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Anomalous thermal effect in ZrTes observed via photothermal measurements
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In this study, we explore the magnetothermoelectric power (MTP) of ZrTes, a canonical Dirac
semimetal, through a photothermal technique. Unlike conventional thermoelectric studies that rely on on-
chip heaters and are limited by fabrication processes, especially for stress-sensitive materials, our approach
utilizes photothermal effects to induce temperature gradients. Our experiments, applying a magnetic field
approximately parallel and transverse to the photocurrent detection direction, reveal that the photothermal
method efficiently and reliably extracts both diagonal and off-diagonal components of the thermoelectric
coefficient of ZrTes. We observe that the longitudinal MTP reproduces features previously reported in
thermal transport studies, while the photoinduced transverse MTP confirms the anomalous Nernst effect.
This photothermal measurement technique opens avenues for investigating transport properties in a wide
range of quantum materials, in both three-dimensional and two-dimensional systems.
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I. INTRODUCTION

In three-dimensional (3D) topological semimetals, such
as Dirac semimetals [1,2] and Weyl semimetals [3,4], elec-
trons near the conduction—valence-band crossing (Dirac
point) behave as Dirac or Weyl fermions, which have
left or right handedness, so-called “chirality” y = %1
[1,3] (x =p - o for massless particles, where p is the
momentum vector and ¢ = (0x,0,) is the Pauli matrix).
A particularly interesting phenomenon of these fermions
is called chiral anomaly, where the symmetry of the left
and right chirality is violated. The anomaly contributes
to the chiral magnetic effect (CME) that a chiral charge
current can be induced by a nontrivial arrangement of
external fields, specifically parallel electric and magnetic
fields [5,6]. The CME underpins a wide palette of new and
exciting phenomena, such as near-dissipation-less charge
transport [7], negative magnetoresistance (MR), and chiral
magnetic photocurrents [8].
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The CME has a magnetic field dependence. In the
presence of coupling between chiral fermions and an
electromagnetic field, gauge symmetry requires that chiral
charge density, that is, the difference between the charge
density of left- and right-handedness (o5 = pgr — p1),
changes with an external electric field parallel to the mag-
netic field [9]. With a finite static magnetic field, the
conductivity has an additional contribution called chiral
magnetic conductivity [5,6]:

AoGp o B2 )

Here, the index zz denotes the longitudinal conductivity
caused by the parallel electric and magnetic fields (along
the direction of the fields). In other words, the CME
manifests itself as an extra conductivity quadratic in the
magnetic field, that is, negative MR. This phenomenon was
measured in ZrTes [10] and later in Na3Bi [11], Cd;As,
[12,13], TaAs [14], NbAs [15], TaP [16], etc. According
to the well-known Mott relationship [17], thermoelectric
coefficients also acquire a characteristic field dependence
at low fields. In such situations, the Mott formula relates
Ao and the (longitudinal) thermopower, S... In the
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leading order, S.. depends on B as follows [18]:

2 2\ !

5::(B) = (1 — B—) (1 + B—) . 2
S..(0) B} B}

For instance, the dc transport results for Cd;As, with an
on-chip heater are well fitted by Egs. (1) and (2) [19].
Moreover, a recent study of ZrTes further examined those
anomalous behaviors in detail, showing that they were
highly sensitive to the alignment of the magnetic field with
the a axis [20].

ZrTes, as a 3D Dirac semimetal, has been shown to be
a good platform for exploring many macroscopic quan-
tum phenomena. Depending on the sample quality, ZrTes
experiences a Lifshitz transition at various temperatures,
where the hole pocket at high temperature switches to an
electron pocket at low temperature [21]. In the parallel
electric and magnetic field configuration, ZrTes exhibits
the CME in the electronic and thermal transport measure-
ments [10,19,22]. In the transverse electric and magnetic
field configuration, both the anomalous Hall effect [23] and
the anomalous Nernst effect [24] have been observed in
single-crystal samples. The anomalous Hall effect remains
in thin devices of ZrTes [25]. In few-layer samples, inte-
ger quantum Hall effect (QHE) like behavior was reported,
but the original claim of a 3D QHE was challenged by
more recent experiments [26,27]. More intriguingly, ZrTes
can enter the quantum limit at low temperatures and low
magnetic fields. At temperatures below 20 K, quantum
oscillations can be observed in the electronic and thermal
transport of ZrTes, and with only a few teslas, the elec-
trons are confined in the lowest Landau level, and thus, the
system enters the quantum limit [24,28,29].

Here, we use a focused laser beam rather than an on-
device heater to induce a photothermal current in ZrTes.
By taking advantage of the Shockly-Ramo (SR) formalism
[30,31], we selectively measured the diagonal and off-
diagonal components in the Seebeck coefficient. This study
provides a convenient and alternative method to study ther-
mal transport behavior, without the need for an on-device
heating source. In our studies, we find that the magnetic
field dependence of the diagonal and off-diagonal compo-
nents of the thermoelectric coefficient reproduces nearly
identical behavior to previously published results using the
thermal transport method with on-device heaters.

II. METHODS

The samples studied in this work are flux-grown ZrTes
single crystals fixed on SiO,/Si substrate, with fresh tape-
cleaved surfaces. Four 100-nm-thick gold contacts were
evaporated onto the sample through a shadow mask. The
electrically wired samples are measured in a Quantum
Design physical-property-measurement system for tradi-
tional electrical and thermal transport characterization.

The photothermal measurement is performed in a high-
vacuum optical cryostat with a magnetic field up to 7 T
(Opticool, Quantum Design Inc.) The sample is elongated
along the a axis. The contact configuration is displayed in
the inset of Fig. 1(a). In the photothermal measurements,
the a axis of the sample can be placed approximately
parallel or transverse to the magnetic field. Magnetic-field-
dependent dc transport measurements and photocurrent
measurements can be performed with four-probe and two-
probe schemes, respectively. To measure the photocurrent,
we use a linearly polarized CO, laser (A ~ 10.6 um) with
a chopper frequency of 1 kHz. The incident power is 5 mW,
and the focused beam size on the sample is tens of microns
in width. The gap sizes between the two inner contacts are
20 to 100 um, depending on the sample. Due to the thermal
gradient created by the laser, the photocurrent is collected
across the inner pair of electrodes and measured by a
lock-in amplifier. The input impedance of the current-to-
voltage preamplifier (60 €2) is much larger than the sample
resistance (<100 p€2). Therefore, our photocurrent mea-
surement directly scales with the Seebeck coefficient, and
the sample resistance plays a negligible role. Noticeably,
we observe no significant laser-polarization dependence of
the photocurrent.

The theory of photothermal current collection has been
well explained by the SR formalism [30-35]. The signal
can be expressed as

IPC = fjpc . V¢SRd2F X fVT S - V¢SRd21’,

where jpc is the local photocurrent density generated by
a thermal distribution, VT, multiplied by the Seebeck
coefficient, S, and regulated by the overall resistance of
the circuit. Vepsr is an auxiliary electric field established
between the source and drain contacts, assuming they are
at 0 and 1 V, respectively. In our experiments, the sample
and contacts are prepared in regular square shapes, so that
the auxiliary field always points straight from the drain to
the source contact. With the SR formalism, we can measure
one of the components in the Seebeck coefficient matrix by
selectively aligning the magnetic field and beam spot.

III. RESULTS AND DISCUSSION

The dc resistance measurements are performed by the
four-probe method with 1-pA current. As seen in Fig. 1(a),
the resistance peaked around 7, ~ 53 K due to the change
in its dominant carrier type due to the Lifshitz tran-
sition; this was consistent with previous measurements
[21,36]. The measured 7, of our sample is lower than
previously reported values [10,21,24,36-38], suggesting a
lower defect concentration, and thus, good sample quality
[21]. We first examined the Seebeck coefficient using ther-
mal transport methods with the magnetic field along the b
axis of the crystal. The Lifshitz transition of ZrTes is man-
ifested as a strong anomaly with or without magnetic fields
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Transport measurement geometry and results for ZrTes. (a) Result of dc transport measurements without a magnetic field.

Inset, microscope images of our sample with gold electrodes. (b) Temperature dependence of the longitudinal Seebeck coefficient
measured by the contact method. (c),(d) Magnetic field dependence of the longitudinal Seebeck coefficient at temperatures ranging
from 2 to 300 K measured with the magnetic field aligned along the out-of-plane direction (along the b axis of the crystal).

between 50 and 70 K [Fig. 1(b)], consistent with previous
results [21,23]. The sign-changing behavior is due to the
switching of carrier type from holes above the transition
to electrons below the transition. In Figs. 1(c) and 1(d),
we summarize the magnetic field dependence of the See-
beck coefficient from 2 to 300 K measured by the thermal

transport method with an on-chip heater. For data below
20 K [Fig. 1(c)], we observe a clear change of field depen-
dence at around 2 T. The negative MR at low field can be
explained by the weak antilocalization in Dirac semimet-
als induced by magnetic fields [39—41]. The MR changes
to positive at high field. The absolute value of the Seebeck
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FIG. 2. Photothermal measurements of ZrTes in a parallel electric and magnetic field configuration. (a) Schematic of the measure-
ment. Magnetic field is aligned approximately along the a axis of the crystal. Laser is focused around one of the inner contacts. Thermal
distribution of the laser spot, VT, generates the local photocurrent distribution. Photocurrent is collected by the two inner contacts.
(b) MR measured in the configuration shown in (a). Positive MR indicates that the alignment of the magnetic field is not strictly along
the electric field direction. (¢) Magnetothermal photocurrent measured in the configuration shown in (a). Despite alignment of the
magnetic field not being strictly in the parallel electric and magnetic field configuration, photocurrent signal shows a negative field

dependence at low magnetic fields.
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coefficient at a nonzero field gradually increases until 60 K
[Fig. 1(d)] [21], beyond which the value quickly switches
signs due to the Lifshitz transition. The transition behav-
ior is consistent with our previous results on samples using
identical preparation methods [18].

Now, we perform photothermal current measurements
to extract the magnetic field dependence of the longitu-
dinal component of the Seebeck coefficient. A schematic
of the measurement is shown in Fig. 2(a). The magnetic
field is aligned approximately parallel to the a axis of the
crystal. The source and drain contacts are also aligned
with the a axis. The MR of our sample is displayed in
Fig. 2(b). The result did not show negative MR due to a
small misalignment of the sample’s a axis with the mag-
netic field. As shown in Fig. 2(a), we focus the laser-beam
spot around one of the inner contacts. The laser generates
a thermal distribution, and consequently, a photocurrent
distribution on the sample surface. The local photocur-
rent distribution generated along the ¢ and b axes of the
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crystal does not contribute to the acquired current because
the auxiliary field defined in the SR formalism aligns
from the drain to the source (along the a axis). The only
contributing local term is jpc , ¢ S4q9,7T, and thus, the col-
lected nonlocal signal is Ipc o S, (B). In Fig. 2(c), we
show the acquired magnetothermoelectric power (MTP).
We observe a negative magnetic field dependence of the
photothermal signal at low field and a switch to positive
dependence at 3—4 T below 20 K. This behavior is absent
in our data above 50 K. Together with the positive MR, we
reproduce identical features of the published results [20]
with a 3° misalignment of the magnetic field. We note that
our sample is also flux grown. According to Ref. [20], the
crystal growth method may influence the electron behavior
of ZrTes, which is assumed to be critical for understanding
the MR and MTP behavior at low temperatures. The sam-
ples used in both experiments also share similar Lifshitz
transition temperatures, indicating that the reproduction
of identical magnetothermoelectric behavior is reliable.
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FIG. 3. Photothermal measurements with a magnetic field perpendicular to the a axis of the crystal. (a) Experimental schematics
with axes definition. (b) Side view of the schematics to characterize the direction of field B, thermal gradient VT, and current V¢gg.
(c) In general cases, both signals symmetric and antisymmetric to the magnetic field contribute to the photocurrent measurement.
(d) By carefully aligning the laser spot to the center point between two contacts, the symmetric component can be removed, and the
signal is solely contributed to by the transverse component of the thermoelectric coefficient.
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According to finite-element-method simulations with COM-
SOL Multiphysics using an a-axis thermal conductivity of
ks ~ 50 W/(m K) at 4 K, and beam width of about 70 um,
the temperature difference between two electrodes is found
to be about 0.1 K. These results confirm that the pho-
tothermal method can faithfully extract the longitudinal
MTP.

Next, we demonstrate the photothermal current results
with the in-plane magnetic field aligned with the ¢ axis to
extract the magnetic field dependence of the Nernst coeffi-
cient [Fig. 3(a)]. Unlike in the previous measurement, we
adjust the focusing spot of the laser to the middle point
of two inner contacts. The laser generates thermal distri-
butions in both the in-plane and out-of-plane directions
[Figs. 3(a) and side view in 3(b)]. In this configuration,
because the magnetic field is aligned in plane, the auxil-
iary field defined in the SR formalism still points straight
from the drain to the source contact. The local current
flowing in the c- and b-axis directions does not contribute
to the signal. The remaining contributing term is jpc, X
—Spa0p T+ Sza0,T. The Sp, contribution is antisymmet-
ric to the magnetic field, whereas the S,, contribution is
symmetric. Without too much adjustment, we can readily
observe the sum of both signals, as shown in Fig. 3(c).
We note that the in-plane (a-c plane) thermal gradient
can generate an in-plane photocurrent along both the +a
and —a directions. Therefore, by carefully adjusting the
position of the illumination spot, the integration of the
longitudinal contribution can be zero. In our simple sam-
ple configuration, we align the beam spot to the middle
point between two contacts to make sure the S, contri-
bution (symmetric in the magnetic field) is always zero.
The remaining S5, component has zero signal at B=0, as
shown in Fig. 3(d). The contribution from Sj, depends on
the thermal gradient along the out-of-plane (9, 7) direction,
as shown in Fig. 3(b). The sign of the gradient does not
depend on where the photocurrent is generated. Therefore,
the Sp, term is not canceled upon integration. As expected,
our data in Fig. 3(d) show that the photothermal signal,
Ipc X Spa(B), is antisymmetric in B (80, 110 K).

The saturating behavior of the transverse component of
the MTP indicates an anomalous Nernst effect. The nor-
mal Drude-like Nernst coefficient, Sf,\il (B) , decays to zero
at high field, while the anomalous Nerst coefficient, Sgla (B),
saturates to a finite value. They can be approximated as

B

sV @) =5y —H7 3

’ * 1+ (uB)® ®
A A B

Sy, (B) = AS;, tanh (—) , 4)
By

respectively [18,42]. Here, i and By are the charge mobil-
ity and the field where the anomalous effect saturates.
S) and AS{ denote the amplitudes of conventional and
anomalous components of the Nernst effect, respectively.

At high field, we observe a saturating Nernst effect rather
than vanishing behavior at all temperature points investi-
gated below 100 K, supporting the existence of anomalous
thermoelectric effects [24]. Interestingly, at the base tem-
perature of the experiment, 7 K, we observe weak quantum
oscillation behavior arising from Landau bands. Compared
with previous thermal transport results [24], the oscilla-
tion amplitude is weaker at similar temperatures, which
is likely to be due to the heating effect of the 5-mW
illumination on the sample surface.

IV. CONCLUSION

In this work, we investigated the magnetothermoelectric
power of the 3D Dirac semimetal ZrTes. Instead of using
canonical thermal transport techniques, we take advantage
of the photothermal effect to induce local photocurrent
density. Due to the simple geometry of the sample and
contact configuration, we can selectively acquire the lon-
gitudinal and transverse components of the MTP. In the
approximately parallel electric and magnetic field regime,
our photothermal measurements reproduce nearly iden-
tical features to the result acquired from thermal trans-
port measurements with an estimated 3° misalignment of
the magnetic field [20]. In the transverse magnetic field
regime, we measure the Nernst thermopower. The satu-
ration behavior at high magnetic fields is consistent with
the anomalous Nernst effect previously observed in canon-
ical thermal transport measurements. Our study highlights
that the photothermal experiment serves as a convenient
and reliable method to study the thermoelectric behavior of
bulk samples. This technique can also be broadly applied
to thin films, thin crystals, and two-dimensional materials.
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