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Cu,BisSes has drawn much attention as the leading candidate to be the first topological super-
conductor and the realization of coveted Majorana particles in a condensed matter system. However,
there has been increasing controversy about the nature of its superconducting phase. This study
sheds light on ambiguity in the normal-state electronic state by providing a complete look at the
quantum oscillations in magnetization in Cu,Bi2Ses at high magnetic fields up to 31 T. Our study
focuses on the angular dependence of the quantum oscillation pattern in a low carrier concentration.
As the magnetic field tilts from the crystalline c-axis to the ab-plane, the change of the oscillation
period follows the prediction of the ellipsoidal Fermi surface. As the doping level changes, the 3D
Fermi surface becomes quasi-cylindrical at high carrier density. Such a transition is potentially a
Lifshitz transition of the electronic state in Cu,BisSes.

PACS numbers: 71.18.+y, 74.25.Ha, 74.25.Jb

I. INTRODUCTION

Topological superconductors are a novel phase of mat-
ter that have been theoretically predicted but yet to be
experimentally verified. Among topological materials,
topological superconductors are especially interesting be-
cause they are a platform to realize Majorana particles -
an elusive particle that is its own antiparticle. Further-
more, topological superconductors have been proposed as
a platform for topological quantum computation.' The
robustness of the topological surface states makes this
avenue an attractive alternative to traditional methods
for realizing quantum computation.*

A topological superconductor must have a full super-
conducting gap in the bulk with odd parity pairing, and
the Fermi surface must enclose an odd number of time
reversal invariant momenta in the Brillouin zone, i.e.
the Fermi surface must contain an odd number of high
symmetry points such as I'y) Z, X, etc. It also has a
topologically protected gapless surface state with Majo-
rana fermions.! Cu,BisSes has been proposed as a lead-
ing candidate for topological superconductivity® and has
sparked a lot of interest. Experiments have shown that
by intercalating Cu between Se layers in the known topo-
logical insulator BisSes the compound becomes super-
conducting at 3.8 K.6

Cu,BisSes has been confirmed to be a bulk supercon-
ductor with a full pairing gap by specific heat measure-
ment.” There are some reports of surface Andreev bound
states through the observation of a Zero Bias Conduc-
tance Peak (ZBCP)®, but other reports suggest that the
ZBCP can be removed with gating.” The ZBCP was
also not observed in recent works using scanning tunnel-
ing spectroscopy.!® ARPES measurements have argued
against the topological superconducting mechanism in
Cu,BisSes by reporting an even number of time reversal
invariant momenta in the Brillouin zone.'' Both ARPES
and quantum oscillation experiments show a Dirac dis-
persion in Cu;BisSes - a characteristic feature of topo-

logical systems.'?!2 The continued interest in Cu,BisSes
and the increasing controversy over its exotic phase calls
for a more complete look at quantum oscillations in mag-
netization. This work is an expansion of our previous
study of the de Haas-van Alphen effect in Cug 25BizSes '3
and now includes several samples at a variety of doping
levels and complete angular dependence.

Mapping of the Fermi Surface reveals a closed ellip-
soidal Fermi Surface that becomes becomes increasingly
elongated with increased carrier density. At high car-
rier concentration, the Fermi Surface crosses the Brillouin
Zone boundary and becomes open and quasi-cylindrical.
Also, amplitude damping analysis reveals a strongly
anisotropic effective mass. In this report, we will first dis-
cuss how we use torque magnetometry to observe quan-
tum oscillations. Second we will discuss the angular de-
pendence of the oscillation frequencies. And third, we
will cover the various damping mechanisms of the quan-
tum oscillation amplitude and the parameters extracted
from that analysis.

II. EXPERIMENT

Single crystals of Cu,BisSe; were grown by melt-
ing stoichiometric mixtures of high purity elements Bi
(99.999%), Cu (99.99%), and Se (99.999%) in a sealed
evacuated quartz tube then slowly cooling the mixture
from 850°C down to 620°C at which point the crystal
was quenched in cold water. The doping level was de-
termined by the mole ratio of the reactants used in the
crystal growth, but the nominal doping did not end up
corresponding with the measured carrier concentration.
Since we were unable to directly measure the Cu concen-
tration, we look at how parameters evolve with increased
carrier concentration rather than the unreliable nominal
doping. The samples used in the study were cut out from
larger boules. They are generally black, and the typical
size is about 5 mm x 2 mm x 0.5 mm.



Quantum oscillations are used to resolve Fermi Sur-
face geometry and to discover the electronic properties
of topological materials. Oscillations in magnetization,
the de Haas-van Alphen effect (dHvA effect), arise from
the quantization of the Fermi Surface into Landau Levels.

To measure quantum oscillations in magnetization, M,
we employed a highly sensitive torque magnetometry
method. Torque mangetometry measures the anisotropy
in the magnetic susceptibility of the sample by putting
the sample in a tilted magnetic field, H, where both H
and M are confined to the x-z plane. The torque is
then given by 7 = M x H = (M,H, — MEHZ); and
|7 = x.H.H, — xoH, H, = AxH?sin ¢ cos ¢, where ¢
is the tilt angle of the magnetic field H away from the
crystalline ¢ axis and Ay = X, — Xaz-

We glue the sample to the head of a thin film can-
tilever. To provide a balance between strength for heav-
ier samples and sensitivity, both brass cantilevers and
Kapton cantilevers with a metalized surface were used.
The brass cantilevers are thinner, 0.001 inch, but have a
higher Youngs modulus. Whereas the Kapton thin films
are 0.003 inch thick, but have a lower Youngs modulus.
The magnetic torque was tracked by measuring the ca-
pacitance between the metal surface of the cantilever and
a thin gold film underneath. An example of oscillations
in the torque data after background subtraction is shown
in Fig. 1 with a schematic of the experimental setup in
the upper right corner. Oscillations arise from Landau
Level quantization. The frequency of this oscillation is
proportional to the cross section of the Fermi Surface, A,
by the Onsager relation:

F=a (1)

7 ore

To further analyze the oscillation pattern in the torque,
a polynomial background is subtracted from the 7 — H
curve to get the oscillatory torque 7,5.. A Fast Fourier
Transform (FFT) of the oscillatory 7ose vs. 1/uoH is
given in the lower left inset of Fig. 1 revealing a single
Fermi pocket.

III. RESULTS

The dHvA effect was observed in all of our Cu,BisSes
crystals. A typical example of our data showing torque
as a function of 1/ugH with the polynomial background
subtracted is shown in Fig. 1. A single frequency of os-
cillations in magnetization reveals a single Fermi pocket.
At 300 mK the oscillation frequency was measured as a
function of angle up to 90°. We further measured the
temperature dependence of the oscillation amplitude up
to 25 K at two different angles. A detailed analysis of
the temperature and angular dependence of the quantum
oscillations revealed the following features: 1) a closed el-
lipsoidal Fermi Surface in the low carrier concentration
samples by resolving quantum oscillations up to 90°, 2)
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FIG. 1: (color online) Oscillations in the torque data of Sam-
ple 4 with a polynomial background subtracted. The inset in
the upper right hand corner is a schematic of the experimen-
tal setup. The lower inset is a Fast Fourier Transformation
(FFT) of the oscillatory torque after subtracting the poly-
nomial background. The single peak in the FFT spectrum
reveals a single Fermi pocket.

the Fermi surface gets progressively elongated in the z-
direction as carrier concentration increases and becomes
open at high carrier density, and 3) a strong anisotropy
in the effective mass.

Figure 2 shows the torque signal from Sample 4. In
Fig.2(a), oscillations are clearly seen up to 90° in the raw
data indicating a closed Fermi surface. Fig.2(b) shows
the FFT of the raw signal from panel a. Clear angu-
lar dependence can be tracked up to 90°, where H is
parallel to the plane. Previous studies'® of the dHvA
effect measured quantum oscillations up to 35°. The ob-
servation of quantum oscillations up to 90° is important
confirmation of the previous result that the Fermi Sur-
face is an ellipsoid.'® We note that the sample with this
3D Fermi surface is superconducting, and the Meissner
effect of Sample 4 is shown in Fig. 7 and discussed in
detail there.

Figure 3 shows the angular dependence of the oscil-
lation frequency for the various samples. The dashed
lines are ellipsoidal fits given by F(¢) = Fy(cos?[@] +
(:—2)2 sin[¢])~ 2 where F(¢) is the frequency of the quan-
tuIFn oscillations at a particular ¢, and the fitted parame-
ters are Fy (the quantum oscillation frequency at ¢ = 0°)

and :—5 (a measure of the eccentricity of the Fermi sur-
F

face). Most of the angular dependence of the oscillation
frequencies are well fit by a closed, ellipsoidal Fermi Sur-
face model; however, for the highest carrier concentration
sample, a closed Fermi Surface fitting yields k% = 4.69
nm~!, which is longer than the Brillouin Zone height!'#
of 3.28 nm~'. Thus, it is clear that the Fermi Surface
becomes open at high carrier concentration - which was
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FIG. 2: (color online) (Panel a). Quantum oscillations in
torque of Sample 4 at different angles after background sub-
traction. Oscillations are visible in the raw signal up to 90°.
At high tilt angle, the oscillation signal is multiplied by a
factor of 10 for clarity. (Panel b). The FFT spectra of os-
cillations in panel a show a single Fermi pocket with clear
angular dependence. The FFT amplitude is normalized by
the height of the peak in the range of 200 T - 600 T. For the
high tilt angles, the divergence of FFT amplitude in the DC
end arises from an incomplete background subtraction.

not seen in previous dHvA studies where there was only
one sample of lower doping.'?

The angular dependence of the quantum oscillation fre-
quency provides the size of the Fermi pocket. From the
Onsager relation, the frequency of the quantum oscil-
lation is proportional to the cross-sectional area of the
Fermi Surface given by A = 7wk%kp(¢), where kp(¢)
and k% are the semi-major and semi-minor axes respec-
tively of the elliptical Fermi surface cross-section. Thus
Fy yields k% = kY% and the eccentricity gives k%. For
Sample 4a, k% = k% = 0.95nm~! and Z—:‘f = 2.06. For
a closed Fermi pocket, the bulk carrier Fconcentration,
n, is given by n = B%kf,kly?kf; For sample 5, which
has an open Fermi Surface, we calculated the bulk car-
rier concentration by integrating the ellipsoidal fit up to
the Brillouin Zone boundary to find the volume of the
Fermi surface. We assume that the deviation from the
ellipsoidal fit around the Brillouin Zone boundary due to
bending is small. In this case the carrier concentration
is given by n = #Iffyk%(k‘]gz — %) where kg is the
I'— Z distance. This yields a carrier density n for Sample
5. The inferred carrier densities n are listed with other
electronic parameters in Table I.

The value of k}/k% goes from 2.06 to 3.10 as the
carrier concentration increases from 5.9x10%cm ™3 to
10.1x10"em =2 revealing that the Fermi Surface gets in-
creasingly elongated in the z-direction as carriers are
added. Then the Fermi Surface opens up and becomes
quasi-cylindrical at high carrier concentration consistent
with quantum oscillation measurements in magnetore-
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FIG. 3: (color online) Angular dependence of the oscillation
frequency of the various samples. Dashed lines are ellipsoidal
fits for the Fermi surfaces. The insert expands the y-axis of
the data plot to a higher frequency range to show the extrap-
olation of the ellipsoidal fits.

TABLE I: Summary of results in order of increasing carrier
concentration. *The value of k% /k% for sample 5 is ill-defined
since k% is taller than the Brillouin Zone. This is the value
extracted from the ellipsoidal fit.

n(10%em™2)  Fo(T)  kR(nm™) k% /k%
4a 5.934+0.24 297+1 0.954+0.01 2.06£0.05
4b 6.3140.20 3061 0.964+0.01 2.09+0.02

1 6.784+0.73 292+1 0.9440.01 2.41£0.25

3 7.654+0.35 284+1 0.93+0.01 2.8340.09

2 10.0541.18 317+1 0.9840.01 3.164+0.36

5 13.914+2.71 327+1 1.00+0.01 (4.694+0.79)*
sistence.!!

The effective mass was extracted from the temperature
dependence of the oscillation amplitudes. The amplitude
of the dHvA oscillation is damped by the thermal damp-
ing factor',

*

_ oT'm
~ Bsinh(aTm*/B)

Rr (2)
where the effective mass m = m*m.. m, is the bare
electron mass, B = pgH is the magnetic flux density,
and a = 272kgm./eh ~14.69 T/K. Panel a of Fig. 4
shows dHvA oscillations at temperatures ranging from
300 mK to 25 K. Panel b plots the normalized ampli-
tudes of the peaks and the fitting is of the thermal damp-
ing factor from equation (2). For Sample 4, the effective
mass increases from 0.16 4= 0.01m, to 0.32 & 0.01m, as
the angle increases from 15 to 65 degrees. Effective mass
anisotropy was seen in very early studies of infrared re-
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FIG. 4: (color online) Panel a: Temperature dependence of
the oscillation amplitude of Sample 4. Panel b: Temperature
dependence of the normalized amplitude with fit to the ther-
mal damping factor. Extracted from this fit is a high angle
effective mass of 0.32m..

flection on Cu-doped BisSes measuring mH/mL to be
4.35.1°

The Fermi velocity, v, was determined from the Fermi
momentum, k%, and the effective mass by vp = k% /m.
The Fermi velocity is the slope of the energy momentum
dispersion. For a quadratic dispersion, vy increases as
k7. gets larger. In contrast, for a linear dispersion, it
should remain unchanged. In our results for a series of
Cu doped BiySes samples, the carrier density varies by
an order of magnitude, yet the value of vg remains ap-
proximately constant, as shown in Table II. Samples 3
and 4b are omitted from table II since we only studied
their temperature dependence at high angle and thus did
not measure their in-plane effective mass.

Compared with undoped BisSes, copper doping in-
creases the Fermi momentum from 0.69 nm~' to 1.00
nm~!; yet the Fermi velocity remains relatively un-
changed. The consistency of the Fermi velocity suggests
the possibility of a linear, Dirac-like band in Cu,BisSes
as was reported in previous studies.!?13

Further analysis of the quantum oscillation amplitude
damping yields the mean free path and scattering time
of the samples. Figure 5 shows the Dingle plot of Sam-
ple 4, in which the oscillation amplitude is suppressed
by the Dingle damping factor, Rp = exp[—aTpm/B],
where the Dingle temperature Tp = h/2rkpTs, o =
2m2kpme/eh ~ 14.69 T/K, and 7g is the scattering time.
This fit gives a Dingle temperature!'® of 57.1 K. From the
Dingle temperature, the scattering time 7g is found to be
2.1x10~'*s. The mean free path is also determined from
the scattering time and the Fermi velocity by | = vp7g.

The results of the Dingle analysis including the scat-
tering times and mean free paths of the various samples
are given in Table III. Samples 3 and 4b are not shown

TABLE II: List of measured Fermi velocities. Last two sam-
ples are from our earlier work.'> Sample 4b and 3 are not
listed here since the temperature dependence for those two
samples were taken at high angle.

n(10¥%em™3)  kf(nm™')  wp(10°m/s)
4a 5.93 0.95 6.9
1 6.78 0.94 6.4
2 10.05 0.98 6.0
5 13.91 1.00 6.8
Cuo,25BigSeg 4.3 0.97 5.8
BizSes 1.8 0.69 5.7
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FIG. 5: (color online) Dingle plot of Sample 4a. Fitting is of
the Dingle damping factor and it yields a Dingle temperature
of 57.1K.

in Table III since we only studied their temperature de-
pendence at high angle and thus could not isolate the
Dingle damping from the thermal damping at 0°. Table
IIT also shows the effective mass of the various samples
for which temperature dependence was measured at low
angle. Sample 4b and 3, for which temperature depen-
dence was measured at high angle, have effective masses
of 0.32m, and 0.29m, at 65° and 57° respectively.

With the exception of Sample 4, the scattering times
and mean free paths are relatively constant with added
carriers varying by 25% in a random fashion. This is
consistent with what was reported in the previous dHvA
study.'® The average scattering time, excluding the out-
lier, is 5.1x107'4s and the average mean free path is
31lnm. The variance in these parameters is due to sam-
ple quality. In the literature for clean samples, the Dingle
temperature can be as low as 4 K,'7 and for disordered
samples, as high as 9.5 K.'® This suggests a high level of
disorder in our Cu,BisSes samples - especially Sample 4.

Our dHvA effect pattern shows that the electronic



TABLE III: Summary of results from effective mass and Din-
gle analysis. Last two samples are from our early work.'?
Sample 4b and 3 are not listed here since the temperature
dependence for those two samples were taken at high angle.

n(10%em™3) m* /me Tp(K) 75(10" sec) 1(nm)

4a 5.93 0.16 57.1 2.1 15

1 6.78 0.17 20.7 5.9 38

2 10.05 0.19 25.8 4.7 28

5 13.91 0.17 277 4.4 30

CUQ,25Bi2863 4.3 0.19 23.5 5.2 30

BizSes 1.8 0.14 23.9 5.1 29
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FIG. 6: (color online) Hall effect of the Cu doped BiaSes.
Each sample is cleaved from the same batch as the the samples
used in the torque measurement. (Panel a) The Hall signal
pay is plotted against field H up to 5 T at T" = 1.5 K. The
Hall signal curves have been antisymmetrized to eliminate
the magnetoresistance pickup. The slopes of the p,, — H
curves are used to determine the Hall carrier density shown
in Table IV. (Panel b) Measurements of p,y, in H up to 12 T
show quantum oscillations in three samples. In this panel, a
polynomial background is subtracted to show the oscillation
signal in pgy. The oscillation frequency is found to be the
same as the measured frequency in the dHvA effect.

state is single-band. This is supported by the Hall effect
measurements. Figure 6(a) shows the Hall effect data of
all the Cu-doped BisSez samples taken at T=1.5 K. Two
keys features are found in the Hall effect data; (a) The
Hall signal p,, is linear with H, confirming the single-
band nature of the electronic state; (b) The carrier den-
sity determined by the Hall effect is in close agreement
with the carrier density determined from the dHvA ef-
fect. Within 12 T at T=1.5 K, 3 out of these 5 samples
show quantum oscillations in the Hall effect signal (the
Shubnikov-de Haas effect, or SAH effect). Table IV shows
the Hall carrier density ng, and the oscillation frequency
fr in the SAH effect. The temperature dependence of the

oscillation frequency is found to be the same as that in
the dHvA effect. Moreover, the Hall carrier density is
of the same order of magnitude as the carrier density
estimated by our Fermi Surface mapping.

TABLE IV: The Hall carrier density ny with the carrier den-
sity determined by the dHvA effect nas. Quantum oscillation
is also observed in a number of samples in the Hall effect mea-
surements up to 12 T. The oscillation frequency Fom and the
effective mass mpy in the Hall effect is compared with those of
the dHvVA effect (labeled as Fonr and mas). For samples that
do not reveal quantum oscillations in the Hall effect, we label
n/a for myg and For. We measured only one sample from the
Sample 4 batch.

myg My
Me Me

nH(lolgcmfg) nM(l()lgcm*?’) FOH(T) FUM(T)

4 6.6 5.93 - 6.31 300 297 - 306 0.15 0.16
1 2.51 6.78 n/a 292 n/a 0.17
3 5.16 7.65 n/a 284 n/a n/a
2 3.46 10.05 300 317 0.18 0.19
5 8.87 13.91 360 327 0.16 0.17

In addition to determining the electronic state, we
also measured the superconducting fraction of Cu doped
BisSes. The magnetic susceptibility was measured in a
Quantum Design Magnetic Property Measurement Sys-
tem 2 weeks after the high field torque experiments. The
sample with the lowest carrier concentration shows a
superconducting transition with a 16% superconducting
volume as seen in Fig. 7. Two of the higher carrier
concentration samples showed no superconducting tran-
sition. We would like to point out that the supercon-
ducting fraction, as well as the superconducting transi-
tion temperatures, are quite sensitive to sample aging
and the environment - there is even the possibility that
they could lose Cu over time and exposure. Therefore,
the samples at higher n may or may not have previously
been superconducting, but were found not to be when we
ran the test for superconductivity.

We note that Sample 4, though having the highest
level of disorder, is the only sample to show a supercon-
ducting transition. The sample from the previous dHvA
study had a Dingle temperature of 23.5 K much like the
other samples and it also exhibited superconductivity.!?
Therefore, it is not the case that superconductivity only
occurs in the extreme case of highly disordered samples,
rather we suggest that Sample 4 had undergone the least
amount of degradation and just happened to be the sam-
ple with the highest disorder.

IV. CONCLUSION AND DISCUSSION

Quantum oscillations in magnetization were resolved
using highly sensitive torque magnetometry under mag-
netic fields up to 31 T. A single Fermi pocket was ob-
served to be increasingly elongated as carriers were added
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FIG. 7: (color online) Volume susceptibility measurements of
3 different samples. Sample 4, the sample with lowest car-
rier concentration, shows a superconducting transition at 3 K
and a 16% superconducting volume. Samples 3 and 5 do not
show any superconducting property most likely due to sample
quality degradation over time.

- going from being a closed ellipsoid at low carrier con-
centration to being quasi-cylindrical at high carrier con-
centration. Also, we also observed strong anisotropy in
the effective mass.

The nature of the transition of the Fermi surface topol-
ogy is an interesting question. At higher concentration,
the elongated 3D ellipsoidal Fermi surface touches the
Fermi surface in the neighboring Brillouin Zone, man-
dating the transition from the 3D Fermi surface to a
2D quasi-cylindrical one. Such a dramatic change of the
Fermi surface topology suggests a Lifshitz transition as
the Cu brings in extra carriers.

Two experimental consequences are essential to con-
firm the dimensionality change and probe the nature of
the transition. First, at higher n, the quasi-2D Fermi sur-
face should have two quantum oscillation frequencies, a
large one from the belly, and a small one from the neck.
The large frequency is what we observed in our dHvA
measurement'® and was confirmed by the SdH measure-
ments.'t In contrast, the small neck frequency was not
observed either in our dHvA measurements nor in the
SdH results.'! This point is particularly puzzling. We
note that these small pockets should exist near the BZ
boundary, where the umklapp scattering gets greatly en-
hanced. The stronger umklapp scattering can greatly
reduce the mean free path. Therefore, quantum oscilla-
tion measurements at dilution refrigerator temperatures
and even higher fields are called for to resolve the sec-
ond oscillation frequency and to confirm the 3D to 2D
transition.

The second consequence of the dimensionality change
in the electronic state is the enhancement of thermopower
near the 3D to 2D transition. A topology change in the

electronic state usually leads to a large thermopower, a
typical signature of the Lifshitz transition.'®?° Further
thermoelectric measurements are essential to confirm this
transition. If the dimensionality changes indeed occur
and enhance the thermopower greatly, the Cu doping
might lead to another interesting application of topolog-
ical materials in thermoelectrics.

We further note that close to the dimensionality tran-
sition, a strong enough magnetic field may lead to mag-
netic breakdown. Our current observations do not reveal
signature of magnetic breakdown, but future studies with
fine tuning of the Cu concentration may reveal the inter-
esting phenomenon of magnetic breakdown.
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