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Emergent phenomena such as two-dimensional electron gas (2DEG) and interfacial superconductivity
and ferromagnetism are generally built on the interface between insulating oxide thin films and
substrates, e.g., LaAlO3/SrTiO3, where the 2Dprofiles of these electronic states are precisely confined
at the interface of two insulators. Herein we report a high-mobility electron gas state with unusual
symmetry at the interface of the Sr2CrMoO6/SrTiO3 (110) heterostructures, the fermiology of which
follows the cubic crystallographic symmetry rather than the two-dimensional interface itself, resulting
in the identical Shubnikov-de Haas oscillations with applied magnetic field along all the twelve
equivalent [110] crystallographic directions of SrTiO3, distinctly different from the 2D nature of the
electron gas reported previously. Neutron diffraction verifies the predicted ferrimagnetic ordering
between Cr and Mo moments. This, together with the magnetic hysteresis loops and negative
magnetoresistance in low-field region, suggests possible spin polarization of itinerant electrons.
Therefore, aquasi-3Dprofile, highmobility (up to104 cm2V−1 s−1) andpossibly spinpolarizedelectronic
state is observed in the double-perovskite-based oxide heterostructures. This finding of the electronic
properties in Sr2CrMoO6/SrTiO3 (110) heterostructure expands the knowledge of interfacial physics,
as well as shines light on oxide-based electronics and spintronics research.

The two-dimensional electron gas (2DEG) at the interface of oxide het-
erostructures has drawn increasing attention recently1–9; 2D-confined
electrons dominate the physical properties and introduce a range of inter-
esting phenomena including spin polarization7,8, superconductivity6,9, and
Wigner crystal states10. There are several important symmetry parameters to
the physical properties of the heterostructures, e.g., inversion symmetry,
time reversal symmetry, and Gauge symmetry, breaking of which corre-
sponds to the charge transfer, spin polarization, and superconducting state
at the interface. Moreover, the tunability of the carrier density at the
interface offers an interest platform for Rashba physics, in which the
strength of the spin-orbit coupling and asymmetric potential on different
sides can be manipulated by a gate voltage11,12.

Sr2CrMoO6 (SCMO) is a double perovskite crystallized in the cubic
structure with the Fm�3m space group, usually known as a half metal with a
fully spin-polarized Fermi surface13,14, due to the ferrimagnetic ordering
between the Cr3+ and Mo5+ ions (TC ~ 450 K)15,16. Previous studies of its
isostructural double perovskites, e.g., Sr2CrWO6 and Sr2FeMoO6, where

one important feature is the ordered distribution of the B-sites cations (Cr/
W, or Fe/Mo), mainly focused on the large room-temperature negative
magnetoresistance (MR)17,18. MR is defined as ρ Bð Þ � ρ 0ð Þ� �

=ρ 0ð Þ, where
ρ Bð Þ and ρ 0ð Þ are the resistivity (ρ) in an external magnetic field B and
B = 0 T, respectively. Regardless of the predicted half-metallic ground
states in theoretical prediction, semiconducting behavior is always found in
solid-state-reaction synthesized double perovskites like Sr2CrWO6 and
SCMO, possibly due to the high Cr-Mo/W antisite defect levels19. Never-
theless, epitaxial thin films of Sr2CrWO6

20 and SCMO14 on SrTiO3 (STO)
(001) substrates tell alternative stories with metallic conductivity down to
1.8 K, ultrahigh mobility, and a large positive MR at low temperatures.
These high-mobility conducting electronic state share the similarities with
STO-based 2DEG.

Here, we investigated the Shubnikov-de Haas (SdH) oscillations of
the epitaxial SCMO/STO (110) heterostructures to reveal the Fermi
surface profile in this system. Angular dependent SdH analyses reveal
that the Fermi pockets contributing to SdH oscillations exist at every
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equivalent [110] direction, following the cubic crystallographic sym-
metry. A quasi-three-dimensional (quasi-3D) morphology profile is
present in k space. Moreover, negative MR and magnetic hysteresis loops
were observed in low-field region, the combination of which may suggest
a spin-polarized electron gas state in the SCMO/STO (110) hetero-
structure. This unexpected electron gas state could build a playground for
designing and controlling the properties of transition metal oxide
heterostructures.

Results and discussion
Structure
High-quality SCMO epitaxial thin films were grown on STO (110)
substrates via the pulsed laser deposition method. The STO (110) sub-
strates and SCMO epitaxial films possess in-plane crystallographic ani-
sotropy, which means that the two in-plane perpendicular edges are
parallel to the [1�10] and [001] directions, respectively, as schematically
illustrated in Fig. 1a. The atomic force microscopy (AFM) image in
Fig. 1a shows the atomically flat surface of an as-grown SCMO film, with
a root mean square roughness of ~ 80 pm. The X-ray diffraction (XRD)
θ-2θ scan pattern of the SCMO film is shown in Fig. 1c, in which the
SCMO (220) and (440) diffraction peaks are observed on the left
shoulder of the sharp STO (110) and (220) diffraction peaks. A zoomed-
in pattern near the SCMO (220) peak is shown in the inset of Fig. 1c, in
which the Keissig fringes are signature of smooth surface of the film. The
thin-film thickness calculated from the fringes is ~35 nm. The XRD
rocking curve taken on the SCMO (220) diffraction peak yields a narrow
full width at half maximum (FWHM) of 0.09o (Supplementary Note 1 for
complementary data analysis of Fig. 1a), implying excellent crystalline
quality of the film. Further, the X-ray reciprocal space mapping pattern
(Fig. 1d), φ-scan patterns (Supplementary Note 1 for complementary
data analysis of Fig. 1b), and high-resolution high-angle annular dark-
field (HAADF) scanning transmission electron microscopy (STEM)
images (Supplementary Note 1 for complementary data analysis of Fig. 2)
reveal the coherent epitaxial growth of the SCMO film on the STO
substrate and high quality of the interface.

Magnetotransport
Our previous report evidenced that high-quality SCMO/STO (001) het-
erostructures show metallic resistance behaviors and ultrahigh mobility at
low temperatures14. However, as shown in Supplementary Note 2 for
complementary data analysis of Fig. 3, the high-quality SCMO thin films
grown on (LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) (110), LAO (110), and MgO
(110) substrates using the same thin-film growth condition show semi-
conducting resistivitybehaviors andnegativeMR,which are similar to those
observed inpolycrystalline SCMOsamples19.Note that a bare STOsubstrate
experienced the same high temperature and high vacuum deposition pro-
cess showing semiconducting resistance behaviors due to oxygen vacancies
in the STOsubstrate, as shown in SupplementaryNote 2 for complementary
data analysis of Fig. 4.Althoughboth SCMOfilm andoxygen-deficient STO
substrate show semiconducting resistance behaviors, the SCMO/STO (110)
heterostructure shows good metallic resistivity behavior, as shown in Sup-
plementary Note 2 for complementary data analysis of Fig. 5a. We further
performed two-terminal resistance measurements of the thin-film sample
along the thickness direction of the SCMO/STO (110) heterostructure
where the bottom electrode is made at the backside of the STO substrate.
The results are shown in Supplementary Note 3 for complementary data
analysis of Fig. 6. The resistance also shows semiconducting characteristics
with decreasing temperature and exceeds the measurement limit of our
PPMS (10MΩ) below150 K. Therefore, it is reasonable to speculate that the
interface between SCMO and STO has accumulated electrons to form a
highly conducting interfacial layer, as schematically shown in Fig. 1b. These
metallic resistivity behaviors are analogous to the 2DEG in LAO/STO
heterostructures1, implying that they may share similar mechanisms.

As shown in Fig. 1e, f, the sheet resistanceR□ vs.B curves up to 14 T are
measured from 1.8 to 5 K, employing a Hall-bar configuration on the top
surface of the 35-nm SCMO/STO (110) heterostructure, as sketched in the
insets of Fig. 1e, f. Here, the sheet resistance is used instead of resistivity, due
to the relatively complicated conducting channels. Traditionally, the mag-
netotransport measurements on 2DEG systems are conducted with the
direction of B perpendicular to the electron gas plane21. Figure 1e shows R□
vs. B curves with the magnetic field applied along the [110] direction, and

Fig. 1 | Characterization of Sr2CrMoO6 thin films. a The interfacial crystal
structure sketch between Sr2CrMoO6 film and SrTiO3 substrate and atomic force
microscopy image. b The electronic structure sketch near Sr2CrMoO6/SrTiO3

interface, which allows electron gas state. c Room temperature X-ray diffraction
patterns for a 35-nm Sr2CrMoO6 film. Inset: zoom-in plot near the Sr2CrMoO6

(220) diffraction peak. d X-ray reciprocal space mapping of the Sr2CrMoO6 film.
eLow-temperature sheet resistanceR□ vs.magneticfieldB curves, with the direction
of the magnetic field along the [110] and [1�10] directions, respectively.
f Temperature-dependent neutron diffraction reciprocal space mapping of the
magnetic peak.
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perpendicular to the SCMO/STO interface, while the electric current is
always applied along the [001] direction. Positive MR increases approxi-
mately linearly with external B, which is similar to the case of SCMO/STO
(001) heterostructures. The mobility fluctuation model in ref. 14 can be
therefore employed here to explain the linear MR, which consists of two
important aspects: (1) the highmobility carriers in sufficiently large external
B follows cyclotron orbit movement, which drifts in the electric field; 2) Cr-
Mo antisite defects create a slow-varying potential, yielding the drifting
orbits that wind around the low-mobility islands. The other important
feature of the R□ vs. B curves in Fig. 1e is the resistance oscillation patterns
superimposed on the roughly linear backgrounds, which are weakened
upon heating, and negligible at ~3.8 K. The oscillations originate from the
periodic modulation (Landau quantization) of allowed electronic states in
externalBfield, denoted as SdHoscillations. As aforementioned, the electric
current is applied along the [001] direction, which leaves two equivalent
[110] and [1�10] directions in the (001) plane of SCMO itself, however, in the
SCMO/STO (110) heterostructure these two vectors are actually none-
quivalent because of the broken inversion symmetry at the interface, e.g., the
[110] direction is perpendicular to the interface/electron gas plane,while the
[1�10] direction lies in the interfacial plane. What is particularly interesting
andunexpected is that the SdHoscillations are also observedwith externalB
// [1�10] direction, namely, B // electron gas plane, as shown in Fig. 1f. Such
strong SdH oscillations with B // interface are rarely observed in oxide
heterostructures including the well-known LAO/STO1, EuO/KTaO3

8, and
γ‑Al2O3/STO

22 heterostructures. Thus, we observed electron-gas-like
behaviors in the SCMO/STO (110) heterostructure, which, however, is
not a typical 2DEG system. The details of these oscillation patterns will be
further discussed in later sections.

Neutron diffraction
The proposed Cr-Mo antisite defects not only have critical influences on
electronic transport behaviors but also play a dominant role in the magnetic
properties. For B-site cation ordered double perovskites with negligible
disorder, the ferrimagnetic ordering between the two B-site cation moments
usually occurs at high temperatures15,16. However, the strict ferrimagnetic
ordering between the two B-site cationmoments will be significantly affected
by the antisite disorder, e.g., the saturation moment per formula is ~2.9 μB
for B-site cation ordered Sr2FeMoO6 samples, and ~0.8 μB for disordered
ones; additionally, the magnetic peak intensity of neutron diffraction (which
is proportional to the overall magnetic order parameter) increases fast to a
near-saturation value below TC in well-ordered samples, however, increases
slowly upon cooling for disordered ones23. For SCMO films on STO (001)
substrates, the saturation moment is ~1.5 μB/f.u., smaller than 2 μB/f.u. of
perfect Cr-Mo dimer14. The magnetic properties of the SCMO/STO (110)
heterostructure are shown in Supplementary Note 4 for complementary data
analysis of Fig. 7. Further, we employed the thermal triple-axis neutron
spectrometer Taipan24, which providesmore detection sensitivity than that of
regular neutron diffractometer, to study themagnetic structure of the SCMO
(110) thin-film sample (Supplementary Note 5 for complementary data
analysis of Fig. 8). As shown in Fig. 1g, a strong SCMO (111) magnetic peak
was observed at the base temperature (3 K). This peak superimposes on the
SCMO (111) structural diffraction peak, which is a structurally allowed
nuclear reflection and whose intensity is much weaker than the magnetic
signal (Supplementary Note 5 for complementary data analysis of Fig. 8).
The (111) magnetic peak suggests ferromagnetic alignment of moments
among Cr ions, and among Mo ions, which supports the calculated G-type
ferrimagnetic spin configuration14. Note that, previous work has demon-
strated that spin-polarized 2DEG can be obtained at the interface by intro-
ducing magnetically ordered oxides, e.g., insertion of 2 unit cells of EuTiO3

magnetic layer between LAO and STO introduces spin polarization of
2DEG25, EuO/KTaO3 interface shows spin-polarized 2DEG below the fer-
romagnetic ordering temperature of EuO (~70K)8. Upon the influences of
the interfacial Cr3+, Mo5+, and Ti3+ spins, the SCMO/STO (110) hetero-
structure shows considerable low-field negative MR (~-50%) at low tem-
peratures (Supplementary Note 6 for complementary data analysis of Fig. 9).

Shubnikov-de Haas oscillation
The background-subtracted SdH oscillation patterns are shown in
Fig. 2a, b, in which the lowest temperature was extended to 100mK. The
oscillation patterns are plotted against 1/B, on which the oscillations
show periodicity. With the direction of B perpendicular to the interface
(i.e., along the [110] direction, B // [110]), the itinerant electrons form
cyclotron orbits, which drift in the electric field direction, as sketched in
the left hand of Fig. 2e. With the direction of B parallel to the interface
(i.e., along the [1�10] direction, B // [1�10]), the cyclotron orbits are per-
pendicular to the interface, as sketched in the right hand of Fig. 2e,
meaning that the thickness of the electron gas layer is large enough to
accommodate electron cyclotron orbits. The itinerant electrons might be
injected into the semiconducting SCMO film to some degree to complete
the cyclotron motion. With large enough magnetic fields, the allowed
states for electrons are modulated, resulting in the oscillation patterns
that can be described by the Lifshitz-Kosevich (LK) formula:

Δρ

ρð0Þ ¼
5
2

B
2F

� �1
2

RTRDRS cos 2π
F
B
þ γ� δ

� �� �

where RT ¼ αTm�=B sinhðαTm�=BÞ,RD ¼ expð�αTDm
�=BÞ, and RS ¼

cosðαgm�=2Þ. Here,m� is the ratio of the effective cyclotronmass to the free
electron mass me; g is the g-factor; TD is the Dingle temperature; and
α ¼ ð2π2kBmeÞ=_e, where kB is Boltzmann constant, _ is the reduced
Planck constant, and e is the elementary charge. The oscillation of Δρ is
described by the cosine term with a phase factor γ� δ, in which δ ¼ 0 for
2D systems, and±1/8 for 3DFermi pockets, γ = 1/2−ΦB/2π, whereΦB is the
Berry phase. For electron systems, theBerry phase is usually zero.According
to the Onsager-Lifshitz equation, the frequency of quantum oscillations,
F ¼ ðφ0=2π

2ÞAS, whereAS is the extremal cross-sectional area of the Fermi
surface perpendicular to the magnetic field, and φ0 is the magnetic flux
quantum. The temperature and magnetic field damping factor RT and RD
are related to the cyclotronmass and quantum relaxion time of the electron
system. The corresponding fast Fourier transform (FFT) spectra of the
oscillationpatterns are shown inFig. 2c, d, respectively, fromwhichonemay
notice that the oscillation frequencies for both directions of B are ~33.4 T.
Employing the Onsager-Lifshitz relation, the cross-sectional area of the two
Fermi pockets are bothAS ~ 3.2 × 10-3Å-2. Thus, assuming ring shape of the
pockets, the Fermi vector of kF ~ 3.2 × 10−2Å-1 could be obtained. Further,
the FFT amplitudes are representative of the SdH oscillation amplitudes,
which can be employed to fit the temperature damping factor RT, as shown
in Fig. 2f. The effective electron mass along the [110] and [1�10] directions,
obtained from the fittings, are 1.80 and 1.75me, respectively. Thus, one can
obtain the Fermi velocity vF = ћkF/m

∗ ~ 2.0 × 104 m/s for both directions of
B. Further, using the obtained electron mass, we fitted the magnetic field
damping factor RD at 0.1 K and 1 K, as shown in Fig. 2g. The obtained TD
are: 10 and7.7 K for oscillations at 0.1 and1 Kalong the (110) direction; 16.8
and 14.7 K for oscillations at 0.1 and 1 K along the [1�10] direction. The
quantum relaxation time and quantum mobility at 0.1 K can also be
obtained by τ = ħ/2πkBTD (1.2 and 0.77 ps for the [110] and [1�10]
directions) and μQ = eτ/m∗ (2100 and 1250 cm2 V−1 s−1 for the [110] and
[1�10] directions), respectively.Note that, theHallmobilityμHall (1 × 104 cm2

V−1 s−1 at 1.8 K) is much larger than μQ, which suggests that the screened-
Coulomb scattering is the dominant scattering source for electrons26. These
Fermi pocket parameters obtained from the SdH oscillations for B // [110]
and B // [1�10] are roughly the same, which suggests that the SdH oscillation
follows the crystallographic (C4) symmetry, but not the conventional
C2 symmetry of the interface.

Angle dependent Shubnikov-de Haas oscillation
Angular θ-dependent SdH oscillation measurements are employed to fur-
ther understand the electron state at the SCMO/STO interface. During the
rotation of the thin-film sample around the (001) axis, the direction of B is
parallel to the [110]direction (B // [110]) and remainsunchangedduring the
rotation of the sample. The rotation starts from the [110] direction, denoted
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as 0°; to the [1�10] direction, denoted as 90°; then to the [�1�10] and [�110]
directions, and finally back to the [110] direction; as sketched in Fig. 3a. The
sheet resistance vs. B curves in the first quadrant (0° ≤ θ ≤ 90°) are shown in
Fig. 3b, in which the oscillation amplitude first decreases with the rotation
angle from0°, reaches theweakest amplitude at θ = 45°, and increases with θ
until 90°. As shown in Fig. 2a, b, the SdH oscillation amplitude at θ = 0°
(B // [110]) and 90° (B // [1�10]) are indeed rather strong, which means that
one may observe the same oscillation patterns at θ= 180° and 270°, based on
the C4 symmetry of the (001) plane of both the SCMO film and STO
substrate. Figure 3c shows the background-subtracted SdH oscillation pat-
terns in the 0°−360° rotation region plotted against 1/B in the heat map
format to emphasize the C4 symmetry. The strongest oscillation amplitude
(showing in red) occurs at θ= 0°, 90°, 180°, and 270°, which are all along the
equivalent [110] crystallographic directions. The FFT map (Fig. 3d) tells the
same story.

It’s worthmentioning that the STOwith sufficient oxygen vacancies may
also show SdH oscillations at a similar low-temperature range, e.g., 2 K. We
heat-treated a STO (110) single-crystal substrate at 1000 oC under 1 × 10−9 Pa
for 24 h using our molecular beam epitaxy (MBE) system (Dr. Eberl MBE-
Komponenten GmbH, Germany). Such a high temperature and high vacuum
condition is sufficient to remove a significant portion of oxygen atoms from
the STO substrate to make it conduct. We conducted electronic transport
measurements on a treated STO (110) substrate and show the results in
Supplementary Note 7 for Fig. 10a, b, c. The sample shows metallic behavior
upon cooling to 2K (Supplementary Note7 for Figure 10a), which demon-
strates that oxygen atoms have been sufficiently extracted from the pristine
STO substrate. Angular-dependent MR vs. B curves for different rotation
angles (θ) for the treated STO (110) substrate are shown in Supplementary
Note 7 for Fig. 10b, where SdH oscillations are observed for θ≤ 40o and the
oscillation amplitude becomes weaker with increasing θ. Moreover, oscillations

disappear for θ > 40o andMRbecomes negative for θ=90o (the direction of the
magnetic field parallel to the [1-10] direction, as schematically shown in the
inset of Supplementary Note 7 for Fig. 10b. A magnified view of the MR vs.
B curves is shown in Supplementary Note 7 for Fig. 10c. These magneto-
transport features are in sharp contrast to those of the SCMO/STO (110)
heterostructure shown in Supplementary Note 7 for Fig. 10d, where the
oscillation for θ= 90o is still rather strong and there is no negative MR.
Therefore, the observed peculiar angular-dependent SdH oscillations are
related to the interface rather than oxygen-deficient STO substrates.

To further verify this point, we performed rotation angle φ-dependent
SdHmeasurements, starting from the [001] direction, denoted as 0°; to the
[110] direction, denoted as 90°; then to the [00�1] and [�1�10] directions; and
finally, back to the [001] direction, as sketched in Fig. 4a. Again, before the
rotation of the thin-film sample around the (1�10) axis, the direction of B is
parallel to the [001]direction (B // [001]) and remainsunchangedduring the
rotation of sample. Note that, the electric current is still along the [001]
direction. The background-subtracted oscillations in the form of heat map
are shown inFig. 4b, inwhich themost obviousoscillations are still along the
[110] and [�1�10] directions. In fact, during the rotation process, only 2
equivalent (110) vectors, namely (110) and (�1�10), are on the rotation route,
which results in a two-fold symmetry in Fig. 4b. Also, the FFT map for the
φ rotationverifies the two-fold symmetry, as shown inFig. 4e.Anotherpoint
is that the oscillation amplitude seems to be damping slower with φ than
with θ, e.g., the oscillation vanishes completely at θ = 45° (Fig. 3c), but still
possesses enough intensity at φ = 45°, as indicated by the black dash line in
Fig. 4b. Based on Fig. 3c, one may find that the noticeable SdH oscillations
below 14 T are observedwithin an angle (between the direction ofB and the
normal vector of the Fermi pocket) range, which is approximately 35°.
Keeping this in mind, there are 12 equivalent pockets (valley degeneracy
υv = 12) in the Brillouin zone, some of which, e.g., the pocket on k(011) as

Fig. 2 | Shubnikov-de Haas oscillation analyses. a The background-subtracted Shub-
nikov-de Haas oscillation patterns, as measured by applying magnetic fields along the
[110] direction. b The Shubnikov-de Haas oscillation patterns, as measured by applying
magnetic fields along the [1�10] direction. c, d The fast Fourier transform (FFT) spectra
related to the oscillations in Panels (a, b), respectively. eA sketch of the electron cyclotron

orbit at the interface. f The thermal damping factor fitting of the Shubnikov-de Haas
oscillations. The error bars are smaller than the symbols. g The magnetic field damping
factor fitting of the Shubnikov-de Haas oscillations. The error bars are smaller than the
symbols.
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sketched in Fig. 4c, might contribute to the oscillations on the φ rotation
route. Therefore, we calculated the angle Θ between the direction of B and
any equivalent [110] directions during the φ rotation, which is summarized
in Fig. 4d. The oscillation frequencies F follows the cosine rule in 2D pocket
scenario: F(Θ) = F(0°)/cosΘ, which is an even function of Θ. Here, Θ is the
effective angle between the direction of the magnetic field and the con-
tributed pockets. Therefore, the two light-pink area in Fig. 4d indicate the
possible contributing pockets on φ rotation route. To check this point, we
plot the FFT curves in Fig. 4f, using the data shown in a chosen area of the
FFT spectrum map (the yellow box in Fig. 4e). Note that, constants are
multiplied for the low-angle spectra, to enhance the visibility in Fig. 4f. The
main peak positions in Fig. 4f are summarized in Fig. 4g, as blue stars, which
agreeswith the red and black F(Θ) simulation curves quite well. Specifically,
in high φ region (60o ≤ φ ≤ 90o), the pockets on k(110) and k(-1-10) contribute
mainly to the SdHoscillations; which turns to the degenerate k(0-1-1), k(-10-1),
k(101), and k(011) dominance in low φ region (20o ≤ φ < 60o) (Fig. 4g).
Moreover, some low-frequency oscillations are also detected in the FFT
spectra (Fig. 4f), whose amplitudes aremuchweaker than those of themain
oscillation peaks. For instance, the background-subtracted oscillation pat-
terns at φ = 45° and T = 1.8 K is plotted against B (black dots), and carefully
fitted using the three-frequency linear-superposition LK formula (red
curve) in Fig. 4h. Thefitting frequencies agreewith the FFT results in Fig. 4f,
in which the low frequencies could be attributed to the tunneling effect
between the spinpolarizedpockets in formof “figure of 8”27. As illustrated in
Fig. 4i, the contributing pockets possess different angles with respect to the
direction ofB (i.e., k[001]), whichwould result in different “effective pockets”
perpendicular to B, following the cosine rule. The tunneling effect between
the two pockets, or among multiple pockets could contribute to the low
frequencies in the FFT spectra (Fig. 4f). Further, SdH oscillation measure-
ments were also conducted by rotating the thin-film sample around the
(110) axis, with B // [001] (i.e., ψ-dependent SdH oscillations). The

oscillations manifest similar results as the above discussion, as shown in
Supplementary Note 8 for complementary data analysis of Fig. 11.

Symmetry analysis of Fermi surface
The finding of θ-, φ-, and ψ-dependent SdH oscillations within an angle
range (~35o) along the twelve equivalent [110] crystallographic directions
demonstrates that the interfacial electronic states contributing to the SdH
oscillations are 2D-like Fermi pockets, as schematically illustrated by the
shadowed red circles in Fig. 3e. Moreover, the oscillations occur only when
the direction of the magnetic field is parallel to the twelve equivalent [110]
crystallographic directions. Therefore, there are twelve 2D-like Fermi
pockets whose normal vectors are approximately parallel to the twelve
equivalent [110] crystallographic directions. These peculiar Fermi surface
(Fig. 3e) indicates that the electron gas state at the interface is not 2D/quasi-
2D or strictly 3D. Here, we use quasi-3D to describe the electron gas states.
Such a band renormalization in the SCMO/STO heterostructure tells the
difference against the electronic states of oxygen-deficient STO single
crystals whose conduction edge contributes to an ellipsoid-shape Fermi
surface around Γ point, which should lead to continuously changing
oscillation frequency follow quadratic function.

The equivalent [110] direction-preferred SdHoscillations demonstrate
an unusual electronic state consisting of twelve 2D-like Fermi pockets in the
SCMO/STO heterostructures, which is an interfacial effect, and different
from either STO or SCMO band structures, e.g., the conduction band edge
of STO containsmultiple 3Dpockets28,29, the SCMOexhibits two large spin-
polarized electrons pockets13,14, surrounding itsΓpoint in theBrillouin zone.
Todemonstrate the full picture,we furtherdiscussmore electronic transport
features of this system. (1) The R-T curve and Hall angle show T 2 depen-
dence (Supplementary Note 2 for complementary data analysis of Fig. 5b),
which indicates the Fermi liquid behaviors, where the electron-electron
scattering is more important than the electron-phonon scattering. (2) The

Fig. 3 | Rotation angle measurements of Shubnikov-de Haas oscillations in the
(001) plane. a The sketch of the rotation plane. b The sheet resistance R□ vs.
magnetic field B curves in the rotation angel θ = 0°-90° region. c The background-
subtracted oscillation patterns are plotted in the heat map format. d The fast Fourier

transform (FFT) spectramap of the oscillation patterns in Panel (c). eA sketch of the
possible electronic states for the electron gas system at the Sr2CrMoO6/SrTiO3

interface. The three shadowed blue lines represent the coordinates inmoment space.
The twelve shadowed red circles represent the 2D-like Fermi pocket.
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Hall effect contributes to the linear ρxy vs. B curves between ± 14 T fields,
fromwhich onemayobtain the carrier’s densitynHall ~ 1.15 × 1017cm−2 and
mobility μHall ~ 1 × 104 cm2 V−1 s−1 at 1.8 K (Supplementary Note 2 for
complementarydata analysis of Fig. 5c). From the SdHoscillations, onemay
calculate n2D = Fυvυse/h ~ 9.7 × 1013cm−2, where F, υv, υs, e, and h are
oscillation frequency, valley and spin degeneracy (υv = 12, and υs = 1),
electron charge and Planck’s constant, respectively. Therefore, the carriers
in the STO and SCMO also contribute to the Hall effect. (3) With the
coexistence of interfacial states and STO states, the overall conductivity in
the SCMO/STO heterostructure is excellent, e.g., 0.45Ω at 1.8 K and 7Ω at

300 K,which could provide a low-dissipation spin-polarized electron source
for potential applications, such as spin transfer torque devices.

Conclusions
Combined, we fabricated a high-quality 35-nm SCMO/STO (110) hetero-
structure with high mobility electron gas (1 × 104 cm2 V−1 s−1) at the
interface. Surprisingly, at low temperatures, the SdH oscillations occur at all
twelve equivalent [110] crystallographic directions including the in-plane
(1�10) direction, which suggests the quasi-3D nature of the electron gas state
with valley degeneracy υv = 12, distinctly different from the pure 2D nature

Fig. 4 | Rotation angle measurements of φ-Shubnikov-de Haas oscillations in the
(1
--
10) plane. a The sketch of the rotation plane. b Shubnikov-de Haas oscillation

pattern in heat map format. c A sketch of the rotation plane and the contributed
electron Fermi pockets. d The effective angle between the direction of the magnetic
field and the contributed pockets, is plotted against the rotation angle φ in the (1 �10)
plane. e The fast Fourier transform (FFT) spectra map linked to Panel (b). f The fast

Fourier transform (FFT) spectra of the yellow-box area in Panel (e), inwhich some of
the weak patterns are multiplied by constants. The main frequencies in Panel (f) are
summarized in Panel (g), which can be fitted with the 2D-pocket cosine rule.
h Lifshitz-Kosevich (LK) formula fitting of the oscillation at φ = 45°. I A sketch for
the possible electron pocket tunneling.
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of electron gas in widely reported oxide heterostructures, e.g., LAO/STO.
Elastic neutron scattering measurements verify the ferrimagnetic ordering
in the SCMOthinfilms,which, togetherwith the interfacial Ti3+ spinsdue to
oxygendeficient, possibly contributes to spinpolarization of the electron gas
and thus results in the negativeMR effect at low temperatures. This electron
gas system with high valley degeneracy and quasi-3D characteristics pro-
vides perspective to the well-studied 2DEG in oxide heterostructures
wherein the valley degeneracy at the interface were largely ignored, and
offers a potential materials category (double perovskites) to construct het-
erointerfaces with valley degeneracy electron gas.

Methods
Preparation of Sr2CrMoO6 ceramic target
Aceramic target with nominal composition of Sr2CrMoO6was prepared by
the conventional solid-state reaction method using stoichiometric Sr
(SrCO3 (99.95%)), Cr (Cr2O3(99.95%)), and Mo (MoO3 (99.95%)) as
startingmaterials. The startingmaterials werewellmixed via ballmilling for
20 h and sintered at 950 °C for 12 h to complete the chemical reaction. The
obtained polycrystal sample was further grounded into a fine powder via
20 h ball milling, and cold-pressed into a pellet. The pellet was sintered at
1100 °C for 12 h to obtain the ceramic target with a diameter of 25mm.

Thin film growth
A pulsed laser deposition apparatus equipped with a KrF (λ = 248 nm)
excimer laserwas employed to growSr2CrMoO6 (SCMO) thinfilmsonone-
side polished (110)-oriented SrTiO3 (STO) single-crystal substrates. Since
the target and thin film are in different chemical compositions, high-
vacuum conditions are necessary to guarantee low-oxygen thin film
deposition. Before deposition, the chamber was pumped into high vacuum
with a pressure of 5.0 × 10−5Pa. The deposition process was carried out at
5.0 × 10−4Pa for 30minwith a substrate temperature of 775 °C, followed by
in-situ annealing for 30min. Then the film was in-situ
(5.0 × 10−4 Pa) cooled down to room temperature at a rate of 10 °C/min.
The distance between the target and the substrate was set at 5 cm. The laser
energy density and repetition rate are 1 J/cm2 and 2Hz, respectively. The
film thickness is controlled by the number of laser pulses.

Structural characterization
The structural properties of the SCMO film were characterized via X-ray
diffraction (XRD) rocking curve, θ–2θ and φ scans, and reciprocal space
mapping using an X-ray diffractometer (SmartLab Rikagu) equipped with
Cu Kα1 radiation (λ = 1.5406 Å). Atomic force microscopy (AFM) images
were measured at room temperature using an Oxford Cypher ES device.
High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images were measured using a FEI titan themis 200
transmission electron microscope. The specimen for HAADF-STEM
measurements was prepared using a FEI Helios 450 S dual beam focused
ion beam (FIB).

Electronic transport measurements
A layer of silver (Ag) filmwas deposited onto the surface electrode region of
the SCMO film to form ohmic contacts and increase the stickness for wire
bonding. Then, aluminum (Al) wires were directly bonded to the SCMO/
STO interface using the conventional ultrasonic wire bonding approach.
Magnetotransport measurements up to 14 T were performed using a
Physical Property Measurement System (PPMS) (DynaCool-14, Quantum
Design). The rotation angle magnetoresistance measurements were con-
ducted via a vertical rotator mounted on the PPMS. Themagnetoresistance
at temperatures below 1.8 K was measured using a diluted refrigerator
equipped with an Oxford magnet (Triton 500, Oxford Instruments).

Elastic neutron scattering measurements
Toenhance the neutron scattering signal, a SCMOthinfilmwith a thickness
of ~1 μm was deposited on a 10 × 10mm2 substrate (total mass ~0.6mg).
The elastic neutron scattering measurement was conducted using the

Taipan triple-axis spectrometer based at theOPAL research reactor in Lucas
Heights, Australia. By selecting the exact wavelength of both the incident
and scattered neutrons at Taipan, purely elastic scattering could be mea-
sured without the usual background contribution from inelastic scattering
that is typically observed in diffraction experiments. During elastic scat-
tering, the neutron wavelength of λ = 2.34 Å was employed. Pyrolytic gra-
phite filters was placed both before and after the sample to suppress higher-
order wavelengths. During measurements, the thin-film sample was
mounted in a top-loading cryostat, with a 3–800 K temperature range.

Data availability
All data needed to evaluate the conclusions of the paper are present in the
paper and/or Supplementary Information. Additional data related to this
paper may be requested from the authors.
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