oscillations are also observed as a
function of the magnetic field when the magnetic field is applied parallel to
rings, possibly due to the Altshuler-Aronov—Spivak effect or the inversion of
the lowest Landau level beyond the quantum limit. All these results are
related to strain-induced electronic structure change in TaSe;, an effective way

to tune physical properties in low-dimensional materials.

1. Introduction

Topological materials have attracted much interest due to
their nontrivial topological properties and novel phenomena,
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such as extremely large magnetoresistance
and topological superconductivity.'-¢1 A
topological superconductor hosts Majo-
rana bound states or Majorana fermions,
which has potential applications in topo-
logical quantum computation.l’”! Quasi-1D
compound TaSe; has been found to ex-
hibit superconductivity below 2.3 K with
a semimetallic normal state.®1° Unlike
other transition-metal trichalcogenides,
there is no charge density wave transition
in TaSe,.""12 First-principles calculations
suggest the nontrivial topological phases
caused by the distorted type-II chain in
TaSe,.*1*] The results reveal strong 3D
topological insulating (TI) character with
the Dirac states on the surface. By applying
strains along the a- and/or c-axis, multiple
topological phases, such as strong/weak T1I
and Dirac semimetal, could be realized.!'*
Recent experiments and calculations also
confirm a topological phase transition by applying strain along
the b-axis.!%]

Strain effect on TaSe; has been studied by bending ribbon crys-
tals into a ring shape.l'!°l Bending creates nonuniform strain
along the b-axis of TaSe; and induces the deformation energy,
thus generating defects/disorder in a crystal for relaxation.*"!
Cylindrical domain walls from the edge dislocations and vor-
tex have been suggested in ring-shaped crystals.l'’] Given the
observed nontrivial topological band and extremely large mag-
netoresistance (XMR) in as-grown ribbon-shaped samples!?1-23]
and a uniform strain-induced topological phase transition,!*>] we
are inspired to investigate the magnetotransport properties in
ring-shaped TaSe, single crystals by applying magnetic field up
to 60 T. Compared to as-grown unbended samples, the MR in
ring-shaped samples reduces three orders of magnitude. Further-
more, we find change in field dependence from a quadratic be-
havior below ~10 T to a linear field dependence above 20 T in
both H 1 ring and H // ring configurations. For H // ring, the
MR also oscillates with the applied magnetic field with the period
proportional to H, different from Shubnikov—de Haas (SdH) type
oscillation. Possible origin for such oscillation is discussed.

2. Results and Discussion

Single crystals of TaSe, were synthesized by the chemical vapor
transport method.l??l The electrical resistivity was measured us-
ing the standard four-probe method for unbended (as-grown)

© 2022 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH


http://www.advquantumtech.com
mailto:rjin@mailbox.sc.edu
https://doi.org/10.1002/qute.202200094
http://creativecommons.org/licenses/by-nc-nd/4.0/

ADVANCED
SCIENCE NEWS

ADVANCED
QUANTUM
TECHNOLOGIES

www.advancedsciencenews.com

(a)

3L _3F Y d
X
—~ | B2t
° sy
& «q|
v = ]
: 0 1 L 1
0 100 200 300
x
S0 H? (T?) i
—0=0°
04K

=4

8 t t t

=
o
T

0 100 200
H?(T?)

300

MR (10* %)

02

www.advquantumtech.com

(b) .
O
&

3 T T T T T

P (d)
< ring#1
§2 1‘2/0,2 + 7 L 1
b | g
% L %0 0 a0 a0 i
H? (T?)
—0=0°

0.65K

) 10 20 30 40 50 60

H(T)

Figure 1. a,b) Sketches of an unbended ribbon sample and a ring-shaped sample. c) MR versus magnetic field for a ribbon-shaped sample at 0.65 K
with @ = 0°. Inset: MR data plotted as a function of H? (red) and a linear fit (green). d) MR versus magnetic field for ring #1 at 0.65 K with 6 = 0°. Inset:
MR data plotted as a function of H? (red) and a linear fit at low fields (green). e) MR versus magnetic field for a ribbon-shaped sample at 0.65 K with
6 = 90°. Inset: MR data plotted as a function of H? (blue) and a linear fit (green). f) MR versus magnetic field for ring #1 at 0.65 K with = 90°. Inset:

MR data plotted as a function of H? (red) and a linear fit at low fields (green).

and ring-shaped samples in a Physical Property Measurement
System with 14 T DC field (PPMS-14 T, Quantum Design) and a
SCM2 He-3 system with 18 T DC field at the National High Mag-
netic Field Laboratory. The ring-shaped samples were prepared
by bending ribbon crystals, as shown in Figure 1b. The ring area
and thickness are 0.42 mm? (with a diameter ~ 0.73 mm) and
0.05 mm for ring #1, 1.76 mm? (with a diameter ~ 1.5 mm) and
0.25 mm for ring #2. The magnetoresistance measured up to 60
T was performed in a pulse field at National High Magnetic Field
Laboratory, Los Alamos.

Figure 1a,b shows the magnetic field (H) and current (I)
configurations for both as-grown ribbon (unbended) and ring-
shaped samples, respectively. At = 0°, H is normal to the rib-
bon or ring. At § ~ 90°, H // I in the ribbon sample or in
the ring plane. The MR is calculated using the formula MR =

AL e Z)T_g)(T’ 9 at variable temperatures and magnetic fields. Fig-

ure 1c—f presents the magnetic field dependence of MR for the
ribbon (Figure 1c,e) and ring-shaped (Figure 1d,f) samples at in-
dicated temperatures at § = 0° and 90°, respectively. Measure-
ments were performed at 0.4 K for the ribbon sample and 0.65 K
for the ring-shaped sample (ring #1), neither showing any sign
of superconductivity. As shown in ref. [22], the residual resistiv-
ity ratio of our single crystals exceeds that in the literature.>-1]
The absence of superconductivity in our crystals is not related to
the sample quality. In terms of MR, the obvious difference be-
tween two configurations can be clearly seen. First, MR(ring) <
MR(ribbon) for both # = 0° and 90° under the same field. Second,
as demonstrated in the insets of Figure 1c,e, MR(ribbon) exhibits
straight H? behavior up to 18 T, while MR(ring) deviates from the
H? dependence above ~10 T for both § = 0° and 90° (see the in-
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sets of Figure 1c—f). Above 10 T, MR(ring) gradually changes from
low-field behavior to linear H dependence above ~20 T. These in-
dicate that the scattering in the ring-shaped samples is severely
modified compared to the ribbon case.

The suppression of the MR by pressure has been observed in
WTe, due to the imperfect balance between electron and hole
pockets by pressure-induced Fermi energy change.**! The ab-
sence of the SdH oscillations in MR(ring) of TaSe; up to 60 T
(Figure 1d,f) strongly suggests the modification of the Fermi sur-
face in the ring-shaped sample compared to the ribbon case (Fig-
ure 1c,e). According to theoretical calculations, strain along the
a, b, and c-axes could tune the band structure near the Fermi sur-
face of TaSe,.I'*!] Since the ring-shaped samples are prepared
by bending single crystals, the strain may be induced most likely
along the b-axis. If the large MR in unbended ribbon TaSe, results
from electron—hole compensation,??! bending the crystals leads
to the reduced MR due to increased imbalance between electron
and hole bands.

Figure 2 shows the field dependence of MR at different temper-
atures for H 1 ring (6 = 0°) for ring #1 (a) and ring #2 (b), respec-
tively. Note that MR (ring #1) > MR(ring #2), which is likely due
to inhomogeneous strain distribution in ring #1 with a smaller
diameter compared to ring #2. The overall temperature and field
dependence of MR (ring #1) and MR(ring #2) are similar, i.e., they
increase almost linearly with H above ~20 T at a fixed tempera-
ture, and decrease with increasing temperature at a fixed field. As
the as-grown ribbon sample shows nearly perfect Kohler’s scaling
behavior (MR = a(H/p,)", a is a constant and p, is the zero-field
resistivity) with the exponent n ~ 2,22l we also replot MR(ring
#1) and MR(ring #2) as a function of H/R, (R, is the zero-field
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Figure 2. a,b) MR versus magnetic field at indicated temperatures for ring #1 and ring #2 at = 0°; c,d) Kohler's plot of MR(ring #1) and MR (ring #2)

at 6 = 0°; e,f) MR versus H/(nR,) for ring #1 and ring #2 at 6 = 0°.

resistance) in Figure 2¢,d, respectively. For both rings, MR ob-
tained at different temperatures does not collapse into a single
curve, indicating the violation of the Kohler’s rule. This further
suggests the imbalance between electron and hole bands induced
by crystal bending.

The violation of the Kohler’s rule is also observed in a Weyl
semimetal TaP, where an extended Kohler’s rule is proposed with
a temperature-dependent factor n.1) Using the same method,
we find that both MR(ring #1) and MR (ring #2) at different tem-
peratures collapse into a single curve when plotted as a func-
tion of H/(nR,) as shown in Figure 2e,f, respectively. As demon-
strated in the insets of Figure 2e,f, n; increases with increasing
temperature with more or less a linear fashion in both rings.
Quantitatively, we can still fit MR(ring) = [H/(nR,)]" with n =~
1.5 at low fields and ~1.0 above 20 T for both MR(ring #1) and
MR(ring #2). The temperature-dependent n. and n # 2 clearly
indicate the modification of the electronic properties by crystal
bending.

In the classic framework, the transverse MR (H L I) at the low
magnetic field limit with w7 < 27 (@, is the cyclotron frequency
and 7 is the relaxation time) should follow the quadratic law with

Adv. Quantum Technol. 2022, 5, 2200094 2200094 (3 of 5)

the magnetic field. If the magnetic field increases and crosses the
high field limit with w_z > 2z, the MR may turn to the linear
field dependence which can be both intrinsic or extrinsic. Intrin-
sically, small Fermi surface pockets with small effective masses
can give rise to the linear MR.252] From our previous study,
two experimentally probed bands from unbended TaSe, are not
small.?2] Of course, bending could modify the band structure for
the ring-shaped samples as discussed above. Given that it persists
athigher temperatures, the linear MR may not be associated with
Umklapp scattering!?®! but related to disorders or defects induced
by bending in our ring-shaped TaSe,.3%31]

Figure 3a,b shows the magnetic field dependence of MR(ring
#1) and MR(ring #2) at § = 90° in the temperature range be-
tween 0.65 and 50 K, respectively. Overall, the behavior of MR
at 6 = 90° is similar to the case of 6 = 0° with a slightly smaller
magnitude at the same temperature and field. The unique fea-
ture of MR(ring, 6 = 90°) is its oscillations in high fields. The
oscillations are more profound with decreasing temperature in
the ring #2 sample. Note these oscillations reveal different char-
acteristic from the SdH oscillations seen in the unbended sam-
ples (Figure 1a): the period is proportional to H. In Figure 3c,d,
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Figure 3. a,b) MR versus magnetic field at indicated temperatures for ring #1 and ring #2 at = 90°. ¢,d) FFT spectra of the oscillations for ring #1 and

ring #2, respectively.

we present the fast Fourier transform (FFT) spectra of the oscilla-
tions for ring #1 and ring #2, respectively. The period is ~#4.15 and
~3.75 T at 20 K for ring #1 and ring #2, respectively. While there
is only one major peak for the case of ring #1 (Figure 3c), the sec-
ond harmonic frequency is clearly revealed in ring #2 (Figure 3d).
There are three situations that can lead to linear-field oscilla-
tions. 1) Aharonov-Bohm (AB) oscillation!3?! involves two carrier
beams each travelling half loops and forming quantum interfer-
ence when they meet. The period is AH = (h/e)/S, where h is the
Planck’s constant, e is the electron charge, and S is the loop area
that charge carriers encircled. 2) Altshuler—Aronov-Spivak (AAS)
oscillation] is due to carriers travelling a whole loop surround-
ing a scattering center, thus forming quantum interference. The
period is AH = (h/2e)/S. 3) Quantum oscillation is due to the in-
version of the lowest Landau level beyond the quantum limit.34
The period is determined by both Fermi velocity and the g factor.

For the AB-type oscillation, H 1 ring (i.e., 8 = 0°) is an ideal
configuration for observing such behavior (see Figure 1b). In this
configuration, we estimate AH ~ 8 X 10~ T for ring #1 and ~2 X
10~° T for ring #2. Oscillations with such periods are too small to
be detected through our MR(ring, # = 0°) measurements. The
observed oscillations in MR(ring, # = 90°) may be associated
with the AAS effect due to the quantum interference between
forward- (weak localization [WL]) and back- (weak antilocaliza-
tion [WAL]) scattering seen typically in weakly disordered sys-
tems with strong spin—orbit coupling.*>-*"] Taking the periods of
oscillations at 20 K for ring #1 (AH(ring #1) ~ 4.15 T) and ring #2
(AH(ring #2) =~ 3.75 T), we estimate that S; ~ 500 nm? for ring #1
and S, ~ 550 nm? for ring #2. Assuming a circular trajectory, the
perimeter for S; and S, is ~#80-84 nm. This implies that the phase
coherence length L; should be comparable with the estimated
perimeter. L, can be estimated from the Landauer—Biittiker for-

2
mulaAG = %, where AG is the oscillation conductance and

Lis the sample lenmgth.[”]. At20K, AG ~2.9 X 107*(e?/h) for ring
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#1 and 6.8 x 107>(e?/h) for ring #2. The calculated L, (20 K) is
333 nm for ring #1 and 160 nm for ring #2, exceeding the esti-
mated perimeters in ring #1 and ring #2. As plotted in the inset
of Figure 3b, L, increases with decreasing T. However, L, does
not follow the T~!/2 dependence as expected.3>-38]

Even the estimated L, is much longer than the estimated
perimeters, we suspect only those circular scattering trajectories
more or less normal to the applied field contribute to the oscilla-
tion, as H // ring (i.e., & = 90°). This may explain the absence of
the initial sharp rise in MR(ring, & = 90°), which is one of the
characteristics of WAL in the magnetic field. Note that the oscil-
lation in ring #2 is more profound than that in ring #1. This sug-
gests that there are more scattering centers creating more WAL
scattering loops in the former case. For ring #1, the relatively
large MR at 0.65 K also leads to invisible oscillation.

According to our previous investigation in unbended TaSe;, it
requires that H »~ 100 T for electrons in the topologically nontriv-
ial @ band to reach the first Landau level.??] Therefore, one would
not expect the quantum oscillation beyond the quantum limit un-
der 60 T.**) However, as discussed above, the electronic struc-
ture in the ring-shaped TaSe, seems severely modified. This may
lead to the reduced Fermi velocity and/or enhanced g factor, low-
ering the critical field for reaching the quantum limit.**] Given
the linear H dependence of both MR(ring, # = 0°) and MR(ring,
6 = 90°) and oscillation above ~20 T, the inversion of the lowest
Landau level beyond the quantum limit may be realized in our
ring-shaped samples.

3. Conclusion

In summary, we construct a chain-compound TaSe; into a
ring shape to study the stain effect to the electronic prop-
erties. By measuring the magnetotransport of ring-shaped
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samples up to 60 T in both H 1 ring (§ = 0°) and H // ring
(@ = 90°) configurations, we observe new features that are ab-
sent in the unbended (the as-grown shape) samples. One is the vi-
olation of the standard Kohler’s rule in MR (ring, § = 0°), which
can still be reconciled by introducing temperature-dependent n
and n # 2. Upon increasing field to 20 T, n approaches 1, ie.,
linear H dependence. At present, it remains unclear whether the
linear-H-dependent MR is intrinsic or extrinsic. What is more re-
markable is the observation of quantum oscillation in MR(ring,
0 = 90°), which can be explained by either the AAS effect involv-
ing WAL or the inversion of the lowest Landau level beyond the
quantum limit. In either situation, the system must be topologi-
cally nontrivial. Our work demonstrates that the shape manipu-
lation of topological materials, particularly with low dimension-
ality, is an effective way to study novel properties such as WAL
and quantum oscillation beyond the quantum limit.
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