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Extremely large linear magnetoresistance (LMR) is a ubiquitous phenomenon emerging from
topological Dirac and Weyl semimetals. However, the connection between LMR and non-trivial
topology is under extensive debate. In this letter, by precisely controlling the thickness of StTNbO5
thin films grown on SrTiO; substrates, we observe LMR over a large carrier density range with a MR
as high as 150,000% at carrier density n ~ 10%! cm ™3, far away from the quantum limit regime. The
temperature, magnetic field and carrier density-dependent LMR in StNbO3/SrTiO3 heterostructures
provides compelling evidence of a mobility-driven LMR in coherent electronic systems. Our results
uncover the general principle of LMR and shed light on proper categorization of transport properties

in topological and correlated materials.

Electrical resistance in response to an external mag-
netic field, i.e. magnetoresistance (MR), encodes in-
formation about low-energy electronic excitations that
are fundamentally tied to the quasi-particle dynamics in
quantum materials [IH3]. For conventional nonmagnetic
metals, MR is quadratic in low field and quickly sat-
urates to a constant value [4, [5]. Deviation from this
behavior, including the extremely large MR, is usually
an indication of non-trivial low-energy electronic struc-
ture, such as perfectly compensated electron/hole Fermi
surfaces (Fig. 1(a)) [6HII] and strong inhomogeneity-
induced charge/mobility fluctuation (Fig. 1(c)) [12, [13].
In the last few years, the extremely large MR with lin-
ear field dependence (LMR, exclusively refer to linear
magnetoresistance in this manuscript), has been widely
observed in topological Dirac and Weyl semimetals [14-
22), suggesting an intimate correlation between topolog-
ical quasi-particles and LMR, as illustrated in Fig. 1(b).
This picture, however, was challenged by a semiclassical
guiding center model (Fig. 1(d)) [23] in order to address
the discrepancy between the massive carrier numbers in
some materials and the lowest Landau level occupation
required by the quantum MR mechanism [24]. Releasing
conditions on band structure, LMR in the guiding center
model is a direct consequence of long electron mean free
path and high mobility. While the high mobility con-
dition is usually satisfied in topological semimetals with
dilute carriers due to linear dispersion, they can, in prin-
ciple, be realized in ultra-pure metals without topological
quasi-particles near the Fermi level. To uncover the na-
ture of LMR, it is critical to have an ideal material plat-
form, where LMR can be realized in a wide carrier density
range. Here we demonstrate that the SrNbO;/SrTiO4
heterostructure is such a system. By tuning the carrier
density through precise control of the film thickness, we
find LMR exists in a wide range of carrier density and the
magnitude of LMR is related to carrier mobility p and
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the Hall angle 6. The MR = Ap/po = p(H) as high
as 150,000% is achieved far away from the semimetal
regime with carrier density ~ 102! cm™3. Our results es-
tablish the general relation between LMR, mobility, Hall
angle, and thus support a more general guiding center
mechanism.

SrNbO; has a simple ABO; perovskite structure [25-
27]. Despite the difficulty of bulk single crystal syn-
thesis, epitaxial growth at a relatively low temperature
with no impurity phase or Sr vacancies can be achieved
by pulsed laser deposition (PLD) [26, 28]. We grow
high-quality single crystal StTNbO; films on SrTiO5 sub-
strates by PLD. The highest mobility is obtained at op-
timal thickness d* = 4.8 nm with a fully-strained lattice
and a large carrier density (n ~ 102 cm~2), providing
a versatile platform to study LMR in a high density
regime. X-ray diffraction demonstrates that films are
strained up to 15nm as shown in Supplemental Mate-
rial. Transport measurements are performed in a phys-
ical property measurement system (Quantum Design)
with Van der Pauw geometry. Metallicity of the het-
erostructure persists down to 2.0 nm film at low temper-
atures. The exceptionally high residual resistivity ra-
tio RRR = p(300K)/p(2K) ~ 10,000 indicates the high
sample quality [29], as shown the inset of Fig. 1(e).

Figure 1(e) displays an LMR up to 150,000% at
14T and 2K on a strained STNbO;/SrTiO4 heterostruc-
ture. This is comparable with that from well-known
Dirac/Weyl semimetals [14) [15, 19} 2T}, 28, [30-34]. A two-
band model fitting of the Hall resistivity shows electron-
and hole-type carriers, both of which are on the order of
102 ecm~3. The carrier type is consistent with previous
angle-resolved photoemission spectroscopy [25] as well
as density functional theory [27], that show two smaller
electron pockets and a larger jungle-gym Fermi surface,
all centered at the I'-point.(See Supplemental Materials,
also, [35H37] therein)
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Figure 1. Schematics of mechanisms to induce large magnetoresistance: (a) Extreme quantum limit in topological semimetals.

Sr is the size of the Fermi surface.

(b) Perfect electron/hole compensation. In scenarios (a) and (b), the LMR is expected

to disappear when chemical potential (dashed lines) is tuned away from the ”ideal condition” (solid line). (c) Strong-disorder
limit where eVp > po. Vo is the average potential height of disorder, uo is the chemical potential. Yellow islands represent local
disorder and black arrows denote electron trajectories due to random scattering. (d) Guiding center model in the weak-disorder
limit eVp < po. Red dots represent charge carriers and black circles with arrows indicate cyclotron orbits. Yellow regions and
bright yellow line denote disorder potentials and electrons squeezed trajectory. (e) Field dependence of MR (solid blue) and
Hall resistivity (solid orange) in sample 1 (S1) (4.8nm) at 2 K displaying an LMR up to 150,000% at 14 T. The nonlinear Hall
curve fitting (dash yellow) indicates an electron/hole two-carrier behavior.

The high but yet not perfectly compensated carrier
density proves that LMR can be realized in a system
far from the semimetal regime, where carrier density is
typically below 10'® ecm =3 [6], [10} [1T}, [15].

Carrier concentration in our heterostructures can be
tuned over two orders of magnitude by varying film thick-
nesses (See Supplemental Material). This allows us to
track the interplay between LMR and evolution of the
Fermi surface curvature. Figures 2(b,d,f) show Hall re-
sistivity of samples S2, S3 and S4 with different thickness.
The carrier densities are extracted by employing a two-
carrier model fitting (Supplemental Material), showing a
transition from two electron bands (Fig. 2(b)) to electron
and hole-like bands (Fig. 2(d,f)) with increasing thick-
ness. Fig. a,c,e) present MR in corresponding samples
with different carrier densities. While the magnitude of
MR varies, they all display linear dependence at high
field, as validated by taking the first derivative of resis-
tivity with respect to the magnetic field (orange curves).
The observation of LMR over a wide carrier concentra-
tion demonstrates that LMR is not a unique property of
topological semimetals. This is our first main experimen-
tal finding.

The widely observed LMR over a wide range of car-
rier concentrations in high quality StNbO,/SrTiO; het-
erostructures thus points to a more general mechanism
for the nature of LMR. As we show below, our observa-
tions are quantitatively consistent with the semiclassical
guiding center model, where electrons with [ > & > r,

travel coherently across many weakly-disordered poten-
tials before scattering (I is the mean free path, £ is the
characteristic length of disorder and r. is the cyclotron
radius).

We first look at one of the most important features of
the guiding center model, i.e., 1/B* scales linearly with
the averaged mobility (u) [23, B8]. Here B* is defined
as linear-to-saturation crossover field in dMR/dB as dis-
played in the inset of Fig. 2(g). The extracted 1/B*
(orange) and < p > (cyan) from S1 are shown in Fig.
2(h). The same temperature dependence of these two
quantities strongly supports a mobility-driven LMR. We
then move to another key feature of the guiding center
model, which predicts that the tangent of the Hall angle

o
tanfy = —2

Ogx

saturates to a constant value at high magnetic field. This
can be understood by expressing the longitudinal resis-
tivity as a function of the longitudinal conductivity and
Hall angle:

Pzz = o2, + O'%y - UTW 040 (1 +tan? 0y)

(1)

where G(tan ) = tan 0y /(1 +tan? 6 ) [23]. For a high
field-saturated Hall angle, MR can, in principle, be en-
hanced either by maximizing G' or minimizing o,,. In the
high-field limit (B > 1/pe,1/1n), 02y = e(ne —np)/B
[39]. While extremely large MR can be easily realized
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Figure 2.

(a-f) MR (blue), dM R/dB (orange) and Hall resistivity (solid purple) and two-carrier fitting (dashed orange) curves

on three representative samples S2 (3.2nm), S3 (4.3 nm), S4 (16.0nm) with different carrier concentration. (g) Field dependence
of MR in S1 at selective temperatures displaying a transition from LMR to quadratic dependence at higher temperatures. Inset
is the first derivative of MR showing saturation at 2 K (LMR) and linear dependence at 15K (quadratic MR). The linear to
saturation crossover field is denoted as B*. (h) Consistent temperature dependence of 1/B* and mobility indicate an underlying

relation between them.

in compensated materials with n, = ny, it increases
quadratically with B [6l, [7[]. The LMR can be achieved,
according to Eq. 1, for uncompensated cases, under con-
stant GG. Notably, the maximum value of G is achieved
when tan 6y ~ 1. This simple mathematical observation
is the most specific and compelling evidence in favor of
the guiding center model.

To prove these predictions, in Fig. 3(a,b), we show py.,
pzy and the extracted tanfy as a function of tempera-
ture and magnetic field. The LMR-induced resistivity
upturn shown in the inset of Fig. 3(a) has a small onset
field. However, as the applied magnetic field increases,
both longitudinal resistivity (solid) and Hall resistivity
(dashed) start to decrease at lower temperatures, exhibit-
ing a peak around 10K (the origin of such anomalous
temperature behavior is discussed in the Supplemental
Material). Remarkably, as displayed in Fig. 3(b), tan 6y
saturates above 5T to a value which monotonically in-
creases with temperature and crosses unity at 9K (Fig.
3(c)). Most importantly, we find that the highest p.,
is observed near tanfy ~ 1, fully consistent with the
guiding center model.

Finally, we compare experimentally determined
P22 (9T) with theoretical prediction. Following the guid-
ing center model [23], LMR is estimated as:

2 B(T)G(tan 0)

Pea(B) ~ 104 (2)

As we show in Fig. 3(d), the good agreement between ex-
periment (cyan) and theory (yellow), once again support

the guiding center model as the origin of LMR.

The quantitative agreement between our observations
in S*NbO4/SrTiO4 heterostructures and the guiding cen-
ter model provides a solid foundation for the general
principle of LMR in quantum materials. Fig. [4] surveys
a broad class of LMR materials, including semimetals
[124H17, 19, 2], 42], normal metals [40] and topological
trivial /nontrivial systems [I8 [34] 43]. Materials with
quadratic magnetic field dependence are not presented
here. Carrier concentration, mobility under a typical
condition of 2K, 9T and LMR are gathered . Here the
dashed arrow in Fig. 4(a) is provided as a guide to the
eye on the positive relation between LMR and carrier
mobility. In contrast to the mobility dependence, we do
not observe any obvious connection between LMR and
carrier density in Fig. 4(b). These results strongly sup-
port the guiding center model where high mobility is a
common thread and hints at a generic origin of all LMR
materials. This constitutes the second main result of the
present work.

While in topological semimetals, the high carrier mo-
bility naturally arises from the linearly dispersive bands,
the observed high mobility in the StNbO3/SrTiO5 het-
erostructures is worth a discussion. At optimized film
thickness, the electron mobility (80000cm?/Vs at 2K)
is over an order of magnitude higher than doped-SrTiO4
single crystals [44H46]. Similar galvanomagnetic observa-
tions have been reported in other SrTiO5-based systems,
like v—Al1,04/SrTiO4 [47], oxygen-deficient SrTiO4 [44]
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Figure 3. Transport properties of S1. (a) Temperature de-

pendence of longitudinal (solid) and Hall resistivity (dashed)
at selected fields displaying the anomalous behavior below
10 K. Inset is the temperature dependence of longitudinal re-
sistivity at low fields showing an upturn above 0.5 T. (b) Field
dependence of tanfp at selected temperatures. Saturation
of tan @y is demonstrated by the flat curves above 5T. (c)
Temperature dependence of the saturated tan 0y at 9T taken
from (b) and corresponding G evaluated from eqn.(1). tanfg
crosses unity at 9K and the peak indicates G reach a maxi-
mum when tan @y = 1. (d) Temperature dependence of longi-
tudinal resistivity at 9T, pu.(97) and 9-po-G(0)-1/10* (calcu-
lated from extracted values), exhibiting qualitative agreement
between estimation from eqn.(2) and the experimental result.
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Figure 4. MR as function of (a) mobility and (b) carrier den-
sity from various materials exhibiting large LMR with typi-
cal conditions of 2K and 9T. Data are extracted from [14}-
22,1341 [40H43]. Colors are coded with carrier density in (a) and
mobility in (b) from low (blue) to high (red). *SrNbOj here
is the StNbO3/SrTiO3 heterostructure. Note the parameters
are extracted from the dominant carrier type for multi-carrier
materials.

and Sr,CrWO,/SrTiO; [48]. The magnitude of MR in
these works is found to be positively related to sam-
ple mobility and the observed large MR is attributed to
spatial inhomogeneity [44]. In these systems, transport
properties are highly dependent on the nature of the in-
terface (e.g. strain, charge transfer) and carrier density is

usually low or not tunable. The exceptionally high RRR
in SrNbO,/SrTiO4 heterostructures indicates a low de-
fect concentration with optimized screening that occurs
at low temperatures. The carrier mobility in the bipolar
(electron-hole) thickness regime is found to be an order of
magnitude higher than the thin (electron-electron) and
thick (single electron) regimes (see Supplemental Mate-
rial). While the microscopic origin of such high mobil-
ity may require further study, we suspect that metallic
screening from the film together with the exceptionally
large dielectric screening of the SrTiOj substrate may
play a crucial role [29] [49].

In summary, our observations in StNbO4/SrTiO het-
erostructures with carrier concentration vary with thick-
ness, over several orders of magnitude uncovers the na-
ture of LMR and sheds light on proper categorization of
transport properties in topological and correlated mate-
rials.
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