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Measurements of electronic structure and theoretical models indicate that the Fermi surface of LaNiO3 (LNO)
is predominantly hole-like, with a small electron pocket. However, measurements of the Hall and Seebeck ef-
fects yield nominally opposite signs for the dominant charge carrier type, making charge transport in LNO puz-
zling. Here, we combine measurements of the Hall, Seebeck and Nernst coefficients in high-mobility epitaxial
LNO thin films, and resolve this puzzle by demonstrating that the negative Seebeck coefficient is generated by
diffusion of holes from cold to hot regions of LNO. We further examine this counter-thermal flow of holes by
measuring the evolution of the Nernst coefficient from the diffusive to the ballistic regime, where the suppression
of energy-dependent scattering leads to a reversal of the flow of holes.

The rare-earth perovskite nickelates ReNiO3; have been
studied extensively over the past several decades. Within this
family, LaNiO3 (LNO) is of particular interest as the only
one that does not undergo a metal-insulator transition, remain-
ing metallic down to the lowest temperatures!. It is believed
that in LNO?, straighter Ni-O-Ni bonds increase the over-
lap between the 3d Ni** ey and 0~ 2p orbitals’, enhancing
metallicity. Calculations of the electronic structure of LNO
find a small electron pocket near the I'-point of the Brillouin
zone, with a large hole Fermi surface around the R-point*>.
This was confirmed experimentally by angle-resolved photo-
emission spectroscopy (ARPES) measurements, which also
found an enhanced effective mass for electrons but not for
holes®. X-ray spectroscopies on ReNiO3 have also found
an abundance of holes on oxygen in this class of materials'”.
These considerations suggest that holes should play a domi-
nant role in charge transport in LNO. However, in measure-
ments of the Hall effect''~!3 and thermoelectric power'*!7,
one obtains nominally opposite signs of charge carrier type.
This discrepancy is often attributed to complications of the
Fermi surface with no clear explanation or experimental reso-
lution.

Here, we use measurements of the Nernst effect, together
with the Hall and Seebeck effects to investigate transport
properties of LNO. The Nernst effect is a phenomenon in
which a transverse voltage develops in a material subject to
a longitudinal temperature gradient in a perpendicular mag-
netic field. Unlike the electric field in Hall measurements,
a thermal gradient can drive both electrons and holes in the
same direction, producing a nonzero transverse voltage even
in an electron-hole compensated system'®. In addition, the
Nernst effect is sensitive to the energy dependence of the
scattering rate, electronic reconstructions'>?’, Berry curva-
ture in momentum space??, and quasiparticle excitations in
superconductors>3. It is thus a useful probe to study materials
of contemporary interest, such as topological semi-metals>*,
unconventional superconductors>>?% and correlated electronic
systems. In addition to shedding new light on the role of elec-
trons and holes in the nickelates, the Nernst effect may also
be sensitive to electronic reconstructions arising as a result of
magnetism that has been reported in LNO?’ and in LNO based
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Figure 1. Electric transport measurements. (a) Temperature depen-
dence of the longitudinal resistivity. (b) Hall voltage measured as
function of magnetic field at different temperatures. Sample has 80
unit cell with a thickness of about 30.5 nm. (c) Temperature depen-
dence of the Hall resistance. (d) Temperature dependence of the Hall
angle.

superlattices?s.

The LNO films were grown on (001) oriented
(LaAlO)3(Sr,TaAlOg)g7 (LSAT) substrates by ozone-
assisted molecular beam epitaxy (MBE). A detailed descrip-
tion on the sample growth is presented in the Supplemental
Materials. To investigate the electric transport properties,
we performed temperature dependent measurements of the
longitudinal resistivity (py) and transverse Hall resistance.
Figure 1(a) shows p,, measured on two samples of thickness
80 and 25 unit cells (UC), respectively. At T = 2 K, for
each sample the resistivity ppx is less than 10 uQ cm with
a residual resistivity ratio (RRR) p3oox/p2x greater than 11.
This RRR is among the highest reported for LNO films'3?°
suggesting that our samples are well oxygenated, since it
has been shown that the resistivity of LNO is very sensitive
to oxygen deficiency induced defects'®3°. The Hall effect



was measured up to 9 T at different temperatures. The
results are shown in Fig. 1(b) for the 80 UC sample. Over
the entire field range, the Hall response is essentially linear
with non-discernible higher-order terms, which supports a
dominant single-band in transport. The sign of the Hall
coefficient Ry is positive suggesting predominantly hole-like
charge carriers, in agreement with previous studies!'-!.
Despite the fact that LNO is a metal, we observed an increase
in Ry by about a factor of three upon cooling, which is shown
in Figs. 1(b) and (c). Specifically, Ry increases slowly in
the temperature range from 7 = 300 K to about 110 K,
while the pace becomes more rapid for 7 < 110 K. Previous
studies on LNO have also observed an increase of Ry with
decreasing temperature' =13, though the magnitude of the
overall increase is less pronounced than in our samples. Such
temperature dependent behavior of Ry may point to large
anisotropic scatterings about the Fermi surface?, similar to
those observed in cuprates®, and discussed in the context
of nickelates'?. It could also be caused by the opening of a
pseudogap as suggested in tunneling measurements on LNO
films**. Using the measured p,, and Ry, we obtained the
Hall angle (6y) and plot B~ tan 8 (B is the magnetic field in
Tesla) in Fig. 1(d). We find that tan 8y << 1 at the magnetic
fields used in this study, and in the single band limit this
implies w,T <<1 where , is the cyclotron frequency and 7 is
the momentum relaxation time.

Next we performed Seebeck and Nernst effect measure-
ments. A schematic of the device and measurement geome-
try is shown in Fig. 2(a). On-chip heating was achieved by
passing an electric current through a 10-um wide and 50-nm
thick Au wire, which produces a temperature gradient in the
sample plane. There are two parallel 10-yum wide x 800-um
long LNO strips connected by a bridging LNO strip of 50-yum
width x 250-um length in the middle. The bridging LNO
strip serves as a channel for measuring the Seebeck coeffi-
cient. Each of the long parallel LNO strips has four contacts
for measuring changes in resistance, serving as thermome-
ters. The Nernst signal was obtained by measuring the voltage
along the long LNO strip (y direction, the one closer to the
heater), with magnetic field applied along z direction. During
measurements, the heater current was modulated at f = 3 Hz,
and a lock-in amplifier was used to measure the thermoelectric
response at 2 f.

Figure 2(b) shows the temperature dependence of the mea-
sured Seebeck coefficient S, which is negative over the en-
tire temperature range, in agreement with previous studies on
LNO'>16_ A positive value of Ry together with a negative
value of S have also been seen in the metallic phase of other
nickelates >>-37. The negative sign of S was interpreted as a re-
sponse of electron-like charge carriers. However, it is known
from the Mott formula that S depends on the derivative of con-
ductivity with respect to energy at the Fermi level®®, which
can be either positive or negative. This dependence of the
sign of S implies that for a given charge carrier type, the dif-
fusion can be either from a hot to a cold region or vice-versa
depending on the particular material. However, this point is
often missed. In the following, by using Nernst effect mea-
surements we determine that a counter-thermal flow of holes
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Figure 2. Device structure and measurement geometry, Seebeck and
Nernst results and illustration of charge transport by both holes and
electrons. (a) Schematic of device structures. Heater current flow-
ing in the Au wire is indicated by an red arrow. H is the applied
magnetic field. Measurements of the Seebeck and Nernst voltage are
illustrated in blue and black, respectively. The corresponding signs
of the signal are indicated by the plus/minus symbols. (b) Temper-
ature dependence of the measured Seebeck coefficient S. (c) Nernst
voltage measured as a function of magnetic field at 7 = 3 K. (d)
Temperature dependence of the measured Nernst coefficient (blue,
left axis) and the product of Seebeck coefficient and Hall angle (red,
right axis). (e) Four different scenarios for the diffusion of holes (red)
and electrons (blue) under a temperature gradient. Only the last two
are allowed based on the signs of Nernst and Seebeck measurements.

is mainly responsible for the negative Seebeck coefficient in
LNO.

Figure 2(c) shows the Nernst voltage measured as a func-
tion of magnetic field at 7 = 3 K. The Nernst voltage shows
a linear field dependence, and the corresponding sign is in-
dicated by the blue plus/minus symbols in Fig. 2(a). The
Nernst response was linear in applied magnetic field over the
full temperature range (Supplemental Materials). In this mea-
surement, VT was along the negative x direction (points to
the heater) and the magnetic field is along the positive z direc-
tion. According to the “vortex” convention'® the sign of the
measured Nernst coefficient v is negative. The temperature
dependence of v is shown in figure 2(d). Because of the un-
certainty in determining VT in the 10-um strip, the accuracy
of v is only of the order unity>°.

Intuitively, the Nernst voltage is due to the Lorentz force
acting on a charge current that is driven by a longitudinal
VT. However, if the system has only a single band and T
has no energy dependence, the Nernst signal would be zero



even though S is non-zero. This is because in open circuit
conditions, there is no net longitudinal current flow as the
current driven by the thermal driving force is exactly can-
celled by an opposing current driven by the Seebeck elec-
tric field. In a perpendicular magnetic field, the transverse
voltages resulting from these two opposing currents also can-
cel, and there is no Nernst signal. This effect is known as
Sondheimer cancellation®>*?. However, the carriers that par-
ticipate in the two counter-flowing currents actually originate
from different parts of the energy spectrum*'. Thus if 7 is
energy dependent, the transverse flows arising from Lorentz
forces no longer cancel and a finite Nernst signal obtains. The
general expression for the Nernst coefficient is given by!823:

v=(S/B)[tan(6,) — tan(6y)] = 7 kT Jtan(6n)

T3 4B o M

E=EF

where 6, is the "Hall’ angle for thermally driven carriers,
kg is the Boltzmann constant, T is the temperature and g is
the electric charge. For the case of a dominant single band,

tan Oy ~ @, T(€) = fn—B;’L'(e). If we assume a constant effective

mass m* 1819,
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where &f is the Fermi energy. From Eq. (2), we see that the
sign of v does not depend on the type of charge carrier but

rather on g—z . From our measurement, the Nernst coeffi-
EF

cient v of LNO is negative which suggests that g—z <0.
E€F

We now examine whether a single band picture is appro-
priate for LNO. We consider a model with two simplify-
ing assumptions. Generally, T varies smoothly about &r for
kpT < er'®. Specifically if we assume that 7(g) o< €42, then
the Nernst coefficient can be written as:

2kgT
y=215 T, 3)

3 m* €

If we make the additional assumption that the density of states
also follows a power law D(g) o €, then the Seebeck coeffi-
cient in a single band picture may be written as:
272 272
nkzT d[In(0)) kg T
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where 6 = ”;f is the Drude conduct1v1ty42. We can now
rewrite v in terms of the Seebeck coefficient and Hall angle

as:

’
V=
I+w+r

,

We expect 17— to be of order unity. As seen in Fig. 2(d),
the Nernst coefficient v of LNO increases as temperature de-
creases, reaching a maximum at 7 ~ 50 K. At lower 7', v ap-
proaches zero. The overall v(T') dependence is largely cap-

tured by the product of B~!Stan @y, as shown in Fig. 2(d).

BilS-tanGH. (5)

Furthermore, the magnitude of the two quantities are compa-
rable, which indicates that a single-band picture may indeed
be a good approximation for LNO. We note that B~'Stan 6y
would be significantly suppressed in comparison to v for
a strongly compensated system comprising of electrons and
holes'® (if compensation is exact, S = 0 while v is large).
However, our results do not rule out the possibility of mul-
tiple hole bands that may be present in nickelates*. Our data
also suggest that the main contribution to the Nernst signal
comes from deflections of moving holes by the external mag-
netic field, with no appreciable anomalous Nernst signals due
to possible charge/magnetic ordering in LNO.

We now combine the Seebeck and Nernst measurements to
address how charge carriers move in LNO. We include trans-
port from both hole and electron bands, though a single band
may be sufficient according to the discussion above. There are
a total of four scenarios which are illustrated in Fig. 2(d). In
each case, the direction of V,T is the same as in Fig. 2(a), i.e.,
the left side is at a higher temperature, and the magnetic field
is along positive z direction. In scenario (i), both holes (red)
and electrons (blue) move from the left to right. This situa-
tion is not allowed based on the sign of the measured Nernst
voltage, and the right hand rule for Lorentz forces acting on
charge carriers. Scenario (ii) is also not permitted because it
would produce a positive Seebeck coefficient. Scenario (iii)
satisfies the negative sign of the Seebeck coefficient, how-
ever we need |afy| > |of,| in order to produce the correct

sign of the Nernst signal. Here o"(®) is the thermoelectric
conductivity tensor of holes (h) and electrons (e), defined as
j;l(e)) = —chx(e) V,T and j;l(e)) = —chx(e) V.T. The last sce-
nario (iv) gets the correct sign for the Nernst voltage, however
it requires |o | > |af | in order to get a negative Seebeck co-
efficient. From the analysis, we see that the thermoelectric
conductivity of holes has to be larger than that of electrons,
and that holes have to diffuse from the cold region to the hot
region. We note that the predominant role of holes is consis-
tent with the positive Hall coefficient as shown in Fig. 1.

According to Eq. (4), for a given charge carrier type, the
direction of diffusive motion is determined by the values of
do

€

wand r. If Se < 0, or w+r < —1, charge carriers will

EF
diffuse from cold regions to hot regions. Previous calcula-
tions of the electronic band structure of LNO and ARPES

experiments have shown that ag(g€> lez of LNO (or w in our

simplified model) is indeed negative***®. Our Nernst mea-

surement has also shown that % <0 (i.e. r <0). This was
Ef

also reported in optical studies on LNO films*"*%, where it

was found that the relaxation rate 1/7 increases strongly with
energy at low energies (< 50 meV), which was attributed to
strong electronic correlations*®. These considerations imply
that the decrease of D(€) and (&) with energy at & are the
main mechanisms for holes diffusing in the opposite way in
LNO to that in a free electron system.

The discussions above are based on Boltzmann transport in-
volving diffusive processes, which do not apply in the ballistic

regime where momentum relaxation and % play no role.
Ep
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Figure 3. Out-of-plane Nernst device, illustration of diffusive and
ballistic transports and measurement results. (a) Device structure
of the out-of-plane device and measurement geometry. (b) Illustra-
tion of the diffusive and ballistic thermal transport of holes in LNO.
Thicker arrows represent higher velocity. (c) Temperature depen-
dence of Nernst coefficients measured in the out-of-plane geometry
(red) in contrast to that obtained with temperature gradient in the
sample plane (blue). (d) Nernst coefficients measured on samples
with different thicknesses and mobilities which are represented by
the mean free paths at T = 10 K.

This should give rise to qualitative changes in hole transport
between the diffusive and ballistic regimes. Ballistic transport
in our high-mobility LNO films can be achieved in the out-
of-plane direction at low temperatures. The mean free path
[ can be estimated by | = vpT = Zif . 62’;‘:)”, where vg is the
Fermi velocity, kg is the Fermi wavevector and e is the mag-
nitude of the elementary charge. Here, we assume a single
band to calculate the carrier concentration n, and a spherical
hole Fermi surface. A plot of [ over the whole temperature
range is shown in the Supplemental Materials. For one of the
thicker films, at T = 10 K, [ ~ 24 nm which is comparable to
thickness d = 30.5 nm, approaching ballistic transport in the
out-of-plane direction.

To investigate this further, we fabricated devices (Fig. 3(a))
with VT in the out-of-plane direction. Figure 3(b) schemat-
ically shows the effect of an energy dependent scattering
rate. In the diffusive regime, holes from the hot side carry
higher energy (indicated by thicker lines), however, they dif-
fuse slower than those from the cold side. This is presumably
because higher energy holes experience significantly higher
scattering rates than those of low energy. On the contrary,
when d is comparable to / as shown in the right panel of Fig.
3(b), high energy holes can traverse the film more quickly be-
cause no scattering occurs during the process. As a conse-
quence, the net flow of holes is opposite to that in the dif-
fusive regime in this scenario. Experimentally, it is nearly
impossible to measure a thermoelectric voltage in the out-of-
plane direction in a thin film. However, the Nernst effect pro-

vides a unique path to investigate this effect by generating a
transverse (in-plane) voltage from the flow of carriers in the
out-of-plane direction (Fig. 3(a)) using an in-plane magnetic
field.

Figure 3(c) shows v measured on the out-of-plane device
(red curve) compared to that obtained on the in-plane device
(blue curve). For T 2 210 K, v in the two cases are nearly the
same. As T decreases, the out-of-plane measurement starts to
deviate from the in-plane one, eventually changing sign. To
examine whether this behavior is due to a crossover from dif-
fusive to ballistic transport, we measured the Nernst effect on
samples with different mobilities (or /) and thicknesses d. As
seen in Fig. 3(d), on different samples the values of 7y where
v changes sign are different. In the diffusive limit at higher 7',
é << 1 (0.017 and 0.032 for the thicker samples at 300 K). As
Tdecreases, the thinner sample with longer [ shows a higher
Ty as shown by the black data, while the thicker sample with
shorter / has a much lower T . In addition, we found that at
the temperature where v reaches a minimum, the correspond-
ing é values range from 0.08 to 0.18%°. These observations
imply that a crossover from diffusive to ballistic transport be-
gins to occur when 5 ~ 0.1, and that upon further increase in 5
a reversal of the flow of holes takes place, eventually leading
to a sign change in the Nernst signal at 7j.

In conclusion, by combining measurements of the Nernst,
Seebeck and Hall effects, we have determined that the
counter-thermal diffusion of holes explains electrical and ther-
moelectric transport in LNO, resolving a long standing conun-
drum where the Hall and Seebeck measurements gave appar-
ently contradictory results. We further demonstrated that this
counter-thermal flow of holes breaks down upon crossing over
from the diffusive to the ballistic regime, leading also to a sign
change in the Nernst coefficient. We point out that the nega-

tive value of % is crucial for understanding these trans-

€
port phenomena irf LNO. The reason for the increase in Ry
with decreasing temperature remains an open question. Fur-
ther theoretical work is required to understand the underlying
mechanisms, which will help pave the way for designing ox-
ide thermoelectrics*® and will improve our understanding of
transport in correlated materials.
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