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We present a systematical study on single crystalline FeSb, using electrical transport and magnetic torque measure-
ments at low temperatures. Nonlinear magnetic field dependence of Hall resistivity demonstrates a multi-carrier transport
instinct of the electronic transport. Current-controlled negative differential resistance (CC-NDR) observed in current—
voltage characteristics below ~ 7 K is closely associated with the intrinsic transition ~ 5 K of FeSb,, which is, however,
mediated by extrinsic current-induced Joule heating effect. The antimony crystallized in a preferred orientation within
the FeSb; lattice in the high-temperature synthesis process leaves its fingerprint in the de Haas-Van Alphen (dHvA) os-
cillations, and results in the regular angular dependence of the oscillating frequencies. Nevertheless, possible existence of
intrinsic non-trivial states cannot be completely ruled out. Our findings call for further theoretical and experimental studies

to explore novel physics on flux-free grown FeSb; crystals.

Keywords: two-carrier transport, negative differential resistance, quantum oscillations, FeSb, with embedded

antimony
PACS: 71.27.4a, 71.28.4d, 72.20.My

1. Introduction

FeSb, exhibits a colossal Seebeck coefficient at low
temperatures.!-?) Electronic transport and magnetic measure-
ments closely resemble rare-earth Kondo insulator, such as
SmBg, YbB2, CesBisPts, and so on.[3-9 In a Kondo insu-
lator, the hybridization of localized 4 f states and d conduc-
tion bands drives the formation of a small insulating gap caus-
ing a metal-to-insulator transition (MIT) at low temperature,
as in SmBg.!”! Besides the 4f electron system, iron-based
Kondo insulator description is proposed for materials with
localized 3d electron and noncubic lattice structure, such as
FeSi and Fe, VALB-101 FeSb, features similar structure and
physical properties with FeSi, and thus attracts considerable
attention, =141

Electrical transport measurements performed by several
groups show a multi-carrier nature in FeSb,, accompanied
by at least two main energy gaps of ~ 30 meV and ~
5 meV.['>"17l From magnetic measurement, the thermally in-
duced paramagnetic moment has been observed, as expected
in Kondo insulator.!'"-'?! The colossal Seebeck coefficient of
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~ —45 mV/K near 10 K and high thermoelectric power factor
(TPF) of ~ 2300 uW/(K? - cm), are the highest recorded in any
material. !>l Nonetheless, these properties are highly sample-

18,19

and impurity-dependent.l'®!°1 To date, the physical mecha-

nism causing such high value of S is unresolved and could

include electronic diffusion with strong correlations, ['-1%21 or

phonon-drag effect.[>21]

In this paper, we have investigated the electrical trans-
port and magnetization properties on FeSb, single crystals.
Arrhenius plot and two-carrier model analyses are performed
to obtain the band gaps and carrier information. Observa-
tion of current-controlled negative differential resistance (CC-
NDR) may suggest some nonlinear dynamic characteristic at
first glance. However, by careful experiments, an origin of
thermal heating effect is identified. The de Haas-Van Alphen
(dHvA) oscillations are observed in the magnetic torque mea-
surements, which correspond to antimony crystallized in pre-
ferred orientation within the FeSb, crystal during the crystal

growth process.
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2. Experimental methods

FeSb, single crystals were prepared by the method de-
scribed in Refs. [11] and [12], then the as-grown crystals were
oriented using a Laue camera and cut into small pieces with
typical size of 0.8 mmx0.4 mmx0.1 mm. Electrical trans-
port measurements were performed using standard four-probe
method in an Oxford TeslatronPT cryostat with variable tem-
peratures from 1.5 K to 300 K and a magnetic field up to 14 T.
The current—voltage (I-V') characteristics were performed us-
ing the combination of Keithley 6221 current source and
2182A nanovoltmeter. The commercial Cernox thermometers
were used to measure the temperature of the sample during the
current—voltage measurements. Magnetic torque measurement
was carried out using a homemade capacitance torque magne-
tometer similar as Ref. [35] [see Figs. 4(a) and 4(b)]. The
sample was glued onto the tip of a thin brass cantilever, and by
tracking the capacitance between the cantilever and a gold film
underneath, the magnetic torque can be measured in high ac-
curacy. Choosing proper thickness and length of the thin brass
can optimize the sensitivity of the torque magnetometer. The
capacitance was measured using an AH 2700A ultra-precision
50 Hz-20 kHz capacitance bridge at a frequency from 1 kHz
to 5 kHz. Finally, the sample components were checked using
energy dispersive x-ray spectroscopy (EDS) measurement in
an FEI nova nanoSEM 450.

3. Results and discussion
3.1. Magnetotransport properties

Figure 1(a) displays the temperature dependence of the
resistivity of three typical samples. The resistivity of sam-
ple 1 (S1) was measured along ¢ axis whereas for sample 2
(S2) and sample 3 (S3), the b axis resistivity is presented.
Similar trend is seen, i.e., the resistivity shows semicon-
ducting behavior in the whole temperature range, although
anisotropies exist between different samples and different
crystal axes. The resistivity saturates below 5 K, indicat-
ing the existence of a conductive state, which may be in-
duced by impurity states located in band gap.!'>!'”1 By apply-
ing the Arrhenius plot of the temperature-dependent resistivity
(Inp (T) o< (A/2kg)T~"),[!317) the thermal activation energy
gap can be determined. As shown in the inset of Fig. 1(a),
two gaps show up by applying the scaling within two differ-
ent temperature intervals. The gap around ~ 28 meV fitted in
the range of 40 K~ 100 K is the intrinsic energy gap between
the valence and conduction band. The gap of ~ 6 meV for
5 K~ 12 K corresponds to the gap between the extinct impu-
rity level and the conduction band.!!>17-21]

Magnetoresistivity (MR) p,, and Hall resistivity p,, mea-
sured at low temperatures for S1 are illustrated in Fig. 1(b),

from which the basic carrier information of our crystals can
be extracted. Multi-carrier transport behavior at temperature
higher than 5 K is clearly demonstrated by the nonlinear Hall
resistivity and quasi B> law of MR. In order to track the carrier
information of the two energy bands, we employ the standard
two-carrier model as!>%23!

Gtotal _ P1 + P2
XX ’
P+ (RiB)?  pI+(R:B)’
O.total _ RIB _ RzB (1)
Xy 2 2 2 2°
pi+(RiB)”  p;+(R2B)

Each band has two parameters, resistivity p; = 1/n;q;lt; and
Hall coefficient R; = 1/n;q;, where ¢; = +e (i = 1, 2) is the
charge of the carrier, n; is the carrier density and y; is the mo-
bility. This model describes both oy, and oy, very well within
a wide temperature range, and in Fig. 1(c) we plot the fitting
results of oy,. Both bands are electron type in which band 1
has higher mobility ; ~ 103 cm?-V~!.s~! while lower mobil-
ity tty ~ 10 cm?-V~!.s7! is found for band 2 around 5 K. Large
uncertainties appear for band 2 below 9 K due to the increas-
ingly large mobility difference between the two bands. Band
1 becomes dominant at sufficiently low temperature. Herein
we only focus on the high-mobility band 1, and the obtained
carrier density and mobility are summarized in Fig. 1(d) as a
function of inverse temperature. These results agree well with

15171 We note that the carrier density and mo-

earlier reports. !
bility are rather sample-dependent caused by the various im-
purity concentrations. The carrier density falls onto a single
line [dashed line in Fig. 1(d)] when plotted as log (n) versus
T, from which one can evaluate the thermal activation en-
ergy according to n o< exp(—A/2kgT), yielding a gap value
of ~ 8.6 meV. This is in well consistent with previous p (T')
analysis at low temperatures (5 K~ 12 K).[!3:17]

However, below 5 K, the two-carrier model is not ap-
plicable since the quantum coherence effect dominates the
transport. Low-field negative MR appears in this tempera-
ture regime [see the inset of Fig. 1(b)], which is probably
caused by weak localization effect of phase-coherence trans-

15.17.24] However, the ori-

port of the remaining electrons.
gin of the remaining conducting carriers is still unknown,
they may come from the impurity level,!'"®! or potential topo-
logical surface states.!’] Weak localization effect happens
when the carriers are weakly localized by random potential,
which also exists in three-dimensional systems, such as doped
semiconductors. > Further detailed experimental and theo-
retical studies are desired to clarify the underlying mechanism
of weak localization effect as well as the origin of the remain-

ing carriers in FeSb, system.
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Fig. 1. Magnetotransport properties of FeSb, single crystals. (a) The temperature dependence of the resistivity of three FeSb, samples (S1,
S2, and S3). Inset: Arrhenius plot Inp (T') o< T~! of the temperature regimes where p (T) is dominated by thermally activated transport, yields
gap one ~ 28 meV for 40 K-100 K and gap two ~ 6 meV for 5 K-12 K regime. (b) The magnetoresistivity Ap/p and Hall resistivity as a
function of magnetic field at various temperatures. Left inset: zoom in of the 1.5 K curve shows weak localization effect. (c) Two-carrier model
analysis of the magnetic field dependence of the conductivity tensor oy, from 5 K to 25 K for SI. (d) 1/T dependence of the carrier density
and mobility for the dominating band 1 with higher mobility evaluated from panel (c). The dashed black line describes a thermal activation

formulation n o< exp(—A /2kgT), with A ~ 8.6 meV.

3.2. Negative differential resistance

After obtaining the basic carrier information of the en-
ergy bands, we perform further current—-voltage measurements
to study the nonlinear characteristic of this material. Current-
controlled negative differential resistance (CC-NDR) is clearly
observed in our measurements. This exotic phenomenon has
been reported experimentally in multiple material systems
since the early 1960s, such as the oxides of V, Ti, Fe, and many

[27-301 And theoretically, various mech-

[27-30

other transition metals.
anisms have also been proposed. 1 Most of these materi-
als undergo a sharp metal-to-insulator transition (MIT) upon
cooling and the observed CC-NDR in these systems naturally
suggests the current-induced self-heating effect. 2339311 When
a large current is applied, the sample is locally warmed up un-
til the critical MIT temperature, above which the resistivity
drops abruptly. This has an unstable positive feedback effect
on the current and results in the formation of new conductive
channels in bulk material.

Figure 2(a) displays the current-voltage (/-V) curves
recorded at various temperatures from 3.5 K to 15 K of sam-
ple 4 using four-terminal geometry. By sweeping up the bias

current, the voltage climbs up rapidly in ohmic regime until

a critical maximum is reached. It then drops gradually and
enters a negative differential resistance regime (NDR). The
voltage increases again at higher bias current and the ohmic
regime is recovered eventually [see Fig. 2(c)]. The corre-
sponding differential resistance is obtained by numerical dif-
ferentiation of the /-V curves, as shown in Fig. 2(b). When
the current is switched on, the differential resistance decreases
dramatically in the positive ohmic regime and continues to
cross zero until a negative differential resistance regime is ob-
served. The magnitude of the NDR rises and reaches a max-
imum at some certain bias current. Further ramping up the
current, the strength of the NDR drops back smoothly and the
positive ohmic regime is recovered at large bias. The effect is
weaker when the sample is warmed up and disappears above
7 K eventually. It is closely related to the p (T') characteristics
where the resistivity drops rapidly above ~ 5 K as we discuss
later. Figure 2(c) displays the comparison between the I-V
curves captured by sweeping bias current and bias voltage in
a two-terminal geometry. The result is essentially the same as
that measured using four-probe method [see Fig. 2(a)]. It is be-
cause that the contact resistance between electrodes and FeSby
crystal is proportional to the temperature-dependent sample
resistance, like other transition metal oxides and SmB¢ un-
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dergoing an MIT.?!1 The “S”-type feature of sweeping cur-
rent mode is in good consistent with the hysteresis region of
sweeping voltage mode, which is usually caused by Joule-

heating induced MIT.[?®! Similar effects have also been ob-
served in Kondo insulator SmBg !l and some semiconductor

(a) 0.2

0.1

V/V
=

systems. [3233]
— — (¢) 3F s4 T=35K
:positive ohmic = sweep current

sweep voltage

regime

—-0.1

—0.2 1 1 1 1

—-1.0 —-05 O 0.5 1.0

I/mA \7a%

Fig. 2. (a) Current—voltage (/-V) characteristics measured at various temperatures from 3.5 K to 15 K using four-terminal geometry. (b)
Differential resistance obtained by numerical differentiating the -V curves in panel (a), which shows a wide NDR. (c) Comparison between
I-V curves captured by sweeping current bias and sweeping voltage bias using two-terminal geometry. The “S”-type region of sweeping current
mode corresponds to the hysteresis of sweeping voltage mode.

—1.0 —-0.5 0 0.5 1.0
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Fig. 3. (a) Temperature dependence of the resistance R(T') for sample 5 using the temperature readings recorded by a thermometer attached
onto sample surface. Inset: a photograph of the experimental setup. (b) The temperatures recorded on the thermometer as a function of bias
current 7' (I) at various base temperatures. (c) Comparison between the recreated I-V curves (lines) using R(7T'), T(I) shown in panels (a) and

(b) and the /-V results obtained from direct measurements (points). See the main text for details.

To clarify the underlying physical mechanism of this CC-
NDR effect, contributions from Joule-heating effect were stud-
ied in detail. A Cernox thermometer was mounted directly
on top of the sample using GE-varnish to ensure thermal an-
choring and electrical insulation, as the cryostat base tempera-
ture cannot represent the real sample temperature when apply-
ing large current.[*!! Each I-V curve was swept slow enough
to maximize the thermalization between the sample and the
thermometer. By this means, the readings of the thermome-
ter closely represent the sample temperature. In the follow-
ing, we adopt the thermometer temperature as sample temper-
ature. Figure 3(a) displays the temperature-dependent resis-
tance R(T) of sample 5 and a photograph of the experimental

setup is also presented. Both sample 4 and sample 5 show
similar behaviors, so here we focus on the sample 5, as it has
larger surface and better thermal contact with the thermome-
ter. As shown in Fig. 3(b), the sample temperature measured at
various base temperatures 7 (I) increases monotonically with
ramping up bias current. Using the sample R(7) shown in
Fig. 3(a) and V = IR relation, these T (/) data can be trans-
ferred into corresponding V (I) curves. As shown in Fig. 3(c),
the reproduced V (I results (solid lines) match the direct -V
measurements (points) very well. We note that at low tem-
peratures, the calculated V(1) values at large bias current are
slightly higher than the measured ones. It is very likely that we
underestimated the sample temperature, which overestimates
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the sample resistance as well as the corresponding voltage.
This is due to the existence of certain temperature gradient
between the crystal and thermometer, which becomes less sig-
nificant at higher temperatures. Nevertheless, the reproduced
V(I) curves capture the negative differential resistance feature
nicely. Moreover, at the critical region where the NDR starts to
appear [light green area in Fig. 3(c)], the sample temperature
consistently reads out to be 5 K~ 6 K. It locates exactly at the
temperature region above which the sample resistance drops
rapidly [see Fig. 3(a)]. These findings strongly indicates that
the observed NDR effect in our measurements is closely asso-
ciated with the intrinsic transition ~ 5 K of FeSb,, which is,
however, mediated by extrinsic current-induced Joule heating
effect. Similar NDR effects have also been reported in other

systems, which is caused by Joule-heating induced metal-to-

3.3. Magnetic torque measurement of FeSb, with embed-
ded antimony

As discussed in previous section, saturation of resistivity
at low temperature suggests the existence of a conductive state
whose origin is unclear yet. These non-trivial transport prop-
erties remind us of the well-studied SmByg, in which a topolog-
ical surface state is possibly realized.[3!:3435 Experimentally,
dHvA oscillations have been probed in SmBg by high preci-
sion magnetic torque measurements by Li ez al.’>! and Tan et
al.’% The consensus on physical interpretation is, however,
not accomplished. Li er al.®®) argued that a two-dimensional
metallic surface state with light cyclotron mass (~ 0.1 m,) is
responsible for the observed dHVA. In contrast, Tan et al. 3%
found that the Fermi surface is three-dimensional and origi-
nates from the insulating bulk. Similar quantum oscillations
arising from bulk insulating states were also observed both in
magneto resistivity and magnetic torque measurements in an-

other Kondo insulator YB5.[3"]

(e) gf

S2 BJ|[001] T=1.5 K
before polished

~Sb inside‘

(8) [s3 BJ||[101] T=1.5 K
6F —_before polished

insulator transition (MIT).[28:30:31]
(©) 851 BJ|[110] T=1.5 K
g 6 —— before polished
Z,
T 4
o
i
T 2
0
(d) 6757 Bl|[110] T=1.5 K

—— after polished

(f) 3[7s2 B[[[001] T=1.5 K (h) s2r=15K
— after polished 2 i

B/T

4F 77 Jdded Sb

0 4 8 12 0 1 8 12
B/T B/T

Fig. 4. (a) and (b) Optical photograph and a schematic setup of our magnetic torque measurement. (c)—(g) Torque measurements for three as-
grown FeSb, samples (S1-S3) with field applied along different crystal axes, in which nice dHVA oscillations can be seen. Insets: Photographs
of crystals clearly show some remaining antimony flux on sample surface. (d) and (f) The same measurements as panels (c) and (e) for S1 and
S2 after removing antimony flux by proper polishing, which cannot resolve any oscillations at our experimental resolutions. (h) Recovery of
dHvA oscillations by adding some antimony manually onto the polished S2 sample surface. Note: S2 has been polished for two times — After
the first polishing, the antimony is seen and checked by EDS, and the dHVA oscillations are observed. After the second polishing, there are no

remaining antimony and dHvA oscillations.

In Fig. 4, we present the magnetic torque measurements
on samples where residual antimony flux has not been re-
moved. Details of the experiment setup can be found in Sec-
tion 2. At a first glance, perfect quantum oscillations are ob-
served in various samples along different crystal orientations
as shown in Figs. 4(c), 4(e), and 4(g). The embedded anti-
mony residual is easily detected by EDS inspection [see the
insets of Figs. 4(c), 4(e), and 4(g)]. After minimizing anti-
mony contaminations by proper polishing, the aforementioned
oscillations are no longer visible at our experimental resolu-

tions [see Figs. 4(d) and 4(f)]. The oscillations are recovered

when small amount of antimony is manually added onto the
polished crystal (see Fig. 4(h)). Note that the magnitude of the
quantum oscillations is rather small (~ 10~° N-m), which is
comparable to paramagnetic signal of FeSb,. Therefore, the
observed dHVA signals in Sb-embedded FeSb, crystals stem
from the crystalline antimony. Recent magnetic torque study
on flux-grown SmBg with embedded aluminum also found a
similar quantum oscillations. 8! However, possible existence
of non-trivial states cannot be completely ruled out for FeSb;.

We performed quantitative analysis on the observed quan-

tum oscillations using temperature and angular-dependent
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torque measurements. In Fig. 5(a), the temperature-dependent
amplitudes of the dHVA oscillations of S2 (polished 1) are ob-
tained after subtracting a polynomial back ground. It follows
the Lifshitz—Kosevich formula, 3940]

ATm} /B

* sinh (ATm;/B)’ @

where A = 27%kpme/fie ~ 14.69 T/K with kg and m,. be-
ing the Boltzmann constant and free electron mass, and m]
is the cyclotron mass. Using fast Fourier transform (FFT)

of the quantum oscillations, two or three major frequencies

(a) MO : _ S2 polished 1
| crystallmeSb BH [001]
-&‘Lg —15K
0.5
E
4
=
Looof
—
3
¢
—-0.5F
—1.0
(c) 150 ,
1
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= 1
~ 1
5 120f h
]
£ gl :
=
Fy
- i
60
64/cos(0+45°) | 64/cos(6—45°)
—120 —60 0 60 120
¢/(")

marked as a, @', and 8 located between 60 T and 120 T ap-
pear clearly [Fig. 5(d) upper slot and inset]. Indeed, these fre-
quencies are quite similar to those found in antimony.*!l As
shown in Fig. 5(d), a typical FFT result of FeSb, (¢ =68.9 T
and o = 82.0 T, upper graph), is quite close to the FFT re-
sult of antimony (@ = 63.5 T, &’ = 95.7 T, bottom graph).
Using Eq. (2), effective cyclotron masses are evaluated for o
pocket along B || [001] and B || [100] directions as 0.133 m, and
0.094 me, respectively. The estimated effective masses agree
well with those of antimony 0.069 m. ~ 0.18 me,*!! depend-
ing on different field orientations.
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Fig. 5. (a) Amplitudes of the dHVA oscillations at different temperatures after subtracting a polynomial background. (b) Theoretical analysis
according to Lifshitz—Kosevich formulation of the dHvVA amplitudes for o pocket with field applied along two different directions, which gives
a cyclotron mass ~ 0.1me. (c) Angular dependences [schematic diagram seen in Fig. 4(a) and 4(b)] of the three main frequencies in FFT
analysis. The solid lines are the data of the rotation from trigonal axis to bisectrix axis taken from Ref. [41]. The dashed line is a guiding line
of the inverse cosine function. (d) The comparison of the scaled frequency spectra between S2 polished 1 (containing embedded Sb) and S2

polished 2 (no Sb) with added Sb.

In Fig. 5(c), we directly compare the angular dependen-
cies of the FFT frequencies of our sample (points) to those of
single crystalline Sb (solid lines) reported in Ref. [41]. Nice
agreement between « branches is clearly seen although large
discrepancies exist between 3 branches as the remaining Sb
flux is poorly crystalized in our sample. Nonetheless, such a
qualitative comparison implies that the trapped antimony im-
purities are somehow crystalized locally and provides strong
evidence that the oscillations observed in our FeSb, system
are caused by the remaining antimony. Guiding lines of co-
sine function, Fy/cos(0 — @), are also shown for comparison,

offering description of the angular dependence roughly and

suggesting the elongated ellipsoidal Fermi pocket of embed-
ded antimony as the long/short axis ratio is larger than six.[*!]
We have also carefully compared the electrical transport data
before and after polishing, and significant differences are not
found. It is reasonable as the portion of the antimony flux is
negligible compared to FeSb, bulk crystal. But our sensitive
torque measurements are able to pick up their contributions.

4. Conclusions

In conclusion, we have systematically investigated the

electrical transport and magnetization properties on FeSb; sin-
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gle crystals. Band gaps and carrier information were ob-

tained using the Arrhenius plot and two-carrier model anal-

ysis. Current-induced negative differential resistance (CC-

NDR) observed at low temperatures is associated with the non-
trivial transition ~ 5 K, which is triggered by current-induced
Joule heating effect. The switching effect could play an im-
portant role in technological applications and provide a plat-
form for the phase-space analysis in chaotic system. We found
clear dHVA oscillations in torque experiments for our FeSb,
but may arise from antimony contaminations. More detailed
theoretical and experimental studies are desired to investigate
possible non-trivial states in this interesting system. We also
anticipate this work of providing a new platform for physical
studies and potential applications of Kondo insulator.
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