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We report a transport, thermodynamic, and spectroscopic study of ZrTes with a focus on elu-
cidating the connections between its band structure and unusual thermoelectric properties. Using
time and angle resolved photoemission spectroscopy (tr-ARPES) we observe a small electronic band
gap and temperature dependent Fermi level which traverses from a single valence to conduction
band with lowering temperature, consistent with previous reports. This low temperature Fermi
surface closely matches that derived from quantum oscillations, suggesting it is reflective of the bulk
electronic structure. The Seebeck and low field Nernst response is characterized by an unusually
large and non-monotonic temperature evolution. We find this can be quantitatively explained using
a semiclassical model based on the observed band character and a linear temperature shifting of the
Fermi level. Additionally, we observe a large, non-saturating enhancement of both thermoelectric
coefficients in magnetic field. We show this can be captured by the Zeeman energy associated with
a large effective g-factor of 25.8 consistent with that derived from Lifshitz-Kosevich analysis of the
quantum oscillations. Together these observations provide a comprehensive picture of ZrTes as a
model high mobility small Fermi surface system and potential platform for significant magnetic field

driven thermoelectricity.

I. INTRODUCTION

The layered material ZrTes; has seen a renewed inter-
est in recent years following the prediction that it could
harbor topologically non-trivial ground states [1]. Origi-
nally investigated as a potential charge density wave host
[2, 3], the system shows a large, sign-changing Seebeck
response long interpreted as evidence for a change of
dominant carrier type [4]. The nature of this crossover
has become of heightened interest, as different theoretical
models [1, 5-9] and experiments including ARPES [10-
16], Scanning Tunneling Spectroscopy (STS) [12, 13, 17],
infrared spectroscopy [18-21], and quantum oscillations
[22-26] suggest the system could be a strong topologi-
cal insulator (TT), weak TI, or Dirac semimetal. At the
same time, recent studies have reported a remarkable set
of exotic but seemingly disparate phenomena including a
chiral magnetic effect [27], anomalous Hall effect [28, 29],
discrete scale invariance [30], three-dimensional quantum
Hall effect [31], exotic thermoelectric response [32-35],
and photo-induced phase transition [36-40]. The under-
standing of the underlying electronic structure that drive
these observations is of significant interest.

It has been pointed out that the electronic structure
including the ground state topology are highly sensitive
to the lattice constant of ZrTes [1, 5] which in turn can
be affected by the growth method [30, 41], consistent
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with experimental results showing the high sensitivity of
the system to strain [42]. This calls for comprehensive
studies of ZrTes single crystals to connect observations
of transport exotica with the electronic band structure.
Here, we report an investigation of single crystals grown
by chemical vapor transport (CVT) which are character-
ized by anomalously large and non-monotonic Seebeck
and Nernst effects. We have further performed mea-
surements of electronic transport, magnetic torque, and
time and angle resolved photoemission spectroscopy (tr-
ARPES) as well as electronic structure calculations. We
show that we can quantitatively describe the thermoelec-
tric, quantum oscillation, and spectroscopic results with
a model of a small gap (Agap = 27 £ 5 meV) TI with
a temperature dependent Fermi level (shifting with rate
ky - v = 0.48 £ 0.06 meV/K). This establishes a con-
crete description of ZrTes grown in this manner that will
further enable band engineering for topology and high
thermoelectric performance.

II. RESULTS AND DISCUSSION

ZrTes crystallizes in the orthorhombic structure of
space group Cmem (D37, No.63), shown in Fig. 1(a, b).
The structure is composed of ZrTes prismatic chains ori-
ented along the a-axis with additional Te atoms forming
zig-zag between them. A weak inter-chain coupling ex-
ists such that two-dimensional layers are formed in the
ac plane (denoted by black dashed lines). The coupling
between the layers is van der Waals in nature and is much
weaker than the inter-chain coupling; the crystal struc-
ture is highly anisotropic in all three directions. The
crystals presented here were grown by chemical vapor
transport [41] (CVT) and have a morphology character-



ized by a long ribbon-like shape with a typical dimension
of 3 mm X 0.05 mm x 0.5 mm along the a, b, and c-axes.

A. Temperature dependence of Fermi level

We measured the electric and thermoelectric trans-
port response in isothermal and open circuit condi-
tions, respectively. A photo of the thermoelectric mea-
surement setup is shown in Fig. 1(c). As shown in
Fig. 1(d), the zero field longitudinal resistivity pg. ex-
hibits a hump structure upon cooling peaking near T,, =
133 K, as is often reported in CVT grown single crystals
[22, 23, 25, 41, 43, 44]. Concomitant with this feature,
the Seebeck coefficient S,, passes through zero. The
sign change of S,,, as well as the low field Hall coeffi-
cient suggest that transport is dominated by hole type
carriers for temperature 7' > T}, and electron type be-
low. For temperatures near 7}, the zero field limit of
slope of the Nernst effect dS,,/dB|p=o shows a sign re-
versal. For T' < 80 K, the system appears to cross over
from semiconducting to Fermi liquid behavior suggestive
of an electron-like metal. More quantitatively, a linear
Szz(T) behavior typical for a normal metal is observed,
following the Mott formula S = %2 k%T (3(1312 g
er is the Fermi level with respect to the band bottom
and o is electron conductivity. For a simple metal, this
reduces to the well-known expression S kEBFT. A lin-
car fit yields %z = —1.59 uV/K?[45]. In addition, the
electrical response is well described by parabolic law[46]
Pee = po + A-T? where A = 0.05 £ 0.02 uf2 - cm/K2.
Qualitatively, this can be explained by a simple semicon-
ducting band structure and T-dependent Fermi level as
sketched Fig. 1(e).

We have performed angle-resolved photoemission spec-
troscopy (ARPES) on crystals from this same batch.
Shown in Fig. 1(f) are energy-momentum cuts across the
I" point taken at T' = 35 K and T' = 94 K, as well as

J

)EF, where

their difference. While the band shape remains largely
unchanged, a clear downwards energy shifting at lower T’
is observed. Such a shift has been observed in a number
of recent reports on CVT grown crystals [15, 16]. This is
qualitatively consistent with the rigid band shift depicted
in Fig. 1(e).

Significant attention has been aimed at understand-
ing the nature of the band gap in ZrTes including if it is
gapped or gapless [15, 16], as well as the origin of resistiv-
ity anomaly [6-9]. We show here that the experimental
observations above can be quantitatively captured by a
gapped scenario depicted in Fig. 1(e). Starting with the
assumption of a symmetric semiconducting band struc-
ture with a gap Ag.p and Fermi level at ep, from the
Drude model the low field Seebeck and Nernst coefficients
are

h _ e
S, = kp .pA nA ’ )
e p+n
kg —2pn (Ah + Ae)
e S N A 2
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where kp is Boltzmann constant, e is free electron charge,

we is the cyclotron frequency, 7,, is the momentum re-
kg [ |A¢

laxation time, and £2 A¢(h) = =2
e e kT

to the single carrier type Seebeck coefficient. Given the
semiconducting structure, the electron (hole) density n
(p) are proportional to exp( _klﬁi,fl ), with |Ae| the en-
ergy difference between band top (bottom) and the Fermi
level.

Previous ARPES observations suggest that the Fermi
level shifting is approximately linear in energy in the in-
termediate T range of the resistivity anomaly [15]. We
approximate ep —e€,, ~ —vkpg(T —T,,), where €, denotes
the mid point of band gap, T, denotes the temperature
when Fermi level is degenerate with the midpoint, and
is defined as a dimensionless shifting rate. Applying this
to the model above, we arrive at expressions for the low
field thermoelectric coefficients:
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Whereas a single-band semiconductor with a static
Fermi level the thermoelectric coefficients will be mono-
tonic and retain the same sign at different T, the shifting
of er allows for a dynamic response. The corresponding

electrical response is also shown above. Similar to the
case of the thermoelectric response, the additional degree
of freedom associated with shifting e makes an impor-
tant modification to the electrical transport response as



a function of T

We compare the expectations for Eq. (3)-(6) to the ex-
perimental results in Fig. 1(d). We directly fit p,,(T)
and S;.(T) and for the Nernst and Hall response we fit

the low field slope e ’ and Py ’ . The fit cap-
W P€ a8 |5 dB |p_.g P

tures the intermediate and high T' respo?lse with fit pa-
rameters and error bars listed in Table I. The obtained
ky - v = 0.48 + 0.06 meV /K is consistent with recent
ARPES reports [15], where the band shifting rate is ap-
proximately 0.43 meV/K. The obtained Agap = 27+ 5
meV is also consistent with our time-resolved ARPES,
which we discuss below. The error bar above is defined
as the standard deviation among the results in Table I.

For T < 80 K, the above model fails to capture the
transport response, as would be expected upon entering
the metallic regime. Moreover, as noted above, pg.(T)
and S, (T) are captured by the behavior of a simple
metal, naturally suggestive of a drop in the magnitude
of v. However, the energy-momentum cut of the valence
band from the present ARPES results suggests that band
shifting persists below 94 K, which requires further the-
oretical attention.

B. Fermiology of conduction band

We further verify the above description of CVT grown
ZrTes by studying the Fermiology of the low temperaure
band structure with quantum oscillations and tr-ARPES.
For the former we examine the low temperature magne-
toresistance Apy. (H,T) = pzo(H,T) — poe(H, T = 15
K), i.e. using the T = 15 K trace as a background. This
is shown plotted against 1/H in Fig. 2(a) for field applied
along the b axis. Clear Shubnikov-de Haas (SdH) oscilla-
tions are observed, onsetting near uHy ~ 0.25 T, indicat-
ing a quantum mobility exceeding p = 1/ugHg ~ 4 x 10%
cm?/Vs. The oscillation frequency B} is 5.070 £ 0.005
T which corresponds to a Fermi surface cross section
A% = 4.84+0.01 x 10~* A=2. This is consistent with
de Haas-van Alphen oscillations observed in magnetic
torque measurement[46].

We have measured the detailed angular dependence
of the SAH effect; the variation of oscillation frequency
B} as the field rotates away from b axis are plotted in
Fig. 2(e), where red squares (blue triangles) denotes ro-
tating in ab (bc plane) and 6 (¢) denotes the angle be-
tween b axis and field direction. The angular variation is
consistent with an ellipsoidal (3D) rather than cylindri-
cal (quasi-2D) Fermi surface (dashed lines). This is also
emphasized by the corresponding Landau fan diagrams
(Fig. 2(e) inset) in which a saturating slope for H||b is
observed. Assuming an ellipsoid Fermi surface, the corre-
sponding Fermi wave vectors are k% = 9.46 x 1073 A~1,
kS =1.63 x 1072 A=! and k% = 9.32 x 1072 A~! (de-
picted in Fig. 2(d)). This ellipsmd Fermi pocket corre-
sponds to a carrier density of n = (2 @ Vrs = 4.85 % 1017

cm ™3, in good agreement with that obtained from the

Hall coefficient n = 4.71 x 107 cm™3. Together, these
provide a consistent picture of the low T Fermi surface
being composed of a single electron pocket.

We can provide a further quantitative comparison with
analysis of cyclotron effective mass m*, carrier lifetime 7,
and effective g factor from the Lifshitz-Kosevich formula
[47]:

B%
Apas x RrRpRs - cos <2W(Bf + ¢)> (7)

The oscillation amplitude is modulated by three factors:
the thermal factor Ry = & /sinh(%F) due to thermal

broadening, the Dingle factor Rp = exp ( O‘TD) due to

scattering, and the spin factor Rg = cos (%) due

to Zeeman splitting, where a = The oscilla-
tion amplitude Ap,.(T) at ﬁxed ﬁeld (H||b) is plotted
in Fig. 2(b), with a fit to Ry yielding an average ac-
plane m} . = 0.028m, (the result of each field is shown
inset) and Fermi velocity v = h(k%)/m’. = 4.1 x 10°
m/s. As shown in Fig. 2(c), an average Dingle tem-
perature Tp = 1.65 K is found from a linear fit to
In (Apye/Ry) Jo < In(Rp) /o = =L2. From T)p = Ty
this corresponds to a lifetime 7 = 0.75 ps, comparable to
Tm = 1.17 ps calculated from the Hall mobility and m;,

We note that the analysis of above is restricted to
woH < 1.3 T, as in larger field a pronounced Zeeman
splitting becomes evident, as shown in Fig. 2(a) and its
inset. The modulation effect due to Rg can be rewritten
as

2m? kBm

BIW \

By
Rg cos (27r(

) Z cos (271' + ¢+ gm
4dme,

where the summation is over two spins (+(-) for spin up 1

(down |)). Therefore, the spin split Landau level indeces
Bl
correspond to the lines with nqy) = ~5— + ¢+ 4m , as

shown in the inset of Fig. 2(a) for H||b. Linear fitting
gives B} = 4.85+0.04 T (intercept=0.29+0.02) and B}% =
5.31+0.07 T (intercept=—0.16 £0.04), corresponding to
g~ 25.8.

Turning to spectroscopy of the conduction band, re-
sults of tr-ARPES performed at 7' = 35 K are shown
in Fig. 3(a, b). Here, the conduction band at ep and
the band gap Ag,p, are clearly resolved. The horizontal
red bar and dashed red lines in Fig. 3(a) indicate the
magnitude of Fermi wave vector k% and Fermi velocity
v% obtained from quantum oscillations, which are in ap-
proximate agreement. Ag,;, derived from the transport
data in Fig. 1(d) is also drawn in Fig. 3(a). In Fig. 3(b)
the Fermi surface cross section is again compared with
an in-plane spectrum, showing good agreement at €p.

Using the Brillion zone defined in Fig. 3(c), in Fig.
3(d) we show the band structure at I" point of the three
possible phases for ZrTes, namely strong T1 (left panel),




TABLE I. Comparison of fitting parameters for the Fermi level shifting rate v, zero-field energy gap Agap, mid-point temperature
T, and power law of inverse scattering time 7 for three samples s0, s1, and s2. Fitting to the zero field resistivity pzz, low
field slope of the Nernst response dSy,/dB, zero field Seebeck coefficient Sz, and low field Hall slope dpy»/dB are shown.

sample s0 sl sl s2 s2
Fitting pze(B =0)|(dSya/dB)B—0|Szx(B =0)| pze(B=0) |(dpyz/dB)B—0
Fit regime 110-190 K 100-300 K 80-300 K | 110-190 K 100-180 K
kp -y (meV/K)|0.42+0.01| 0.55+0.02 |0.53 4+ 0.02[0.417 +0.004| 0.46 +£0.03
Agap (meV) 25 + 27 - 2442 33+8 -
T (K) 136.6 0.9 130 £ 2 137.0+0.4| 142.14+0.2 127+ 1
B(rocT™) | 1.8£1.0 02+£1.1 1.00£0.08] 1.7+0.3 -

Dirac semimetal (middle), and weak TI (right), calcu-
lated by density functional theory (DFT) [46, 48-53].
The electronic topology of ZrTes is known to be ex-
tremely sensitive to the values of its lattice constants [5];
here, the three panels in Fig. 3(d) are obtained in se-
ries through expanding unit cell volume by 8 x 10~7%,
from left to right (the direct gap for the strong TI and
weak TT phase nominally agree with experimental obser-
vations). In each, the Fermi level is shown for which the
Fermi surface volume matches that of the quantum oscil-
lation analysis (dashed line). The corresponding Fermi
pockets are plotted in the insets. The band inversion
of the strong TI leads to a weaker dispersion; compar-
ing the flatness of these ellipsoids, the strong TI case is
closer to that from quantum oscillation results depicted
in Fig. 2(d). However, surface states were not seen in
the tr-ARPES measurements (nor in the previous static
ARPES reports with high energy resolution [15, 16]),
which indicates an weak TI. Nevertheless, one possible
scenario for this within a strong TT system is leakage of
surface state into the bulk due to small band gap. The ex-
pected inelastic mean free path of excited electrons here
is 2-7 nm compared to the penetration depth of surface

states estimated to be 45 nm from Ag,, = (2}151)*2. Addi-

tional experiments to probe the potential surface states
are of significant interest.

C. Field Enhancement of S;, and Sy,

At 100 K < T < 150 K where the thermoelectric re-
sponse changes most rapidly, we observe a strong en-
hancement of both S, and Sy, with increasing H ||b, con-
sistent with recent report [32, 35]. As shown in Fig. 4(a,
b), peak magnitude of S, (7T') is enhanced more than 3
fold at 14 T, reaching 500 xV/K, while that of Sy, ap-
proaches 700 ¢V /K. The maximum values at fixed H for
both quantities appear to be monotonically increasing
with H without saturation at our largest applied fields
(see Fig. 4(d)). The Seebeck coefficient of a simple metal
is not typically strongly enhanced in field; this suggests a
significant modification to the electronic band structure.
Given the acute sensitivity of ez to T, one natural origin

for this response would be a magnetic field dependence to
er. To connect these, we plot the H dependence of the T
at which the thermoelectric coefficients peaked and the
zero crossing for S, (T) occur. They show similar be-
havior with features shifting towards higher temperature
for stronger magnetic fields, consistent with a spin down
valence band being raised by the Zeeman energy at high
temperature. Upon cooling, this would lead to the Fermi
level traversing the gap at higher 7', which can be tracked
by a vanishing S, (7T") and maximal Sy, (7"). From zero
field to H = 14 T, the observed shift is approximately 40
K, which corresponds to a Fermi level shift of ~ 20 meV
given the fitted shift rate v from Table I. This is compa-
rable to the size of the Zeeman splitting ~ 20 meV given
the large g factor. We note also this is approaching the
size of the zero-field energy gap, suggesting a potentially
complex evolution at high field. Thus despite their un-
usually large magnitude, these effects are consistent with
the band structure described above. It is of significant
interest to pursue these and related materials to higher
magnetic fields to test recent predictions for extremely
large field-induced figure of merit Z7T in systems with
highly dispersive bands [54].

IIT. CONCLUSION

We have synthesized single crystals of ZrTes; by chem-
ical vapor transport and probed the band properties via
electric and thermoelectric transport, magnetic torque,
and tr-ARPES. Both transport and photoemission re-
sults indicate a temperature dependent Fermi level shift-
ing across a small gap. A semiclassical calculation of the
transport coefficients based on such a model describes
the observations, yielding k;, - v = 0.48 & 0.06 mev/K
and Agap = 27 £ 5 meV. For T below this range, the
system behaves metallically. Quantum oscillations and
ARPES reveal a consistent picture of an a light-mass
(0.028m,.), small ellipsoidal electron pocket with large
vp &~ 4 x 10° m/s. First principle calculations of band
structures for each topological phase are done to com-
pare with quantum oscillation results. The lack of sur-
face states in ARPES is consistent with weak TI regime,
whereas they may also be explained by the leakage of



surface state into the bulk due to the small band gap.
Finally, a significant enhancement of both the Seebeck
and Nernst effect with magnetic field indicates that the
band structure is strongly affected in H, consistent with
the relatively large g = 25.8. Together this study demon-
strates that comprehensive experiments and analysis of
single crystals of ZrTe; grown in the same manner can
produce a clear picture of the underlying physical mech-
anisms for unusual transport effects. Extending these
studies to the recent exotica reported [27-31, 33, 36-40]
in ZrTes grown by various methods may elucidate the
origin of the rich electronic physics in this system.
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FIG. 1. (a,b) Crystal structure of layered compound ZrTes. (c¢) Photo of thermoelectric measurement setup. (d) Resistivity
and thermoelectric response for the zero magnetic field limit. The solid and open blue circles (cyan squares) of Szo (Syz) refer
to data with heater power 0.25 mW and 0.5 mW. Solid lines in (d) are fittings according to the Fermi level shifting model
sketched in (e) (see text). (f) ARPES energy-momentum cuts across the I' point taken at temperatures of 35 K (left) and 94

K (middle); darker color denotes higher intensity. The intensity difference (high temperature minus low temperature) is shown
in the rightmost panel.
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FIG. 2. (a) Oscillatory magnetoresistance Apze = pzz(H,T) — pze(H,T = 15 K). The inset shows the spin-split Landau fan
diagram. (b) Oscillation amplitude Apy,(T) at fixed field with H||b. Dashed lines are fittings according to thermal damping

(see text) and the fitted effective mass is plotted in the inset. (c¢) Dingle analysis fits, where a = 2"22757”*. The fitted Dingle
temperature Tp and carrier lifetime 7 are plotted in the inset. (d) Illustration of measurement configuration for quantum
oscillations and relation to crystal structure along with a schematic depiction of the observed ellipsoidal Fermi surface. (e)
Quantum oscillation frequency as a function of field angle. Red squares (blue triangles) refer to rotating from b to a (c) axis.
Both transport (solid) and torque (open) results are plotted. Dashed lines are fits to either ellipsoid or cylinder Fermi surface.

Landau fan diagrams are shown in the insets.
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FIG. 3. (a) tr-ARPES energy-momentum cuts across the I' point at different time delays, probed at T = 35 K. k, is along
the a-axis and k, = 0 corresponds to the I' point. At the Fermi level, the solid red bar and dashed line refer to k% and v%°
determined from quantum oscillations, respectively. The gap size Agap is determined from the transport data analysis is also
drawn. (b) Energy contours obtained 1 ps after photoexcitation, at energy e = F — Er = 50, 0, -50 meV, where k; is along the
a axis and k. is along the c axis. The integration window is 50 meV. The red ellipse represents the Fermi surface size obtained
from quantum oscillations. (c) Brillioun zone and (d) band structure calculated by density functional theory. The left, middle
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FIG. 4. (a) Thermopower Si, and (b) Nernst coefficient Sy, as a function of temperature in different magnetic field H. (c)
Shifting of the Sy, and Sy, peak temperature with H as well as the H-dependence of the zero-crossing of Sz (7). (d) The
maximum value of Sz, and Sy, as a function of magnetic field. The error bars in (c¢) and (d) reflect the discreteness of the
field-dependent data set.



