Visualization of bulk and edge photocurrent flow in anisotropic Weyl semimetals
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Materials that rectify light into current in their bulk are desired for optoelectronic applications.
In inversion-breaking Weyl semimetals, bulk photocurrents may arise due to nonlinear optical pro-
cesses that are enhanced near the Weyl nodes. However, the photoresponse of these materials is
commonly studied by scanning photocurrent microscopy (SPCM), which convolves the effects of
photocurrent generation and collection. Here, we directly image the photocurrent flow inside the
type-1I Weyl semimetals WTez and TalrTes using high-sensitivity quantum magnetometry with
nitrogen-vacancy center spins. We elucidate an unknown mechanism for bulk photocurrent genera-
tion termed the anisotropic photothermoelectric effect (APTE), where unequal thermopowers along
different crystal axes drive intricate circulations of photocurrent around the photoexcitation. Using
overlapping SPCM and magnetic imaging at the sample’s interior and edges, we visualize how the
APTE stimulates the long-range photocurrent collected in our WTey and TalrTey devices through
the Shockley-Ramo theorem. Our results highlight an overlooked, but widely relevant source of
current flow and inspire novel photodetectors using bulk materials with thermoelectric anisotropy.

For directional photocurrent flow absent of bias volt-
age, symmetry breaking is an essential ingredient [1-
5]. In devices, symmetry is commonly broken by join-
ing dissimilar materials or different dopings of the same
material, driving photocurrent flow through a difference
in their Seebeck coefficients [6, 7] or through the built-
in electric field at a p-n junction [8, 9]. Generating
photocurrents throughout a single homogeneous mate-
rial can, however, be advantageous. One such intrinsic
mechanism is the bulk photovoltaic effect (BPVE), a non-
linear optical process exhibited by non-centrosymmetric
crystals [10-13]. The BPVE generates a directional pho-
tocurrent, controlled by the light’s polarization, from the
asymmetry in the electron wavefunctions before and after
photoexcitation.

Nonmagnetic Weyl semimetals, which feature topologi-
cal band touchings preserved by the breaking of inversion
symmetry, are compelling candidates to host the BPVE.
Recent insight has cast the BPVE in terms of the quan-
tum geometric properties of the band structure, predict-
ing an enhanced response for low-energy excitation due
to the diverging Berry curvature near the Weyl nodes
[12-14]. Indeed, experiments on non-centrosymmetric
Weyl semimetals, including WTes [15], TalrTey4 [16, 17],
MoTe; [18] and TaAs [19-22], have demonstrated signa-
tures of shift and injection currents, which correspond to
the components of the BPVE controlled by linearly and
circularly polarized light, respectively. However, these
observations rely on scanning photocurrent microscopy
(SPCM) [15-20] or terahertz emission [21, 22], neither of
which can resolve the microscopic details of the photocur-
rent flow. In SPCM, a focused laser beam is rastered on
a device while recording the total current between two

distant contacts [23]. For gapless materials, the global
diffusive photocurrent collected by SPCM is indirectly
induced by the intrinsic photocurrent local to the pho-
toexcitation through the Shockley-Ramo mechanism [24].
This local photocurrent is invisible to SPCM, yet cap-
tures the essential light-matter interaction.

To clarify their photocurrent response, here we directly
visualize the two-dimensional (2D) photocurrent flow in
the type-II Weyl semimetals WTey [25] and TalrTey [26].
Our unique photocurrent flow microscopy (PCFM) tech-
nique is enabled by the high-sensitivity magnetic imaging
of the photocurrent’s Oersted field with nitrogen-vacancy
(NV) centers in diamond [27]. We resolve for the first
time the vector photocurrent density J(r) at the point
of photoexcitation and discover that it surprisingly cir-
culates in material-distinctive patterns aligned with the
Weyl semimetal’s crystal lattice. This local flow pat-
tern, explained by our theoretical and ab initio simula-
tions, reveals that the primary photocurrent mechanism
in our devices is unrelated to nonlinear optical processes
or Weyl excitations [15-17]. Rather, it originates from
a robust, but overlooked broken symmetry of the bulk:
the anisotropy in the in-plane thermopower. Using co-
incident SPCM and PCFM imaging, we visualize how
this anisotropic photothermoelectric effect (APTE) stim-
ulates the collected long-range photocurrent through the
Shockley-Ramo framework when exciting low-symmetry
edges and in the device interior for particular contact
geometries. Our observations open novel concepts for
broadband, position-sensitive photodetectors using ho-
mogeneous materials with intrinsic Seebeck anisotropy.

Figure la displays our room-temperature experimen-
tal configuration (see Supplementary Section 1) that ex-
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FIG. 1. Experimental overview. (a) Dual-beam scanning confocal microscope for PCFM and SPCM imaging. Samples are
transferred onto prefabricated contacts on a diamond membrane containing a near-surface layer of NV centers. The linearly
polarized red beam (661 nm) excites photocurrents in the sample, while the green beam (515 nm) interrogates the NV spins,
which sense the local magnetic field. Beg+ denotes the external bias magnetic field. Inset: Schematic energy level diagram of
optical absorption by the Weyl semimetal (661 nm) and NV center (515 nm). Subsequent relaxation leads to heating for the
Weyl semimetal and photoluminescence (PL) for the NV center. The |ms = 0) and |—1) states of the NV spin-triplet ground
state are used as the qubit sensor. (b) Crystal structure of Tg-WTe, in the ab-plane. A single layer within the two-layer unit
cell is shown. The unit cell, C> screw axis, and tungsten zigzag chain are highlighted in green. Mirror plane M, (glide mirror
plane J\A/Ilb) exists perpendicular to the a-axis (b-axis). (¢) Quantum lock-in detection of photocurrent. The green laser and first
microwave (MW) pulse initializes a NV superposition state. Pulsed photocurrents J with on/off time 7 are generated by the
red laser, while a commensurate series of MW m-pulses are applied to the NV center. The MW sequence (XY8-N) allows only
the resonant photocurrent magnetic field, with component Bpc along the NV center axis, to affect the NV spin precession.
The last green laser pulse reads out the final state to determine the total phase precession. (d) Bloch sphere illustrations of
the instantaneous NV state (red arrow) at various points during the sensing sequence, as labeled in c¢). The phase difference
Ay relative to evolution under zero ac magnetic field is shown in the bar graphs. The final projection pulse (‘5’) rotates the
NV state around either the Bloch sphere’s X or Y-axis to probe the equatorial projections Xp or Yp.

tends Ref. [27], which pioneered the detection, but not
2D imaging of photocurrents with NV ensemble magne-
tometry. Here, we use a thin diamond membrane to op-
tically access non-transparent photocurrent samples and
improve the NV photon collection efficiency for the chal-
lenging imaging measurements required for the model-
free reconstruction of photocurrent flow. By transferring
exfoliated flakes onto pre-fabricated electrodes on the di-
amond substrate, we are able to perform both PCFM and
SPCM in-situ on the same device. In PCFM, the NV
center probe beam (green, 515 nm) is scanned around
a fixed position for the photocurrent excitation beam
(red, 661 nm) to map the local magnetic field. Alter-
natively, by measuring the total collected current while
rastering either beam, we can acquire SPCM images at
either wavelength.

The type-II Weyl semimetals WTe; and TalrTey crys-
tallize in an inversion-breaking orthorhobmic structure
(space group Pmn2;1). As shown in Fig. 1b for a single

layer of Ty-WTes, the transition metal atoms form quasi-
one-dimensional zigzag chains along the a-axis within the
ab-plane, leading to anisotropic electrical, optical, and
thermal properties [28-30]. The lowest-order shift pho-

tocurrent is described by J; = ?R(UZ(JZ,)C)E (w)E(w), where

%(Ufj}c) is the real part of the second order susceptibility
tensor and E;(w) = Ep ;e™" are the Cartesian compo-
nents of the light’s electric field [10-13]. For a system

o . (2)
with inversion symmetry, Tk

must identically vanish
since E;(w)E, (w) is even under inversion, while .J; is odd.
Moreover, for light at normal incidence, a shift current
in the ab-plane of WTey or TalrTe, is prohibited by a
similar argument using the two-fold rotation symmetry

(Cq screw axis) within the ab-plane (Fig. 1b) [15-17].
In SPCM experiments on WTeq [15] and TalrTey [16,
17], photocurrents in the ab-plane were detected when

exciting mirror-symmetry-breaking edges and within the
sample’s bulk near narrow electrical contacts. The
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FIG. 2. Crystal-axes-aligned bulk photocurrents in WTez. (a) The Xp and Yp projections of the final NV state versus the
delay 6 between the photocurrent and the NV spin-driving pulses. The probed NV position is the green circle in d). We
extract a maximal NV phase precession Ay = 1.30 = 0.07 rad, corresponding to a magnetic field Bpc = 140 £ 8 nT along
the NV center axis, for a photocurrent excitation (red) power P = 120 uW. (b) Precession angle Ay versus optical power
P. The linear dependence of Ay (x |J|) on P is consistent with electrical measurements of the global photocurrent Igopai-
(c) Optical micrograph of WTey Device A, with sample thickness 1.8 pym. The long edges identify the a-axis of WTes. The
in-plane projection of Bey: (= 28 mT) is denoted by the white arrow, but has no influence on the results. (d) Spatial image
of the NV center precession angle Ap(r) o< Bpc(r) in the interior of WTez Device A, with the photoexcitation fixed at the
center of the image (P = 120 uW). The imaged region is the red box in ¢). (e) The photocurrent density J(r) reconstructed
from Bpc(r) in d) as a 2D vector field. The radial component of the flow (J - #) is superimposed as a false colormap. The
local photocurrent circulates by flowing in along the a-axis and out along the b-axis. (f) Optical micrograph of WTes Device
B, with sample thickness 360 nm. (g) Spatial image of Bpc(r) for the boxed region in f) with P = 120 uW. (h) Reconstructed
J(r) in Device B. The four-fold photocurrent circulation remains aligned with the crystal axes of the rotated flake.

second-order shift current can in principle exist at the
edges due to their symmetry-breaking effect, but the

1A /pm photocurrent densities, we utilize a multi-pulse
quantum lock-in sequence for ac magnetic fields [27, 31—

interior photocurrents require additional justification.
Ref. [16] interpreted the bulk response in TalrTe, as a

third-order process .J; = US,)CZEj)CEk(w)E; (w), where
the normally incident light field mixes with an uncon-
trolled dc electric field Ech that arises from device-
specific interfaces or inhomogeneities. Alternatively, in
the near-field SPCM experiment of Ref. [17], the au-
thors argued that their bulk signal arises from non-planar
second-order susceptibility elements (e.g., 0qac and oppe)
that become accessible due to an out-of-plane electric
field E.(w) created by their metallic tip. Although such
mechanisms may contribute, we reveal that the uncov-
ered APTE is an unified cause of bulk and edge pho-

tocurrents in WTes and TalrTey,.

To achieve the enhanced sensitivity to detect sub-

33]. As shown in Fig. 1lec, we strobe the photocurrent
excitation on the sample and simultaneously apply a se-
quence of microwave m-pulses (XY8-N) to manipulate
the NV center spin [27]. When the m-pulses are spaced
at the same interval 7 as the on/off photocurrent con-
trol, they isolate the effect of the photocurrent’s mag-
netic field on the NV spin precession, while filtering out
noise and significantly extending the NV center’s coher-
ence time (>150 ps). Figure 1d diagrams the evolution
of the NV superposition state |i) on the Bloch sphere
at various times in a measurement sequence with timing
delay 6 ~ 0.117 rad between the photocurrent and mi-
crowave pulses. The final state is rotated by a 7/2-pulse
around either the X- or Y-axis of the Bloch sphere and
then read out by NV fluorescence to yield the projections



Xp or Yp, from which the state’s precession angle Ay is
determined as Ap = arctan(Yp/Xp) (Methods).

We first demonstrate photocurrent detection for lin-
early polarized light in the interior of a WTes sample
(Device A). Figure 2a measures the NV spin precession
versus the delay 6 for a fixed spatial offset (2 pum verti-
cally) between the photocurrent and NV probe beams.
Fitting the oscillations in Xp(0) and Yp(6) simultane-
ously [27], we deduce that a maximal phase precession
Ayp = 1.30£0.07 rad is obtained at § = 0 for a photocur-
rent excitation power P = 120 pW. The photocurrent’s
local magnetic field Bpc along the NV center axis is then
determined as Bpc = Ap/(2my, x 4NT) = 140 £ 8 nT,
where 7, = 28 kHz/uT is the electron gyromagnetic ra-
tio and the photocurrent pulses are well approximated as
square wave (Supplementary Fig. 2b).

By varying P, we find that Ay, and by extension the
local photocurrent density |J|, is linear in excitation pow-
ers up to 300 puW (Fig. 2b). The linear power depen-
dence for |J| is consistent with the behavior of the global
photocurrent (Igiopqi) that we will electrically detect by
SPCM when directing the photoexcitation at symmetry-
breaking edges (Extended Data Fig. 1d). Although
Igiobar o< P has been taken to support a shift current
mechanism that is second order in light’s electric field
(< E;Ey) [15], it actually reflects here a non-saturating
photothermoelectric effect (PTE) due to high thermal
conductance.

In Fig. 2d, we image the spatially-varying phase pre-
cession Ap(r) in WTes Device A, shown in Fig. 2c,
by scanning the NV center probe beam relative to the
photocurrent excitation at the center of the image. An
unexpected four-fold, sign-switching pattern is observed,
signaling intricate photocurrent flow. By inverting the
Biot-Savart equation with the steady state condition
V -J =0, we can uniquely reconstruct the 2D photocur-
rent distribution (J,, J,) from its magnetic field compo-
nent Bpco(r) o« Agp(r) [31, 34-36] (see Supplementary
Section 3). Exfoliated WTey exhibits long edges par-
allel to the crystallographic (100) direction (a-axis) and
shorter diagonal edges parallel to the (110) directions (see
Fig. 2c¢ and schematic in Fig. 1b). Remarkably, the re-
constructed current in Fig. 2e displays a Cg, symmetry
that is aligned to the crystallographic axes. The con-
ventional current (positive charge) flows predominantly
inward along the a-axis and outward along the b-axis, as
visualized by plotting J - 7 in false color, where 7 is the
normalized vector from the photoexcitation origin.

We verify that the direction of the external magnetic
field Be,: has no bearing on our observations (see Ex-
tended Data Fig. 2 for absence of photo-Nernst effect).
Moreover, we measure a second device (Device B) with
only the WTey flake rotated, while keeping the same
orientation for Be,; and the NV center axis (Fig. 2f).
The phase map Ap(r) accordingly rotates, with a slight
change in shape since the NV center now probes a differ-

ent component of the field relative to the current distri-
bution. The reconstructed photocurrent flow, however, is
qualitatively the same, remaining aligned to the a/b-axis
of the rotated sample (Fig. 2h).

As we have no out-of-plane E.(w) and any accidental
EJD ¢ is unlikely to be aligned with the crystal axes, we
consider whether a non-shift current mechanism induces
the bulk photocurrent. Supposing different electrical con-
ductivities 0,4/, and Seebeck coefficients S/, along the
a/b-axis of the WTey crystal, which are aligned along the
lab x/y-axis, the photocurrent density can be modeled as

Jo(r) = —04(0;@(r) + Sq - 0, T(r))

Jy(r) = =0, (0, ®(r) + Sy - 0,T(7)). )
Here, the total photocurrent J is contributed by a diffu-
sion term J 4 = —oV® due to an induced electrochemical
potential ® and a Seebeck term J,, = —oSVT due to
the temperature profile T', with o and S as the conduc-
tivity and Seebeck tensors. Given a nonuniform T'(r),
the photocurrent J(7) is determined by solving for the
steady state ®(r) that satisfies the continuity (V-J = 0)
and boundary conditions on J. Our analysis reveals that
a circulating J emerges only when the thermopower is
anisotropic, with amplitude |J| o [S, — Sp| (see Meth-
ods). On the other hand, anisotropy in the conductivity
04, and temperature distribution 7'(r) determine the
shape of J(r), but cannot cause nonzero current. Similar
transport equations have been considered for anisotropic
thermoelectrics [37]; however, to our knowledge, the pre-
dicted spontaneous currents have never been resolved due
to challenging requirements on magnetic field and spatial
resolution.

Figure 3a displays the simulated temperature rise
AT (r) under laser heating in a WTes flake for an illustra-
tive 2D thermal model (see Supplementary Fig. 2 for full
3D thermal simulations). At room temperature, the See-
beck coefficient for WTey is negative [38-41], which im-
plies that net electron carriers are driven radially outward
by the gradient VT'. In an isotropic material, the result-
ing ® exactly counterbalances the Seebeck flow, yield-
ing zero PTE photocurrents in the bulk. However, if
Sa # Sp, our simulations reveal that electrons flow out-
ward along the axis with the more negative Seebeck coef-
ficient and return inward along the orthogonal direction
in steady state.

Thus, our imaging (Fig. 2e,h) identifies the a-axis as
possessing the more negative Seebeck coefficient (S, <
Sp). Assuming |S, — Sp| = 10 pV/K and an approxi-
mately isotropic conductivity ,/0p = 1 (see Supplemen-
tary Fig. 4), we show in Fig. 3b the equilibrium potential
—®(r) corresponding to AT (r). Since the electromotive
force on electrons points towards smaller values (blue) of
—®(r), Fig. 3b illustrates how ® drives electron back-
flow opposite to VT, as well as electron circulation from
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FIG. 3. APTE in anisotropic Weyl semimetals. (a) Simulated temperature rise AT (r) in a WTe; flake for P = 120 uW. The
temperature distribution, which is nearly isotropic, drives the majority electron carriers radially outward. (b) Electrochemical
potential ®(r) obtained by solving Eq. 1 using a modeled Seebeck anisotropy |S, —Sy|= 10 £V /K and a conductivity anisotropy
0a/op = 1. The electromotive force on electrons points toward lower values of —®(7) (blue). The scalebars in (a-b) denote
2 pm. (c) Simulated interior photocurrent distribution J(r) for WTez, comprising the sum of the Seebeck and diffusion terms
represented in a) and b). Electron carriers (opposite of the conventional current) undergo a four-fold circulation from the
axis with the more negative Seebeck coefficient (a-axis) to the axis with the less negative Seebeck coefficient (b-axis). (d)
Experimentally imaged J(7) in the interior of TalrTes Device A (P = 90 pW). The photocurrent density in TalrTe4 is more
anisotropic than in WTes, but obeys the same directionality relative to the orthorhombic lattice. (e) Simulated J(r) for TalrTeys
within the APTE model using a conductivity anisotropy oq/op = 4.

the a-axis to the b-axis. In Fig. 3c, we calculate the full
photocurrent distribution J(r) using Eq. 1, showing ex-
cellent agreement with our WTes images (Figs. 2e,h). A
quantitative estimate of the Seebeck anisotropy is compli-
cated by the dependence of |J| on not only |.S, —Sp|, but
also on the conductivities o,/ and the temperature AT
of the WTes flake that cannot be directly measured. Es-
timating these factors, we describe our best experimental
determination |S, — Sy| = 875 V/K in Supplementary
Section 5.

Notably, our density functional calculations also pre-
dict negative Seebeck coefficients S, and S, for WTey
at room temperature, with S, < S in agreement with
experiment (Methods). For semimetals, both electron
and hole bands contribute to the thermopower, with op-
posite signs and a weighting factor determined by the
band’s density of states and squared group velocity in
the direction of transport. As shown in Extended Data
Fig. 3d, the predicted S, and S, diverge above 200 K,
with S, becoming more negative and S, more positive,
leading to |S, — Sp| ~ 15 pV/K at 300 K. This trend is
mainly contributed by the anisotropy in the electron ve-
locities for the low-lying conduction bands. As tempera-
ture increases, the thermopower senses the larger density
of states for holes away from the Fermi level, but this
positive contribution is outweighed by the electron con-
tribution along the a-axis, where the electron velocities
are highest.

To establish the generality of the APTE, we perform
PCFM imaging on TalrTey, where the a-axis zigzag

chains are composed of alternating Ta and Ir atoms [26].
TalrTey is expected to exhibit more anisotropic in-plane
electrical transport than WTes, with higher conductivity
along the a-axis [42, 43]. Our PCFM image of TalrTey
shows that photoexcited electrons again flow out along
the a-axis and in along the b-axis (Fig. 3d), indicating
Sa < Sp similar to WTey. However, a stronger asymme-
try is observed, where the flow remains parallel to the a-
axis longer than it does to the b-axis. This distinct shape
for J(r) is reproduced in our APTE model (Fig. 3e) by
using a higher conductivity anisotropy o,/op &~ 4 (Sup-
plementary Section 4), which is consistent with other de-
terminations [17, 43].

We now connect the APTE to the global photocurrent
collected in our Weyl semimetal devices. In conduct-
ing materials, photocurrent collection can be mapped
onto the Shockley-Ramo theorem, which assumes that
magnetic induction is negligible and the timescale for
charge dynamics is significantly faster than that for pho-
tocurrent generation [24, 44]. This analogy provides the
insight that the charge flowing into a distant contact
(Igiobat) is dominated by the induced diffusion current
J 4, rather than by the directly photoexcited J, which
remains local to the illumination. Song and Levitov [24]
showed that Igope can be simply calculated as

Iglobal = C/Jph(xay) . V‘I’(l’,y)dﬂ?dy, (2)

using only the direct photocurrent Jpp(z,y), here due to
the anisotropic Seebeck flow, and an auxiliary weighting
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FIG. 4. APTE as the stimulus for long-range photocurrent in WTe2 devices. (a) Experimental SPCM image of Igiopq; in WTe2
Device B for P = 300 uW at 661 nm. Robust edge photocurrents are detected along the (110) and (110) edges, with a negative
(blue) and positive (red) polarity, respectively. Sign-switching interior photocurrents are also collected relative to two localized
points on the upper and lower gold pads (orange). (b) Coincident PCFM image of J(r) for photoexciting the (110) edge in
Device B. (c) PCFM image for photoexciting the (110) edge. The photoexcitation power for b) and c) is 120 uW, and their
locations are labeled in a). The polarity of the edge photocurrent Igioba is visualized by the net component of J(r) parallel
to the edge. (d) PCFM image for photoexciting the (100) edge in WTez Device A with P = 100 uW. (e,f,g) Simulated J(r)
for the (110), (110), and (100) edges, respectively, using the APTE model. (h) Simulation of the full SPCM image under
Shockley-Ramo theory. The simulation assumes that Jp,(r) flows according to anisotropic Seebeck coefficients and that the
weighting field V¥(r) is determined by the boundary conditions ¥ = 1, 0 on two point-like surfaces labeled on the upper and
lower pads, respectively.

potential ¥(x,y) determined by solving Laplace’s equa-
tion within the particular device geometry (Supplemen-

respectively. In addition, we collect Igopq; in the interior
of the device, with a sign-switching pattern surround-

tary Section 7). The constant C' depends on circuit re-
sistances. Thus, nonzero Igope can generally arise if the
areal contributions of Jp, - V¥ to the integral do not
cancel due to differing symmetries for J,;, and V.

Figure 4a displays our SPCM image at 661 nm excita-
tion for WTes Device B (Fig. 2f). Long-range photocur-
rents are detected along the entirety of the oblique (110)
and (110) edges, with a negative and positive polarity,

ing two hot spots along the upper and lower contacts.
These spatial patterns reproduce the salient features, at-
tributed to nonlinear responses, in prior SPCM measure-
ments [15-17]. Particularly, global photocurrents were
collected in WTey [15] and TalrTey [17] when exciting
oblique (low-symmetry) edges, but not high-symmetry
(100) or (010) edges. Moreover, Refs. [16, 17] observed
Igi0ba1 to switch sign near narrow contacts, depending on



whether the nearest edge of the contact was parallel to
the a-axis or b-axis.

To reveal the microscopic stimulus for our global pho-
toresponse, we switch to PCFM imaging on the same
device with the photocurrent laser fixed at Igopar hot
spots. Figure 4b and 4c display the photocurrent flow
when exciting the upper (110) and lower (110) edges, re-
spectively. The local photocurrent distribution appears
as though the edge truncates the four-fold APTE pat-
tern observed in the interior of the WTey device (Fig.
2e,h). This is corroborated in Fig. 4d, where we im-
age the photocurrent flow when exciting a (100) edge on
WTes Device A (phase map shown in Extended Data Fig.
4d). The visual interpretation of these images explains
the presence or absence, as well as the polarity, of the
global edge photocurrent. For photoresponsive oblique
edges (Figs. 4b,c), J(r) possesses a strong component
parallel to the edge, with direction set by the truncation
of the “a-axis in, b-axis out” APTE flow. For nonrespon-
sive (100) or (010) edges (Fig. 4d), the component of
J(r) parallel to the edge cancels, as consistent with the
mirror symmetry about the perpendicular to these edges.

More precisely, NV magnetometry senses the total
photocurrent J(r) contributed by both the Seebeck cur-
rent J,;, and the diffusion current J4. For the APTE, J,4
possesses both a strong local (circulating) component and
a weaker long-range component, where the latter can be
extracted by the contact due to its equipotential bound-
ary condition. Our measured Igopqi, reflecting mainly
the long-range component of J 4, is only a few nanoamps.
Meanwhile, the total current density J(7) near the edge
is ~100 nA/pm, indicating that the source/drain effect
of the contacts is a small perturbation. Hence, we com-
pare our data (Fig. 4b,c,d) to local simulations of J(7)
due to the APTE (Eq. 1) without considering the dis-
tant contacts (see Supplementary Fig. 9 for simulations
over the whole device geometry including contacts). Fig-
ures 4e,f,g present the simulated APTE patterns that
incorporate the modified temperature distribution and
parallel flow boundary condition near the edge for the
(110), (110) and (100) edges, respectively, showing excel-
lent agreement with experiment (Figs. 4b,c,d).

Continuing, we simulate the full SPCM image via
the Shockley-Ramo theorem (Eq. 2). We approximate
Jpn (T, o) for each photoexcitation location r¢ by assum-
ing that the temperature distribution T'(r, rg) is cropped
by the device boundaries if rg is proximal to the edge.
The details of Igopei(T0) also depend on V¥(7), which
is determined by how electrical contact is made to the
device. In WTe; Device B, our modeling (Fig. 4h) re-
veals that the experimental I .41 can be reproduced by
a simple point-like contact (white circle) in each of the
upper and lower leads. Evidently, although our bottom
contacts appear extended, they form effective point-like
conductive interfaces in this device. We confirm that
J(r) near the contacts (Extended Data Fig. le) remains

virtually identical to that in the interior of the device
(Fig. 2h). Thus, although J,;(r) is Cs, symmetric in
the bulk, nonzero Igiopq; can still be collected for non-
uniform VW. Our bulk photocurrent thus stems from
the interaction between Jpp(r) and the changing direc-
tion and strength of VWU as the point-like contacts are
approached (Extended Data Fig. 1c and Supplementary
Fig. 10). Finally, we observe qualitatively identical long-
range edge and interior photocurrents in TalrTey devices
(Extended Data Figs. 5 and 6), establishing the APTE
as a ubiquitous and primary mechanism in anisotropic
Weyl materials.

Discussion.— Leveraging NV quantum sensors, we
have innovated a dual-function photocurrent microscope
that is synergistic in experimental requirements and in-
formation captured. Magnetically-detected PCFM re-
solves the photocurrent flow distribution starting at
the origin of photoexcitation, while electrically-detected
SPCM characterizes the long-range photocurrent aggre-
gated at the contact. These complementary perspectives
revealed that thermoelectric anisotropy stimulates the
collected photocurrent in type-II Weyl semimetals when
symmetries are broken by sample edges or device con-
tact placement. Crucially, our work suggests guidelines
to distinguish the APTE from nonlinear photocurrents.
Since J,y for the nonlinear response should be unidirec-
tional within the beam spot, it can be collected in the
device interior even for uniform VW created by extended
line contacts.

In devices with spatially-varying VW, photocurrents
due to the APTE can be collected over extended bulk ar-
eas, in contrast to other mechanisms, including those pos-
sessing rotational symmetry [1, 2, 27, 45], whose collec-
tion is restricted to interfaces or edges [3, 5-7]. Moreover,
unlike nonlinear photocurrents that exhibit a peaked re-
sponse at certain photon energies [11, 46], the APTE is
effective for broad wavelength bands through the mate-
rial’s optical absorption and may appear in a wide range
of crystal structures. In Extended Data Fig. 7, we pro-
pose prototype device designs based on the APTE that
enhance the collection efficiency for bulk photocurrents
and enable four-quadrant, position-sensitive photodetec-
tion in a single chip.

Our visualization of spontaneous vortical currents in
thermoelectrically anisotropic materials may also be rel-
evant to experiments on similar materials where tempera-
ture gradients could arise, for example, by resistive heat-
ing. An intriguing extension is to explore photocurrent
in the hydrodynamic regime of WTey [33, 47]. Moreover,
our dual-beam quantum magnetometry technique opens
the non-contact measurement of thermoelectric effects
in anisotropic superconductors, where the interplay be-
tween the quasiparticle current and a supercurrent coun-
terflow may engender novel spatial distributions [48].
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METHODS

Sample details

High-quality crystals of WTey are grown in a multi-
step process. First, a powder specimen of WTe, is syn-
thesized by heating a stoichiometric mixture of W and
Te (both with 99.999% purity) inside an evacuated sil-
ica tube. The mixture is heated to 450 °C for 24 hours
and 800 °C for another 24 hours at the rate 1 °C/min,
followed by quenching in water. Second, the mixture of
powder WTey (0.2 g) and Te (10 g) is heated to 825 °C at
2 °C/min, held for 2 days, cooled to 525 °C at 4 °C/hour,
and centrifuged to remove the excess Te flux. Third, we
anneal the flux-grown samples under vacuum in a two-
zone furnace with hot end at 415 °C and cold end at 200
°C for two days to remove any remaining Te impurity
and reduce defects.

Bulk TalrTe, crystals are synthesized via the self-flux
method. A total of 2.0 g powder with the molar ratio of
Ta:Ir:Te=1:1:12 are loaded in a silica tube, sealed under
a high vacuum condition (< 1072 Pa). Then, the silica
tube is heated to 1000 °C within three days and held
at the temperature for seven days. Finally, the tube is
cooled down to 600 °C within 21 days. Needle-shaped
TalrTe, crystals are picked out from the ingot.

WTe, and TalrTe, flakes are exfoliated onto a poly-
dimethylsiloxane (PDMS) stamp, which is then pressed
onto and slowly peeled away from the diamond mem-
brane to transfer targeted flakes. The diamond mem-
brane used in this work is cut and polished to 100 pm
thickness (Delaware Diamond Knives) from a bulk elec-
tronic grade diamond sample grown by chemical vapor
deposition (Element Six). An NV ensemble is created in
the diamond membrane by !°N ion implantation at 45
keV energy and an areal dose of 102 ions/cm?, followed
by annealing at 1050 °C for two hours. The XY8-1 co-
herence time for the sample is about 150 ps. Standard
optical photolithography is used to pre-pattern several
sets of Cr/Au bottom contacts onto the diamond mem-
brane for SPCM measurements.
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NV center measurements

The diamond membrane with photocurrent sample fac-
ing up (Fig. 1la) is mounted onto a quartz slide. The
quartz slide features a lithographically defined coplanar
waveguide to deliver the microwave pulses for NV center
spin manipulation. The NV readout (515 nm) and pho-
tocurrent (661 nm) lasers, both linearly polarized, pass
through the quartz slide and diamond membrane to im-
pinge on the NV ensemble layer and adjacent photocur-
rent sample at the top diamond surface. PCFM imaging
is performed with 370 uW green laser power and a dc
photon count rate of 5 - 10% counts/s for the NV ensem-
ble. As an example, the PCFM image in Fig. 2d acquires
35 by 35 pixels with 500 nm resolution and 67 s integra-
tion time per pixel, for a total frame time of 23 hours.

To determine Ay at each pixel, we perform an XY8-
2 sequence with pulse spacing 7 = 6.6 us and total NV
center free precession time 167 = 105.6 us, delayed by
6 = 0.117 rad relative to the pulsed photoexcitation [27].
The total photon integration time at each pixel is divided
between four different final projection pulses: X,/ and
Yir/2, where, for example, X, /» denotes a rotation of
the NV superposition state |1) around the X-axis of the
Bloch sphere by +m/2 radians. After each projection
pulse, the NV photon count rate (PL) during the green
laser readout pulse is recorded, and we determine the dif-
ferential projections Xp = PL(X_r/2) = PL(X{~/2) and
Yp = PL(Y_;/2) — PL(Y,r/2) to reject common-mode
noise. The accumulated phase Ay with respect to the
initial NV state [10) = (|0) —i|—1))/v/2 prepared by an
X x/2 pulse is then computed as Ay = arctan(Yp/Xp).

We set the photocurrent excitation power P such that
Ay in the PCFM image approximately fills the range
47, which improves the signal-to-noise, but still avoids
phase unwrapping ambiguities. Higher P increases un-
intentional excitation of the NV center during the XY8-
2 sequence and reduces readout contrast. In addition,
we utilize a small delay 6 = 0.117 rad between the mi-
crowave spin driving and photocurrent excitation pulses
to mitigate the effect of phase broadening over the probed
NV center spot size. If the photocurrent magnetic field
Bpc is nonuniform over the NV spot size, the coher-
ence of the final NV state |¢)) is damped by a factor
exp(—UQAW(A@(@)/A@(O))Q/Q), where UQAW is the vari-
ance in the phase precession angle over the probed NV
spot and A¢(f) is the mean precession angle for delay
6 [27]. Optimizing the sensitivity thus requires balanc-
ing the amplitude of the phase precession Ap(f) (which
decreases for larger 0; see Fig. 2a) with the contrast of
the readout (which increases for larger 8). We empiri-
cally determine that a small delay 6 = 0.117 rad that is
constant over the full imaging region leads to favorable
image quality.


https://doi.org/10.1103/PhysRevB.68.125212
https://doi.org/10.1103/PhysRevLett.110.146601
https://doi.org/10.1103/PhysRevLett.110.146601
https://doi.org/10.1021/ja00049a029
https://doi.org/10.1021/ja00049a029

Anisotropic thermoelectric transport

In this section, we prove that the solution J(7) to
anisotropic Seebeck transport equations (Eq. 1) is linear
in S, — Sp. The steady state condition V -J = 0 imposes
the second order linear partial differential equation for
the electrochemical potential ®:

0a03® + 002 ® = —(8,0a02T + Sp0p02T),  (3)
with boundary equation
n-J=0 (4)

on the sample edges. Since Eq. 3 is linear, we separate
the source term (the right hand side of Eq. 3) into two
parts and look for solutions of the form & = &4 + $p,
where

0,0 4 + O'bagq)A = — Sy (0, 0T + abajT) (5)
and
0,05 p + 030, @5 = —(Sq — Sp)0402T. (6)

We choose the current corresponding to the two poten-
tials ® 4. p to be

Ja,x=—0, (81q),4 + SaaxT)

7
JA,y: —Cfb(ay(I)A—FSbayT), ( )

and

Jg, o = —0,0,P
JB, - B (8)
ByY = 7Jbay(I)B;
such that the total current J = Ja + Jp is unchanged
from the original problem (Eq. 1).
Looking only at Eq. 5 (isotropic part), we have the
simple solution ® 4 = —S,T. This yields the current:

Ja, @ = —0q(Sa — Sp)0xT

9
JA,yz(). ()

Now, the remaining problem is to solve for ®5 under
Eq. 6 (anisotropic part), subject to the boundary equa-
tion on the total current J (Eq. 4), which implies:

n-Jp=—-n-Ja. (10)

Since Ja x S, — Sy (Eq. 9), it is clear that both Eqs. 6
and 10 are linear in S, — Sp. Hence, the solution &g and
accordingly, Jp must also be proportional to S, — Sp.
Thus, the total current J = J4 + Jg < S, — Sp.

Ab initio calculations of anisotropic in-plane
thermopower

Ab initio calculations are performed within the frame-
work of density functional theory, including spin-orbit
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coupling as implemented in VASP [49, 50]. We use
the Perdew-Burke-Ernzerhof exchange-correlation and
the projector augmented wave method with an energy
cutoff of 312 eV. The ground state is determined on a
12x10x6 I'-centered k-grid with a Gaussian smearing of
0.05 eV. A subsequent non-self-consistent calculation is
employed to determine the band energies on a fine k-grid
of 144x120x 72, which is used in the transport calcula-
tion.

The Seebeck coefficients of WTes along the in-plane
a- and b-axes, S, and Sy, are calculated within the con-
stant relaxation time approximation for the carrier life-
times, which has previously been found to accurately de-
scribe the thermopower of a number of materials [51-53].
Then, the temperature-dependent thermopower can be
expressed as:

where the transport distribution function is
oii(e) = / dk v2,(k)d (e —en(k)). (12
n

Here, T is the temperature, ¢ is the carrier energy, f0 is
the Fermi distribution function, €, (k) gives the energy
in band n with wave vector k, for which v,;(k) is the
it" component of the velocity (i = a or b). All energies
are measured from the temperature-dependent chemical
potential p(7T), and the é-function in Eq. 12 is handled
with the tetrahedron method.

Calculations are performed using the experimental lat-
tice parameters: a = 3.477 A, b = 6.249 A, and ¢ =
14.018 A [54]. The band structure, Fermi surface, and
density of states near the Fermi level of WTes are shown
in Extended Data Fig. 3a-c. The band structure is nearly
identical to that obtained in prior first-principles calcu-
lations [25]. The calculated S, and S are plotted as a
function of the temperature T" in Extended Data Fig. 3d.
Around room temperature, both S, and S}, are negative,
reflecting larger contributions from electrons in the low-
lying conduction bands compared with the correspond-
ing contributions from holes occupying the uppermost
valence bands. A temperature-dependent anisotropy is
evident; for example, |S,| is approximately five times
larger than |Sp| at 300 K. For T increasing above 300
K, S, becomes more negative while S, changes sign and
becomes increasingly positive. In Supplementary Section
6, we break down in detail the balance between electron
and hole contributions to the thermopower that underlie
its temperature-dependent behavior.
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Extended Data Fig. 1. Coincident SPCM and PCFM imaging of WTe, Device B. (a) Experimental SPCM image of Igopai in
WTe, Device B for P =100 uW at 661 nm. (b) Experimental SPCM image of Igiopa: for P = 300 W at 515 nm. The collected
photocurrents have identical spatial patterns regardless of optical power or wavelength (see also Fig. 4a of main text). The
intensity is slightly higher at 515 nm likely due to better objective transmission and sample absorption at shorter wavelengths.
(c) The streamlines for the weighting field V¥ within Device B. We solve V2¥ = 0 with equipotential surfaces ¥ = 1 and
¥ = 0 around two localized positions on the upper (current collecting) and lower (grounded) electrical contacts, respectively.
The background colormap denotes the potential U. (d) Linear dependence of Igopa: 0n the optical power P at 661 nm for fixed
photoexcitation locations on the (110) (red) or (110) (blue) edges in Device B. The global electrical measurement is consistent
with the local magnetic measurement (A¢) presented in Fig. 2b of the main text. (e) PCFM image of J(r) when photoexciting
the region of high interior Igopa near the upper gold (Au) electrical pad. The four-fold APTE pattern is negligibly changed
from the center of the flake. (f) PCFM image for photoexcitation at the corner between the (110) and (110) edges. The
locations for the measurements (d-f) within Device B are labeled in the SCPM image shown in a).
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Extended Data Fig. 2. Absence of any detectable photo-Nernst effect in WTez at room temperature. (a) NV center phase
image Ap(r) in WTe; Device A for an external dc magnetic field, Beo: = +28.2 mT. (b) Ayp(r) image for the opposite
field direction, Bes: = -28.2 mT. By flipping the direction of Bey:, we probe the projection of the photocurrent’s magnetic
field, Bpc, along opposite NV axes. Afterwards, the NV center’s acquired phase simply changes sign everywhere, indicating
that the current flow is independent of the magnetic field direction. (c) Reconstructed J(r) for Bey: = +28.2 mT. (d)
Reconstructed J(7) for Bes: = -28.2 mT. (e) The difference between the experimental photocurrent patterns at positive
and negative external field: J(r,+Best) — J (7, —Bezt). The difference highlights the field-antisymmetric component of the
photocurrent flow, which isolates the photo-Nernst effect [1, 27]. The overlaid false colormap denotes the magnitude of the
difference, which is experimentally consistent with noise. (f,g) Simulated photocurrent pattern J(r) when including both the
APTE term and a possible Nernst term (o< Begt,-2 X VT') for f) positive and g) negative Bes: (see Supplementary Section 7).
(h) The difference J (7, +Beat) — J (7, —Beat) between the simulated patterns clearly shows a chiral photocurrent vortex due
to the photo-Nernst effect, which is absent in the experiment. The colormaps in (f-h) denote the magnitude |J|.
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Extended Data Fig. 3. Ab initio calculations of the band structure and in-plane thermopower of WTes. (a) Electronic band
structure calculated within density functional theory, including spin-orbit coupling. (b) Fermi surface of WTe, with an outer
electron pocket shown in cyan and an outer hole pocket shown in purple. (¢) Electronic density of states for WTez, displaying
an electron-hole asymmetry about E = 0, defined at the chemical potential 1(300 K). (d) Calculated Seebeck coefficients S,
and S, along the a- and b-axes of WTes versus temperature 7. Both S, and S} are negative at 300 K, with S, < S} as observed
in experiment. The difference |S, — Sp| diverges with increasing temperature up to 500 K: the thermopower along the a-axis is
dominated by electron contributions due to the high velocities of the low-lying conduction bands along this direction, but the
smaller velocities along the b-axis do not compensate for the increasing hole contribution that is probed at higher temperatures,
due to the rapidly rising density of states on the hole side away from the chemical potential.
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Extended Data Fig. 4. PCFM imaging of edge photocurrent in WTey Device A. (a) Zoomed-in optical micrograph of WTe,
Device A. The photoexcitation locations for the PCFM and NV phase images to follow are labeled by their figure panel. (b)
PCFM image of J(r) for photoexciting the (110) edge with P = 70 uW. (¢) PCFM image for photoexciting the (110) edge with
P =120 uW. (d) NV center phase map Ay(r) for photoexciting the (100) edge in Device A, corresponding to the reconstructed

J(r) shown in Fig. 4d of the main text. (e) Phase map Ap(r) corresponding to the J(r) image in b). (f) Phase map Ap(r)
corresponding to the J(r) image in c).
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Extended Data Fig. 5. APTE photocurrent in TalrTes Devices A and B. (a) Optical micrograph of TalrTe, Device A, with
thickness 440 nm. (b) NV center phase image Ag(r) for photoexcitation in the interior of TalrTes with P = 90 pW. The
reconstructed J(r) from Ap(r) is shown in Fig. 3d of the main text. (c¢) Phase image Ap(r) for photoexcitation of the (100)
edge in TalrTes with P = 90 uW. The photoexcitation locations of b) and c¢) are labeled in the optical micrograph shown in
a). (d) Reconstructed PCFM image of J(r) near the (100) edge, corresponding to A¢(r) in ¢). (e) Dependence of the edge
photocurrent Igiopqr on the optical power P at 661 nm for an oblique (110) edge in TalrTes. The data are taken on TalrTeys
Device B with thickness of 280 nm, whose optical micrograph is shown as the inset. (f) Experimental SPCM image of TalrTe4
Device B. Similar to WTes, global edge photocurrent is detected along the right (110) edge, while interior photocurrents are
detected throughout the device. Far away from the contacts, the edge photocurrent is nearly vanishing along the left (100)
edge, as expected from mirror symmetry and a gradient field V¥ that becomes slowly-varying over the local photocurrent
extent. (g,h) PCFM image of J(r) for photoexciting: g) the (100) edge, and h) the (110) edge in TalrTes Device B, both with
P =85 pW. The photoexcitation locations for g) and h) are labeled on the SPCM image in f).
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Extended Data Fig. 6. Power dependence of SPCM and PCFM imaging in TalrTe, Device C. (a) Optical micrograph of TalrTes
Device C, with thickness 224 nm. Deliberate point-like side contact is made to the (100) edge. (b) Calculated weighting field
VU within TalrTes Device C by assuming point-like equipotential surfaces ¥ = 1 and ¥ = 0 around the upper and lower
locations, respectively, where the gold pads make grazing contact to the sample. ¢) Full simulation of the SPCM image of the
collected photocurrent in Device C using Shockley-Ramo theory. The VW used is shown in b), and the local J,; is assumed to
be due to the APTE with a conductivity anisotropy cq/0s = 4 for TalrTes (Fig. 3d,e of the main text). (d,e,f) Experimental
SPCM images using 661 nm photoexcitation at powers of 200 uW, 100 W, and 50 uW, respectively. The spatial pattern is
nearly identical across optical powers. g) Linear dependence of the collected Igiopqr on the optical power P at three particular
locations R1, R2, and R3. The locations of the points are labeled in d). (h,i) PCFM images of the photocurrent flow when
exciting the (100) edge in TalrTes Device C with P = 100 uW and 50 pW, respectively. The location of the photoexcitation
is labeled in e) and f). Although vanishing global photocurrent is collected, as expected from Shockley-Ramo theory for this
high-symmetry (100) edge far from the contacts, the local photocurrent still displays APTE circulation.
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Extended Data Fig. 7. Novel photodetector designs based on the APTE. (a) Geometry for enhanced Shockley-Ramo collection
of bulk APTE photocurrents. We choose the contact configuration to maximize the dot product between VW, shown as the
streamlines, and Jp, due to the APTE in the center of the device. An array of such individual pixels could potentially be used
for imaging applications in the mid-infrared or terahertz wavelengths. (b) Simulated Igopa: as a function of the incident beam
position for the design in a). The beam size is shown as the green circle and can be realized with an attached microlens. (c)
Single-chip, four-quadrant APTE photodetector based on sign-switching, crystal-axes-aligned APTE photocurrents. Photocur-
rents I13, between contacts 1 and 3, or I24, between contacts 2 and 4, are alternatively measured with the other contact pair
floating. The modeled beam size is shown as the green circle. The material and beam properties are the same between designs
shown in b) and c¢), which allows a comparison of the amplitude of Ijiobai. (d) The binary pair corresponding to the signs of
I3 and I24 uniquely identifies on which quadrant of the detector the beam is incident. The orientation of the crystal a/b-axes
for each design is diagrammed.
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