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Shubnikov-de Haas oscillations in half-metallic ferromagnetic CrQO, epitaxial films
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We present a study of the low-temperature, high-field magnetotransport behavior of epitaxially grown CrO,
thin films on (100) TiO, substrates. Electron transport measurements confirm high sample quality, with a
residual resistivity ratio as large as 45. A logarithmic fit of the low-temperature regime yields a T*> power law,
indicative of the elusive double-magnon scattering in half-metallic ferromagnets. Angle-dependent anisotropic
magnetoresistance (AMR) measurements reveal a large projected density of states along [001] with a maximum
AMR value of 2.4%. Pronounced, axis-dependent Shubnikov—de Haas (SdH) oscillations are observed in the
longitudinal magnetoresistance (MR), with discrete Landau levels mapped at various tilt angles of the magnetic
field. Their angular dependence follows a 1/ cos 6 relation pointing to a highly anisotropic Fermi surface, and
amplitude scaling adheres closely to the thermodynamic Lifshitz-Kosevich formalism. The out-of-plane MR
reaches 6.58%, the largest reported for CrO, thin films. Notably, this study presents an observation of SdH
oscillations in a half-metallic oxide with near-perfect spin polarization, a significant advancement in the field of

spintronics.

DOI: 10.1103/v73x-5ptd

I. INTRODUCTION

Chromium dioxide (CrO,), a prominent half-metallic
oxide [1], has garnered significant attention due to its near-
perfect spin polarization of 96%-98% at the Fermi level
[2-7] and relatively high Curie temperature T of about
390 K [8]. The double-exchange ferromagnetic ordering
above room temperature makes CrO, highly suitable for spin-
tronic applications requiring precise control over spin states.
Additionally, CrO, exhibits a large bulk saturation magneti-
zation reaching 480 emu/cm?® at room temperature [9] and
increasing to 640 emu/cm? at low temperatures [10].

The single-spin conduction channel in half-metals like
CrO, offers technological advantages, including enhanced
magnetotransport performance. Its structural compatibility
with emergent rutile altermagnets XF, (X=Mn, Fe, Co, Cu)
and unconventional torque sources such as RuO, and IrO,
[11,12] further expands its multifunctional potential [13—16].
CrO; is also chemically robust and easy to fabricate, making
it attractive for durable, long-term applications. A key feature
of its half-metallic nature is its pronounced magnetoresistance
(MR), which is critical for magnetic sensing technologies.
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Despite these favorable characteristics, the quantum elec-
tronic and magnetotransport behavior of CrO,, particularly
in thin films below 100 nm, remains insufficiently explored
under extreme conditions. Prior studies focused on bulk films,
microcrystals, and polycrystalline samples in low-field or
high-temperature regimes [8,17,18]. In this work, we investi-
gate the high-field, low-temperature MR behavior of epitaxial
CrO; thin films and uncover distinct quantum oscillations
in the longitudinal resistivity py,, providing insights into the
underlying quantum phenomena.

Our results reveal nontrivial features in p,, at low temper-
atures, including axis-dependent Shubnikov—de Haas (SdH)
oscillations under large magnetic fields. Systematic explo-
ration of field- and temperature-dependent characteristics as
a function of tilt angle reveals an MR as large as 6.58% at
1.8 K, the highest reported for CrO, films to date. Through
detailed analysis of the temperature and angular dependence
of these quantum oscillations, we extract key information
about the complex and anisotropic Fermi surface, consistent
with theoretical predictions [19]. This study bridges a critical
experimental gap, advancing our understanding of the quan-
tum behavior of CrO; thin films and reinforcing their potential
for spintronic and magnetotransport applications.

II. MATERIALS AND METHODS

High-quality CrO, films were epitaxially grown via chem-
ical vapor deposition, optimized for uniformity and minimal
lattice strain. A two-zone tube furnace accommodates the
critical temperature requirements of the precursor (240 °C)
and the single-crystal TiO, substrate (370 °C). TiO, substrates
with a (100) orientation, measuring 25 mm? in lateral area,
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were pretreated with diluted hydrofluoric acid to ensure a
pristine, activated surface for deposition.

During the deposition process, an oxygen-rich environ-
ment was maintained with a controlled O, gas flow rate of
100 sccm, ensuring a consistent deposition rate and high film
quality. Once the system stabilized at the target temperatures,
the hexavalent chromium precursor (CrO3) was introduced.

Following deposition of the CrO; film, we cool the system
to remove the precursor and further bake the sample for an
additional 1 h at 370 °C with O, gas flowing. This last step
helps improve the sample quality by enhancing the oxidation
state of CrO,, which is metastable and prone to reducing to
Cr,03 or CrOs. Postdeposition baking helps to maintain the
desired Cr** oxidation state and minimizes the formation of
nonstoichiometric defects. Additionally, this annealing step
promotes higher crystallinity of the epitaxial film by reducing
structural defects.

Structural characterization was performed via high-
resolution x-ray diffraction using a Rigaku Smartlab diffrac-
tometer with a Ge (220) double-bounce monochromator.
Reciprocal space mapping (RSM), symmetric 6-26 scans, and
asymmetric in-plane ¢ scans confirmed the epitaxial quality of
the film [20,21]. The results confirm an isostructural crystal
phase matching the rutile structure of TiO,, indicating that the
film is relatively unstrained, with compressive strain values of
0.48% and 0.38% for the a and c lattice parameters, respec-
tively (see Supplemental Material, Sec. I [22]).

For transport measurements, CrO, films were patterned
into 55 x 20 um? Hall bars using a mask aligner. Hall bar
arrays were designed along both the [010] and [001] current
directions to enable simultaneous transport measurements un-
der identical conditions. The patterned films were chemically
dry etched via reactive ion etching for 60 s using a mixture of
80 sccm CF4 and 40 sccm O,. After removing the photoresist,
the Hall bars were wire bonded for transport measurements.
Electrical characterization was conducted using a Quantum
Design DynaCool physical property measurement system,
with a horizontal rotator insert enabling measurements across
various magnetic field tilt angles relative to the sample’s
surface normal.

III. RESULTS AND DISCUSSION

A. Transport properties

Temperature-dependent p,, measurements were performed
on a 53 nm CrO, film with current injected along the b [010]
and c [001] in-plane axes, as shown in Fig. 1(a). We measure
Tc at approximately 396 K and a residual resistivity ratio
(RRR), which we define as p(400 K)/p(2 K), as large as 45
along [001], indicating high sample quality. Typical values
for the RRR of CrO, films range from 5.9 to 50, depending
on the composition and orientation of the substrate used as
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FIG. 1. Electron transport measurements. (a) Longitudinal resis-
tivity p,, of the CrO, film with current applied along the [010] and
[001] directions. (b) Data replotted with logarithmic scaling to show
details at low temperature.

well as the thickness of the film [3,23—-25]. The crossover in
pxx between the two axes occurs around 195 K [Fig. 1(b)],
consistent with previous reports [17].

To identify the dominant scattering mechanisms, we ex-
trapolate p,, to 0 K and extract the residual resistivity po,
as summarized in Table I. The values are relatively low and
comparable to those in prior studies [26,27]. We model the
temperature dependence of p,, using a power law of the form

pxx(T) = Po +AT”, (1

where n characterizes the scattering processes. Figures 2(a)
and 2(b) present the temperature-dependent resistivity given
by pxx — po on a logarithmic scale, enabling precise determi-
nation of the critical temperatures Ty and 7; which distinguish
the high- and low-temperature regimes, respectively. Linear
fits yield the exponent n, providing insight into the underlying
transport mechanisms.

Along [010] we observe two distinct regimes: n = 2.44
above Ty = 112 K and n = 4.52 below T; = 56 K. Various
spin fluctuation scattering models predict exponents between
2 and 3.5 [19,28], while some suggest that Anderson localiza-
tion in the minority spin band prevents conduction, leading
to pxe o T2 above a critical temperature of ~60 K [29].
This aligns with our observed transition range between 56
and 112 K. Above 100 K, spin disorder scattering likely
dominates, where n falls between 2.0 and 2.5. In half-metallic
ferromagnets, spin-flip scattering is suppressed due to the
absence of accessible minority spin states, making double-
magnon scattering the dominant scattering mechanism at low
temperatures. This is consistent with our measured slope of
n = 4.5 [30-34]. This mechanism has also been proposed
within the rigid band model [34].

For the [001] direction, we extract n = 2.98, which roughly
spans the entire temperature range (5—400 K). However, a de-
viation occurs between 9 and 50 K, where n = 3.56. Given the
narrow temperature range of this deviation, further measure-
ments may be necessary to confirm a more monotonic trend.
The n = 3 behavior was previously observed and attributed

TABLE I. Summary of transport parameters along the [010] and [001] current directions.

Axis P300 (u§2 cm) po (uS2 cm) RRR Te (K) T, (K) Ty (K) n(Tp) n(Ty)
[010] 237 26.4191 = 0.0004 16 397 56 112 4.52 2.44
[001] 303 14.1752 £ 0.0010 45 396 9 50 2.98 2.98
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FIG. 2. Logarithmic fit of p,,. Low- (blue) and high- (red) tem-
perature regimes indicated by vertical lines labeled 7; and Ty,
respectively. Dashed lines are linear fits along (a) [010] and (b) [001]
with corresponding slopes denoted by n.

to nonrigid band behavior [35], likely driven by unconven-
tional one-magnon scattering [31]. The weak temperature
dependence suggests a more uniform magnetic structure and
interactions along the [001] direction.

Since half-metals exhibit 100% spin polarization at the
Fermi level with a gap in the minority spin channel, their
scattering behavior is highly sensitive to spin-dependent ef-
fects and band anisotropy. Directional coupling between spin,
charge, and lattice dynamics is a defining feature of many
half-metallic ferromagnets. The anisotropy observed in p,,
suggests variations in band curvature and dispersion along
[010] and [001] near the Fermi energy. Figure 3 illustrates
the crystallographic anisotropies in both real and reciprocal
space.

Previous works reported significant band crossings along
[001] [19,36], including the presence of two degenerate triple
points (TPs). Although these TPs are not located exactly at
the Fermi level, they are both less than 0.5 eV from the Fermi
energy, and we predict they can shift under the presence of
external stimuli and contribute to the transport properties.
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FIG. 3. Electronic structure of CrO,. (a) Schematic of sample
orientation used for measurements, with magnetic field B applied at
angle 6 from the surface normal. (b) Reciprocal space bulk Brillouin
zone of CrO, with high-symmetry points labeled. (c) Cross-sectional
rendering of the Fermi surface from [19,36] along the k.k, plane.
(d) Band structure of spin majority carriers in CrO, near the Fermi
level [37]. Triple-point crossings are indicated as red stars.
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FIG. 4. Anisotropic magnetoresistance (AMR) along [001].
(a) Field-dependent AMR at 1.8 K and (b) the corresponding polar
plot representation. (c) Temperature-dependent AMR at 12 T and
(d) the corresponding polar plot. Dashed lines are at 0 = 180°.

Renormalization effects from the double-magnon scattering
we observe at low temperatures can modify the properties of
these spin wave interactions, affecting their energies and po-
tentially lowering the energy of the electronic states near the
Fermi level [3,38]. Additionally, asymmetric Zeeman splitting
between spin channels from large applied magnetic fields
along with large spin-orbit coupling (SOC) [39] may also lift
the degeneracies in the TPs and lead to sizable energy shifts.

B. Anisotropic magnetoresistance measurements

We performed angle-dependent p,, measurements to in-
vestigate the effects of temperature and magnetic field on
the 53 nm sample with current applied along the [001] and
[010] directions. In particular, we examined the out-of-plane
angular variation in the anisotropic MR (AMR), defined as
AMR(@O) = %, where 6 is the angle between the
applied magnetic field B and the sample’ s surface normal.

As we rotate B from an in-plane orientation parallel to the
current direction to an out-of-plane configuration perpendicu-
lar to the current at 1.8 K, the AMR in Fig. 4(a) peaks at 2.4%
near 0°, 180°, and 360°, with minima at 90° and 270°, forming
a four-lobed bow-tie pattern. This AMR magnitude is among
the highest reported for epitaxial CrO, films, reinforcing the
role of spin-dependent scattering in this highly spin-polarized
system [24].

The transition from a sharp, cusplike feature at low fields
below 2 T in the AMR to the double-hump shape at high
fields likely reflects the strong magnetic anisotropy between
the in-plane [010] and [001] and out-of-plane [100] directions.
We performed vibrating sample magnetometry (VSM) mea-
surements of the bulk 53 nm film along these directions; they
are included in Fig. S2 in Sec. II of the Supplemental Material
to illustrate this anisotropy when tilting the field out of the
plane of the sample. The low-field VSM results along these
orthogonal directions portray the magnetic anisotropy of this
CrO; film and the differences in the density of states (DOS)
and scattering pathways along these directions.

The AMR dependence on the applied field is further il-
lustrated in the polar plot in Fig. 4(b). At low fields below
2 T, AMR primarily reflects magnetic anisotropy, which is
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dictated by crystal symmetry. This is shown by the sharp,
elongated teardrop-shaped AMR at low fields, which is highly
anisotropic. At higher fields above 3 T, the AMR is increas-
ingly governed by electronic structure effects. The electron
Fermi surface of CrO, forms a pillbox around the zone center
[3,4,19,36]. As observed, the k.k, cross section of the electron
Fermi surface shown in Fig. 3(c) closely resembles the bow-
tie-like AMR pattern we observed experimentally above 3 T.
Deviations from this rendering can be explained by the fact
that applying a magnetic field warps the Fermi surface in plane
and thereby modifies the electronic structure.

In CrO,, the [001] direction exhibits enhanced spin-
dependent scattering, which can be attributed to the higher
projected DOS (PDOS) along this axis. The larger AMR effect
observed along [001] points to electronic states being more
densely packed along this direction. Theoretical calculations,
as well as our own experimental data, have shown that CrO,’
s easy magnetization direction is along [001], correlating
with a higher PDOS at the Fermi level [40]. This leads to
a greater number of available electronic states for enhancing
spin-dependent scattering.

TPs can enhance magnon-mediated scattering events by
increasing the PDOS at specific energy levels and thereby
resulting in more frequent scattering events. They can also sig-
nificantly influence SOC by enhancing orbital hybridization.
This enhancement leads to anisotropic spin-dependent scat-
tering, directly impacting the AMR. Single-crystalline CrO,
has been shown to exhibit strongly anisotropic SOC along the
[010] and [001] directions [39]. The interplay between SOC
and magnon scattering, influenced by the presence of TPs
near the Fermi level, plays a crucial role in this temperature-
dependent resistivity [41].

A temperature-dependent AMR scan at 12 T is shown
in Fig. 4(c) and reveals that AMR is strongest at low tem-
peratures, where conduction electron spin polarization is
more robust. As expected, the AMR magnitude decreases
with increasing temperature due to weakened spin-dependent
scattering. Similar butterflylike AMR patterns have been ob-
served in type-II Weyl semimetals, which also exhibit highly
anisotropic electron Fermi surfaces [42].

We repeat these angle-dependent AMR measurements
along the orthogonal [010] direction. As illustrated in Fig. S3
in Sec. III of the Supplemental Material, the AMR along
[010] is at maximum ~0.7%, which is only about one third
of that measured along [001]. The general trends and shapes
of the polar plots, however, are consistent with the results
in Figs. 3(b) and 3(d), although with significantly lower
amplitude. This suppression can be attributed to resistivity
minimization when B aligns with low-PDOS directions, re-
ducing available scattering sites. Here, a low-PDOS direction
refers to bands that are steeply dispersing, meaning that for
a given energy range, fewer states are available along [010]
compared to the [001] direction. A lower PDOS leads to
weaker scattering, which may explain the smaller AMR re-
sponse along [010].

C. Background magnetoresistance

Field-dependent p,, measurements were performed on the
53 nm film at 1.8 K across a wide range of magnetic fields and
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FIG. 5. Angle-dependent magnetoresistance (MR) of bulk CrO,.
MR measurements collected at 1.8 K along (a) [001] and (b) [010].
The dashed line in the inset of (a) is the quadratic fit to the 6 = 0°
data. (c) and (d) illustrate underlying quantum oscillations A p,, after
subtracting the smoothly varying polynomial background from data
in (a) and (b).

tilt angles. The Hall bar configurations enabled measurements
along both the b [010] and ¢ [001] crystallographic axes, as
illustrated in the insets in Figs. 5(a) and 5(b), respectively. The
MR was quantified as MR(B) = %&.(0). The extended
field range explored in this study allows access to higher MR
values than previously reported [23,24,30,43]. A second-order
polynomial fit was applied to the high-field regime for 6 = 0°
and extrapolated to zero field [dashed line in the inset of
Fig. 5(a)]. This analysis reveals an MR as large as 6.58%,
the highest reported for CrO, epitaxial thin films to date
[30,44,45].

The observed MR exhibits contributions from both classi-
cal and quantum mechanisms. At high fields, the MR follows
a quadratic field dependence (B?) as the cyclotron radius
shrinks below the mean free path between collisions. This is
characteristic of classical transport dominated by the Lorentz
force which arises due to the cyclotron motion of charge
carriers, leading to a nonsaturating orbital MR effect.

At low fields, quantum contributions to MR manifest as
quantum interference corrections in the presence of SOC. The
initial “positive” MR observed only along the [001] current
direction can be attributed to weak localization effects due to
time-reversal symmetry breaking from the applied magnetic
field. This effect is small, on the order of 1%-2%, and is
gradually suppressed at higher fields. This is consistent with
spin-dependent weak antilocalization effects observed in other
half-metallic ferromagnets [46,47].

D. Emergent oscillatory phenomena at high field

After the smoothly varying polynomial background is sub-
tracted from the high-field MR, periodic oscillations in the
longitudinal resistivity Apy, emerge as a function of inverse
magnetic field, as shown in Fig. 5(c). These oscillations
along [001] correspond to SdH oscillations, a hallmark of
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quantum oscillatory behavior in high-mobility electron sys-
tems. Although elusive, SdH oscillations were theorized to
manifest in CrO; due to its high carrier mobility and low
carrier number [30].

Despite the typically large Fermi surfaces in CrO,, which
can short out quantum oscillations, we successfully resolve an
oscillatory component, likely facilitated by the high quality of
our samples and extreme measurement conditions. Figure 5(c)
presents the SAH oscillations along [001] at various magnetic
field tilt angles (0° < 8 < 90°). As 0 increases, the oscil-
lation amplitude monotonically decreases, with pronounced
suppression near 0° and 90°. Although the suppression at
90° is expected in most thin film systems due to minimized
Lorentz force and insufficient orbital motion, the obstruction
of oscillations at 0° is interesting. This points to transport
that is dominated by high-mobility pockets away from 0°. In
anisotropic Fermi surfaces, the extremal orbits responsible for
SdH oscillations appear only when the magnetic field is tilted
from the symmetry axis. If the relevant orbits vanish at 0° or
become nonextremal, meaning the cross-sectional area is not a
minimum or maximum, we may not observe SdH oscillations
even if Landau levels are forming.

The MR effect is related to the anisotropy of various
scattering mechanisms which, as indicated by the distinct
angular dependence and nontrivial behavior of p,,, may be
sensitive to extremal Fermi surface orbits. The high quality
of our samples combined with the large magnetic fields and
low temperatures employed enables the detection of these
oscillations. Further increasing the field strength or reducing
the temperature could amplify these oscillations, making them
even more pronounced.

Notably, this study represents an experimental observation
of SdH oscillations in a half-metallic ferromagnet. The obser-
vation of well-defined SdH oscillations confirms the presence
of Landau quantization, indicating a quantum contribution to
the MR. The persistence of oscillations up to 12 T suggests
that carriers experience field-dependent quantization of states,
highlighting the unique quantum transport properties of CrO,.

Interestingly, the SdH oscillations are significantly sup-
pressed along [010], underscoring a highly anisotropic and
warped Fermi surface in CrO,. This anisotropic Fermi surface
structure results in direction-dependent effective masses, in-
fluencing electron dynamics along different crystallographic
axes. The conditions required to observe such oscillations
imply that transport along [001] is characterized by a smaller
effective mass, higher carrier mobility, and lower scattering
rate compared to [010]. Moreover, the presence of a subtle
subharmonic background even after background subtraction
further supports a highly anisotropic and potentially warped
Fermi surface. These findings align with theoretical band
structure calculations and Fermi surface reconstructions for
rutile CrO, [36,48].

E. Analysis of quantum oscillations

We apply a fast Fourier transform (FFT) to the oscillatory
component of the Ap,, data presented in Fig. 5(c) to identify
the dominant SdH oscillation frequencies. The FFT spectrum
for & = 30°, shown in the inset of Fig. 6(a), reveals a single
dominant frequency of f =48+ 6 T, as indicated by the
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FIG. 6. Analysis of Shubnikov—de Haas oscillations. (a) Data
along [001] after background subtraction at & = 30°. The inset shows
the corresponding FFT spectrum. (b) Landau level fan diagram of
peak positions [indicated by dashed lines in (a)] at various tilt angles.
Linear fits with slopes F' plotted as a function of tilt angle are given
in the inset of (b).

dashed guidelines. Since each extremal cross section of the
Fermi surface corresponds to a distinct oscillation frequency,
the more complex Fermi surface theoretically predicted for
CrO; should, in principle, produce multiple frequencies. Here,
we resolve a single distinct frequency, with seemingly mul-
tiple components in Fig. 6(a) that are difficult to resolve.
We attribute the lack of any clear secondary frequencies
primarily to the limitations in our experimental setup. We
believe that further reductions in temperature below 1.8 K and
application of fields above 12 T will make these SdH oscilla-
tions even more pronounced and reveal additional secondary
frequencies.

In a magnetic field, electron energy levels quantize into
discrete Landau levels (LLs). To analyze these states, we plot
the peak positions of Ap,, as a function of 1/B to construct
a LL fan diagram at various tilt angles, as shown in Fig. 6(b).
The data are fit with

Nv=F4s 2)
=5 +o.

where F is the SAH oscillation frequency in teslas, N is the
LL integer index, § is the phase shift correction factor, and B
is the magnetic field strength. Well-defined LLs are typically
observed in high-purity metals where weak electron scattering
preserves the sharpness of the LLs. The observation of clear
LL quantization in CrO, further confirms its high sample
quality, low impurity concentration, and robust transport prop-
erties, even in the bulk regime of the 53 nm film.
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FIG. 7. Magnetic-field-dependent data along [001] at 6 = 30° fit
to the Lifshitz-Kosevich (LK) model described by Eq. (3).

We analyze the evolution of the oscillation frequency F
as a function of 6, as shown in the inset of Fig. 6(b). The
slopes range from 41 =3 T at 6§ = 15° to 308 =22 T at
0 = 75°. The data follow a 1/cos trend within error mar-
gins. These frequency trends align well with those extracted
from the SdH oscillation periodicity in 1/B. At larger tilt an-
gles, the SdH oscillation amplitude drops. At 8 = 90°, where
the magnetic field is parallel to the sample, F (9) theoretically
diverges. This fit suggests quasi-two-dimensional-like mag-
netotransport which depends on the perpendicular component
B, = Bcos6.

The angular dependence of SdH frequencies can be under-
stood in the context of its highly anisotropic Fermi surface.
In strongly anisotropic three-dimensional (3D) materials, the
electronic structure can exhibit quasi-two-dimensional (quasi-
2D) behavior along certain crystallographic directions. CrO,
possesses elongated Fermi surface pockets, particularly along
the [001] direction, which can give rise to quasi-2D behavior
in the quantum oscillations that are further enhanced when
the magnetic field is rotated away from this principle axis.
Although the film is thicker than the typical quantum con-
finement length scales, partial confinement cannot be ruled
out entirely, and it may contribute to the quasi-2D-like angu-
lar dependence. The dominant factor, however, is likely the
intrinsic Fermi surface anisotropy rather than true quantum
confinement or surface states. Notably, the SdH signal persists
over a wide angular range and maintains a strong bulk charac-
ter, which argues against a surface-state origin. Additionally,
the small residual nonzero oscillations persisting at 90° are a
signature of 3D bulk Fermi surface contributions [49,50].

In addition to the angular dependence of p,,, we also
attempt to examine the temperature dependence of the SdH
oscillations. While oscillations are clearly evident at low tem-
peratures, they fade rapidly and become indistinguishable
above 1.8 K. Even with advanced signal processing tech-
niques, we could not track clear oscillatory behavior at high
temperatures (see the Supplemental Material, Sec. IV [22]).
We attribute the suppression of oscillations above 1.8 K to the
effects of thermal broadening. Figure 7 plots the normalized
oscillatory component A p,,/px(0) for 8 = 30° along [001]
at 1.8 K, where p,,(0) is p,, measured at B=0T.

To analyze the temperature dependence, we apply a mod-
ified thermodynamic Lifshitz-Kosevich (LK) fit [50-53],

given by
APy F aTm* <—aTDm*)
X 55 X Ty SXP
:Oxx(o) 2F moB sinh (TM) Bm()
agm*
X COS cos(2mN), 3)
2m0
where the temperature 7T is fixed at 1.8 K. Here, o« = 2”1%,

where e is the elementary charge, my is the free electron
mass, m* is the effective cyclotron mass, kg is the Boltzmann
constant, and 7 is the reduced Planck’s constant. In Eq. (3), g
is the g factor, with B, F', and N as previously defined.

The LK fit enables us to extract several key material pa-
rameters, including the scattering time v = ﬁ, as well as
the carrier mobility 4 = ¢ and the mean free path [ = tvr.
Additionally, we extract Fermi surface properties, including

the Fermi wave vector kp = /2

TR
7:5 , and the cross-sectional Fermi pocket area Ar = mk2.

The extracted values of these parameters are summarized in
Table IT .

Because the LK analysis requires temperature dependence
to deduce conclusive material parameters, we provide these
results only for reference purposes, with the caveat that they
correspond to a single set of fitting parameters and therefore
should not be taken to be exact because a temperature-
dependent LK fit could not be performed due to experimental
limitations.

The Dingle temperature 7 accounts for damping effects
due to scattering and provides insight into the effective ther-
mal broadening of the LLs. Relative to other materials that
exhibit SdH oscillations [49,51,52], the low Dingle tempera-
ture of CrO, indicates minimal thermal expansion over a wide
temperature range, which is advantageous for applications
requiring thermal stability such as optical and electronic de-
vices. The extracted mean free path at 1.8 K is consistent with
previous experimental measurements at 2 K [6,16,24,44,45]
and theoretical estimates for single-crystal CrO, at O K [3].

The scattering time falls within the expected range of 10~'4
to 107!2 s for transition metal oxides [25]. Similarly, the
electron effective mass agrees with theoretical calculations
at high-symmetry points on the Fermi surface [16,26,36,58].
To further analyze quantum transport, we compute the di-
mensionless parameter w, = 575;, which characterizes electron
orbits and their contributions to SdH oscillations. When
w.T > 1, electrons complete multiple cyclotron orbits before
scattering, signifying the quantum limit. Given the presence
of discrete SAH oscillations, we expect w.t > 1, which is,
indeed, the case.

Finally, the carrier mobility of half-metallic states in bulk
CrO, thin films has been reported as being on the order
of a few hundred cm? /V s at low temperature [16,25,30].
The carrier density value we report was extracted assum-
ing a single-band model using the standard expression given
by n = k% /3712, where kr was determined from the SdH
frequency assuming a spherical Fermi surface. This model
neglects potential complexities such as anisotropic Fermi sur-
face geometry, which is known and also shown in this work
to exist in CrO,. We highlight that our value represents an

the Fermi velocity vy =
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TABLE II. Summary of extracted material parameters for CrO, from the Lifshitz-Kosevich fit.

Parameter Symbol Measured value Value from the literature Units Ref.
Oscillation frequency fsan 48+£6 T

Effective mass m* 0.53 £0.05 0.48-0.58 my [36]
Scattering time T (3.34+0.8) x 10713 1.3 x 107" s [25]
Dingle temperature T 3.6+0.5 K

Carrier mobility nw 0.12 4+£0.02 0.0125 m?/Vs [30]
3D carrier density nip (2.8 +0.4) x 105 (1.04-1.3) x 10? cm™3 [54,55]
Fermi wave vector kr 1.21 £0.08 1.00 A-! [56]
Fermi velocity U (0.82+0.13) x 10° (1.38-3.8) x 10° m/s [45,57,59]
Fermi pocket area Ar 4.6+0.6 0.23-0.26, 8.86 A2 [3,36]
Mean free path l 27+8 30-115 nm [16,24,44,45]
Cyclotron parameter T 1.31£0.34

upper bound under this simplified approximation and that ACKNOWLEDGMENTS

a direct quantitative comparison to two-band-derived values
[30] should be made carefully.

IV. SUMMARY AND CONCLUSIONS

We reported an experimental observation of Shubnikov—de
Haas oscillations in the half-metallic oxide CrO,, providing
key insights into its quantum transport properties beyond the
ultrathin limit. Notably, we detect oscillations in bulk films,
establishing CrO, as a viable system for exploring quantum
phenomena in half-metallic ferromagnets.

Our study also revealed temperature-dependent double-
magnon scattering and strongly axis-dependent anisotropic
magnetoresistance. These results are well supported by
theoretical models, including the thermodynamic Lifshitz-
Kosevich formalism and Landau level indexing, offering a
deeper understanding of CrO,’ s band structure and intrinsic
properties. Furthermore, we extracted key material parameters
that align with previous studies, reinforcing the nontrivial
oscillatory behavior in p,,. These findings position CrO, as
an intriguing exotic half-metallic system with unique elec-
tronic and spin-dependent properties, making it a promising
candidate for spintronic applications and the study of novel
half-metallic materials.

We extend our gratitude to D. Pacifici for providing guid-
ance on the ellipsometry analysis of our samples. This work
was supported by the National Science Foundation (NSF) un-
der Grant No. DMR 2202514 and Seed Grant No. GR300300
from Brown University. V.S.B. acknowledges support from
the Jun Qi and Christine Geng Graduate Fellowship in Con-
densed Matter Physics from the Department of Physics at
Brown University. The work at the University of Delaware is
supported by NSF under Grant No. DMR 2316664.

All authors contributed to the study of magnetotransport
properties in spintronic oxides. V.S.B. conceptualized the re-
search, prepared samples, conducted measurements, analyzed
data, and drafted the manuscript. B.J.B. and H.M.C. assisted
with sample fabrication. D.T.P., X.W., and J.Q.X. performed
RSM and XRD analyses and contributed to sample prepara-
tion. G.X. supervised the project, coconceptualized the study,
analyzed data, contributed to manuscript preparation, and se-
cured funding.

DATA AVAILABILITY

The data that support the findings of this study are openly
available in the Brown Digital Repository [60].

[1] A. Gupta and J. Sun, Spin-polarized transport and magnetore-
sistance in magnetic oxides, J. Magn. Magn. Mater. 200, 24
(1999).

[2] K. Schwarz, CrO, predicted as a half-metallic ferromagnet,
J. Phys. F 16, L211 (1986).

[3] S. P. Lewis, P. B. Allen, and T. Sasaki, Band structure and
transport properties of CrO,, Phys. Rev. B 55, 10253 (1997).

[4] M. A. Korotin, V. I. Anisimov, D. I. Khomskii, and G. A.
Sawatzky, CrO,: A self-doped double exchange ferromagnet,
Phys. Rev. Lett. 80, 4305 (1998).

[5] R. J. Soulen, J. M. Byers, M. S. Osofsky, B. Nadgorny, T.
Ambrose, S. F. Cheng, P. R. Broussard, C. T. Tanaka, J. Nowak,
J. S. Moodera, A. Barry, and J. M. D. Coey, Measuring the spin
polarization of a metal with a superconducting point contact,
Science 282, 85 (1998).

[6] Y. Ji, G. J. Strijkers, F. Y. Yang, C. L. Chien, J. M.
Byers, A. Anguelouch, G. Xiao, and A. Gupta, Determi-
nation of the spin polarization of half-metallic CrO, by
point contact Andreev reflection, Phys. Rev. Lett. 86, 5585
(2001).

[7] J. S. Parker, S. M. Watts, P. G. Ivanov, and P. Xiong, Spin
polarization of CrO, at and across an artificial barrier, Phys.
Rev. Lett. 88, 196601 (2002).

[8] X. W.Li, A. Gupta, and G. Xiao, Influence of strain on the mag-
netic properties of epitaxial (100) chromium dioxide (CrO,)
films, Appl. Phys. Lett. 75, 713 (1999).

[9] P. Schlottmann, Double-exchange mechanism for CrO,, Phys.
Rev. B 67, 174419 (2003).

[10] N. A. Frey, S. Srinath, H. Srikanth, M. Varela, S. Pennycook,
G. X. Miao, and A. Gupta, Magnetic anisotropy in epitaxial

214440-7


https://doi.org/10.1016/S0304-8853(99)00373-X
https://doi.org/10.1088/0305-4608/16/9/002
https://doi.org/10.1103/PhysRevB.55.10253
https://doi.org/10.1103/PhysRevLett.80.4305
https://doi.org/10.1126/science.282.5386.85
https://doi.org/10.1103/PhysRevLett.86.5585
https://doi.org/10.1103/PhysRevLett.88.196601
https://doi.org/10.1063/1.124491
https://doi.org/10.1103/PhysRevB.67.174419

VINEETHA S. BHEEMARASETTY et al.

PHYSICAL REVIEW B 111, 214440 (2025)

CrO, and CrO,/Cr,0O; bilayer thin films, Phys. Rev. B 74,
024420 (2006).

[11] A. Bose, N. J. Schreiber, R. Jain, D.-F. Shao, H. P. Nair, J. Sun,
X. S. Zhang, D. A. Muller, E. Y. Tysmbal, D. G. Schlom, and
D. C. Ralph, Tilted spin current generated by the collinear anti-
ferromagnet ruthenium dioxide, Nat. Electron. 5, 267 (2022).

[12] M. Patton, D. A. Pharis, G. Gurung, X. Huang, G. Noh, E. Y.
Tsymbal, S.-Y. Choi, D. C. Ralph, M. S. Rzchowski, and
C.-B. Eom, Crystallographic spin torque conductivity tensor of
epitaxial IrO, thin films for oxide spintronics, Adv. Mater. 37,
2414267 (2025).

[13] L. Smejkal, J. Sinova, and T. Jungwirth, Emerging re-
search landscape of altermagnetism, Phys. Rev. X 12, 040501
(2022).

[14] B. Chi, L. Jiang, Y. Zhu, G. Yu, C. Wan, and X. Han,
Anisotropic spin filtering by an altermagnetic barrier in mag-
netic tunnel junctions, Phys. Rev. Appl. 23, 014013 (2025).

[15] K. Samanta, D.-F. Shao, and E. Y. Tsymbal, Spin filtering with
insulating altermagnets, Nano Lett. 25, 3150 (2025).

[16] J. M. D. Coey and M. Venkatesan, Half-metallic ferromag-
netism: Example of CrO, (invited), J. Appl. Phys. 91, 8345
(2002).

[17] A. Anguelouch, A. Gupta, and G. Xiao, Thickness dependence
of magnetic and transport properties of chromium dioxide
(CrO,) strained epitaxial thin films, IEEE Trans. Magn. 37,
2135 (2001).

[18] P. Das, A. Bajpai, Y. Ohno, H. Ohno, and J. Miiller, On the
influence of nanometer-thin antiferromagnetic surface layer on
ferromagnetic CrO,, J. Appl. Phys. 112, 053921 (2012).

[19] I. I. Mazin, D. J. Singh, and C. Ambrosch-Draxl, Transport,
optical, and electronic properties of the half-metal CrO,, Phys.
Rev. B 59, 411 (1999).

[20] G. Miao, G. Xiao, and A. Gupta, Variations in the magnetic
anisotropy properties of epitaxial CrO; films as a function of
thickness, Phys. Rev. B 71, 094418 (2005).

[21] Z. Zhang, S. Zhang, Y. Liu, Y. Qi, R. Xiong, and Z. Lu, Dis-
entangling large extrinsic magnetic relaxation in epitaxial CrO,
films, J. Alloys Compd. 1008, 176664 (2024).

[22] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/v73x-5ptd for a summary of x-ray analysis such as
reciprocal space mapping data, anisotropic magnetoresistance
along the [010] current direction, and temperature-dependent
Shubnikov—de Haas oscillations.

[23] U. Riidiger, M. Rabe, K. Samm, B. Ozyilmaz, J. Pommer, M.
Fraune, G. Giintherodt, St. Senz, and D. Hesse, Extrinsic and
intrinsic magnetoresistance contributions of CrO, thin films,
J. Appl. Phys. 89, 7699 (2001).

[24] M. S. Anwar and J. Aarts, Anomalous transport in half-metallic
ferromagnetic CrO,, Phys. Rev. B 88, 085123 (2013).

[25] W. R. Branford, K. A. Yates, E. Barkhoudarov, J. D. Moore,
K. Morrison, F. Magnus, Y. Miyoshi, P. M. Sousa, O. Conde,
A. J. Silvestre, and L. F. Cohen, Coexistence of universal and
topological anomalous Hall effects in metal CrO, thin films in
the dirty limit, Phys. Rev. Lett. 102, 227201 (2009).

[26] A. Barry, J. M. D. Coey, L. Ranno, and K. Ounadjela, Evidence
for a gap in the excitation spectrum of CrO,, J. Appl. Phys. 83,
7166 (1998).

[27] J. M. D. Coey, Magnetic localization and magnetoresistance in
mixed—valence manganites and related ferromagnetic oxides,
Philos. Trans. R. Soc. Lond. A 356, 1519 (1998).

[28] L. Ranno, A. Barry, and J. M. D. Coey, Production and mag-
netotransport properties of CrO, films, J. Appl. Phys. 81, 5774
(1997).

[29] X. Wang and X.-G. Zhang, Low-temperature resistivity in a
nearly half-metallic ferromagnet, Phys. Rev. Lett. 82, 4276
(1999).

[30] S. M. Watts, S. Wirth, S. von Molndr, A. Barry, and J. M. D.
Coey, Evidence for two-band magnetotransport in half-metallic
chromium dioxide, Phys. Rev. B 61, 9621 (2000).

[31] N. Furukawa, Unconventional one-magnon scattering re-
sistivity in half-metals, J. Phys. Soc. Jpn. 69, 1954
(2000).

[32] M. Rabe, J. DreBen, D. Dahmen, J. Pommer, H. Stahl, U.
Riidiger, G. Giintherodt, S. Senz, and D. Hesse, Preparation and
characterization of thin ferromagnetic CrO, films for applica-
tions in magnetoelectronics, J. Magn. Magn. Mater. 211, 314
(2000).

[33] G.-M. Zhao, H. Keller, W. Prellier, and D. J. Kang, Bulk ex-
perimental evidence of half-metallic ferromagnetism in doped
manganites, Phys. Rev. B 63, 172411 (2001).

[34] K. Kubo and N. Ohata, A quantum theory of double exchange.
I, J. Phys. Soc. Jpn. 33, 21 (1972).

[35] A. Gupta, X. W. Li, and G. Xiao, Magnetic and transport prop-
erties of epitaxial and polycrystalline chromium dioxide thin
films (invited), J. Appl. Phys. 87, 6073 (2000).

[36] N. E. Brener, J. M. Tyler, J. Callaway, D. Bagayoko, and G. L.
Zhao, Electronic structure and Fermi surface of CrO,, Phys.
Rev. B 61, 16582 (2000).

[37] R. Wang, Y. J. Jin, J. Z. Zhao, Z. J. Chen, Y. J. Zhao, and H.
Xu, Ferromagnetic Weyl fermions in CrO,, Phys. Rev. B 97,
195157 (2018).

[38] S. M. Radosevi¢, M. R. Panti¢, M. V. Pavkov-Hrvojevic,
and D. V. Kapor, Magnon energy renomalization and low-
temperature thermodynamics of O(3) Heisenberg ferromagnets,
Ann. Phys. 339, 382 (2013).

[39] L. Guo, R. Cai, Z. Zhang, W. Xing, W. Qiao, R. Xiong, Z. Lu,
X. Xie, and W. Han, Extremely large anisotropy of effective
Gilbert damping in half-metallic CrO,, Nano Lett. 24, 16436
(2024).

[40] A. Toropova, G. Kotliar, S. Y. Savrasov, and V. S. Oudovenko,
Electronic structure and magnetic anisotropy of CrO,, Phys.
Rev. B 71, 172403 (2005).

[41] Y. Chen and R. H. Victora, Contribution of three-magnon scat-
tering to Gilbert damping at elevated temperatures, J. Appl.
Phys. 136, 153902 (2024).

[42] K. Zhang, Y. Du, P. Wang, L. Wei, L. Li, Q. Zhang, W. Qin,
Z. Lin, B. Cheng, Y. Wang, H. Xu, X. Fan, Z. Sun, X. Wan,
and C. Zeng, Butterfly-like anisotropic magnetoresistance and
angle-dependent Berry phase in a type-1I Weyl semimetal WP,,
Chin. Phys. Lett. 37, 090301 (2020).

[43] K. Suzuki and P. M. Tedrow, Resistivity and magnetotransport
in CrO, films, Phys. Rev. B 58, 11597 (1998).

[44] L. Qian, W. Chen, and G. Xiao, Spin curvature induced resis-
tivity in epitaxial half-metallic CrO, thin films, Nanoscale 12,
3958 (2020).

[45] X. Zou and G. Xiao, Electronic transport and magnetoresistance
in polycrystalline and epitaxial CrO, nanowires, Phys. Rev. B
77, 054417 (2008).

[46] R. Sobhanan Helen, W. Prellier, and P. Padhan, Evidence of
weak antilocalization in quantum interference effects of (001)

214440-8


https://doi.org/10.1103/PhysRevB.74.024420
https://doi.org/10.1038/s41928-022-00744-8
https://doi.org/10.1002/adma.202414267
https://doi.org/10.1103/PhysRevX.12.040501
https://doi.org/10.1103/PhysRevApplied.23.014013
https://doi.org/10.1021/acs.nanolett.4c05672
https://doi.org/10.1063/1.1447879
https://doi.org/10.1109/20.951100
https://doi.org/10.1063/1.4751350
https://doi.org/10.1103/PhysRevB.59.411
https://doi.org/10.1103/PhysRevB.71.094418
https://doi.org/10.1016/j.jallcom.2024.176664
http://link.aps.org/supplemental/10.1103/v73x-5ptd
https://doi.org/10.1063/1.1362658
https://doi.org/10.1103/PhysRevB.88.085123
https://doi.org/10.1103/PhysRevLett.102.227201
https://doi.org/10.1063/1.367791
https://doi.org/10.1098/rsta.1998.0233
https://doi.org/10.1063/1.364682
https://doi.org/10.1103/PhysRevLett.82.4276
https://doi.org/10.1103/PhysRevB.61.9621
https://doi.org/10.1143/JPSJ.69.1954
https://doi.org/10.1016/S0304-8853(99)00753-2
https://doi.org/10.1103/PhysRevB.63.172411
https://doi.org/10.1143/JPSJ.33.21
https://doi.org/10.1063/1.372616
https://doi.org/10.1103/PhysRevB.61.16582
https://doi.org/10.1103/PhysRevB.97.195157
https://doi.org/10.1016/j.aop.2013.09.012
https://doi.org/10.1021/acs.nanolett.4c05630
https://doi.org/10.1103/PhysRevB.71.172403
https://doi.org/10.1063/5.0232608
https://doi.org/10.1088/0256-307X/37/9/090301
https://doi.org/10.1103/PhysRevB.58.11597
https://doi.org/10.1039/C9NR09443A
https://doi.org/10.1103/PhysRevB.77.054417

SHUBNIKOV-DE HAAS OSCILLATIONS IN ...

PHYSICAL REVIEW B 111, 214440 (2025)

oriented Lag7Sro3MnO;—SrRuO superlattices, J. Appl. Phys.
128, 033906 (2020).

[47] K. Kumar, M. M. Sharma, and V. P. S. Awana, Weak an-
tilocalization and ferromagnetism in magnetic Weyl semimetal
Co3Sn,S,, J. Appl. Phys. 133, 023901 (2023).

[48] G. Zhang, S. Cui, H. Zhang, Z. Feng, G. Wang, Q. Wang, Y.
Li, and C. Liu, High-pressure magnetic properties and electrical
transport behaviors of half-metallic ferromagnet CrO,, Phys.
Chem. Chem. Phys. 25, 7366 (2023).

[49] A. K. Okazaki, S. Wiedmann, S. Pezzini, M. L. Peres, P. H. O.
Rappl, and E. Abramof, Shubnikov—de Haas oscillations in
topological crystalline insulator SnTe(111) epitaxial films,
Phys. Rev. B 98, 195136 (2018).

[50] W. Zhao, C. X. Trang, Q. Li, L. Chen, Z. Yue, A. Bake, C.
Tan, L. Wang, M. Nancarrow, M. Edmonds, D. Cortie, and
X. Wang, Massive Dirac fermions and strong Shubnikov—de
Haas oscillations in single crystals of the topological insulator
Bi,Se; doped with Sm and Fe, Phys. Rev. B 104, 085153
(2021).

[51] Y. Chen, Y. Chen, J. Ning, L. Chen, W. Zhuang, L. He, R.
Zhang, Y. Xu, and X. Wang, Observation of Shubnikov-de Haas
oscillations in large-scale Weyl semimetal WTe, films, Chin.
Phys. Lett. 37, 017104 (2020).

[52] O. Pavlosiuk, D. Kaczorowski, and P. Wisniewski, Su-
perconductivity and Shubnikov—de Haas oscillations in the
noncentrosymmetric half-Heusler compound YPtBi, Phys. Rev.
B 94, 035130 (2016).

[53] M. Busch, O. Chiatti, S. Pezzini, S. Wiedmann, J. Sdnchez-
Barriga, O. Rader, L. V. Yashina, and S. F. Fischer, High-
temperature quantum oscillations of the Hall resistance in bulk
Bi,Ses, Sci. Rep. 8, 485 (2018).

[54] M. S. Laad, L. Craco, and E. Miiller-Hartmann, Orbital corre-
lations in the ferromagnetic half-metal CrO,, Phys. Rev. B 64,
214421 (2001).

[55] X. W. Li, A. Gupta, T. R. McGuire, P. R. Duncombe, and G.
Xiao, Magnetoresistance and Hall effect of chromium dioxide
epitaxial thin films, J. Appl. Phys. 85, 5585 (1999).

[56] W. Chen, L. Qian, and G. Xiao, Resistance of domain-wall
states in half-metallic CrO,, Phys. Rev. B 98, 174402 (2018).

[57] E Bisti, V. A. Rogalev, M. Karolak, S. Paul, A. Gupta, T.
Schmitt, G. Giintherodt, V. Eyert, G. Sangiovanni, G. Profeta,
and V. N. Strocov, Weakly-correlated nature of ferromagnetism
in nonsymmorphic CrO, revealed by bulk-sensitive soft-x-ray
ARPES, Phys. Rev. X 7, 041067 (2017).

[58] L. L. Chase, Optical properties of CrO, and MoO, from 0.1 to
6 eV, Phys. Rev. B 10, 2226 (1974).

[59] E. J. Singley, C. P. Weber, D. N. Basov, A. Barry, and J. M. D.
Coey, Charge dynamics in the half-metallic ferromagnet CrO,,
Phys. Rev. B 60, 4126 (1999).

[60] V. S. Bheemarasetty, Supplementary data for Shubnikov-de
Haas oscillations in half-metallic ferromagnetic CrO, epitaxial
films, Brown University Open Data Collection, Brown Digital
Repository, Brown University Library (2025), https://doi.org/
10.26300/hdx 1-5m54

214440-9


https://doi.org/10.1063/5.0014909
https://doi.org/10.1063/5.0124644
https://doi.org/10.1039/D2CP05684D
https://doi.org/10.1103/PhysRevB.98.195136
https://doi.org/10.1103/PhysRevB.104.085153
https://doi.org/10.1088/0256-307X/37/1/017104
https://doi.org/10.1103/PhysRevB.94.035130
https://doi.org/10.1038/s41598-017-18960-0
https://doi.org/10.1103/PhysRevB.64.214421
https://doi.org/10.1063/1.369807
https://doi.org/10.1103/PhysRevB.98.174402
https://doi.org/10.1103/PhysRevX.7.041067
https://doi.org/10.1103/PhysRevB.10.2226
https://doi.org/10.1103/PhysRevB.60.4126
https://doi.org/10.26300/hdx1-5m54

