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Extremely large magnetoresistance in the “ordinary” metal ReO3

Qin Chen,1 Zhefeng Lou,1 ShengNan Zhang,2,3 Yuxing Zhou ,1 Binjie Xu,1 Huancheng Chen,1 Shuijin Chen,1 Jianhua Du,4

Hangdong Wang,5 Jinhu Yang,5 QuanSheng Wu,2,3 Oleg V. Yazyev,2,3 and Minghu Fang 1,6,*

1Department of Physics, Zhejiang University, Hangzhou 310027, China
2Institute of Physics, École Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland

3National Centre for Computational Design and Discovery of Novel Materials MARVEL, École Polytechnique Fédérale de Lausanne (EPFL),
CH-1015 Lausanne, Switzerland

4Department of Applied Physics, China Jiliang University, Hangzhou 310018, China
5Department of Physics, Hangzhou Normal University, Hangzhou 310036, China

6Collaborative Innovation Center of Advanced Microstructure, Nanjing University, Nanjing 210093, China

(Received 9 April 2021; revised 18 August 2021; accepted 25 August 2021; published 3 September 2021)

The extremely large magnetoresistance (XMR) observed in many topologically nontrivial and trivial semimet-
als has attracted much attention in relation to its underlying physical mechanism. In this paper, by combining
the band structure and Fermi surface (FS) calculations with the Hall resistivity and de Haas–van Alphen (dHvA)
oscillation measurements, we studied the anisotropy of magnetoresistance (MR) of ReO3 with a simple cubic
structure, an “ordinary” nonmagnetic metal considered previously. We found that ReO3 exhibits almost all the
characteristics of XMR semimetals: the nearly quadratic field dependence of MR, a field-induced upturn in
resistivity followed by a plateau at low temperatures, and high mobilities of charge carriers. It was found that for
magnetic field H applied along the c axis, the MR exhibits an unsaturated H1.75 dependence, which was argued
to arise from the complete carrier compensation supported by the Hall resistivity measurements. For H applied
along the direction of 15◦ relative to the c axis, an unsaturated H1.90 dependence of MR up to (9.43 × 103)%
at 10 K and 9 T was observed, which was explained by the existence of electron open orbits extending along
the kx direction. Two mechanisms responsible for XMR observed usually in the semimetals occur also in the
simple metal ReO3 due to its peculiar FS (two closed electron pockets and one open electron pocket), once again
indicating that the details of FS geometrical configuration are a key factor for the observed XMR in materials.
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I. INTRODUCTION

The fundamental and applied research on magnetoresis-
tance (MR) attracted a lot of attention in the past 30 years,
due to its applications in magnetic devices for data stor-
age [1–3], magnetic valves [4], magnetic sensors, or magnetic
switches [2,5]. The recent discovery of the extremely large
magnetoresistance (XMR) up to 106% at low temperatures
in numerous compounds motivates further research into MR.
The list of XMR materials includes both the topologically
nontrivial compounds, such as the Dirac semimetals Na3Bi [6]
and Cd3As2 [7]; Weyl semimetals of the TaAs family [8],
WTe2 [9], β-WP2 [10], elemental Ga [11], MoO2 [12],
and VAs2 [13] as well as topologically trivial semimetals,
such as elemental Bi [14], PdCoO2 [15], PtSn4 [16], transi-
tion metal dipnictides T Pn2 (T = Ta and Nb, Pn = P, As,
and Sb) [17–23], α-WP2 [24]; rocksalt rare-earth compound
LaBi/Sb [25,26], SiP2 [27]; and many others. Although the
family of materials showing XMR is expanding, no consistent
explanation for the XMR mechanism has been developed so
far. Nontrivial band topology inducing linear band dispersion
was believed to be responsible for the linear field-dependent
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MR in Cd3As2 [28]. A classical charge-carrier compensation
scenario was invoked to explain the nonsaturating quadratic
MR in WTe2 [9]. Open-orbit trajectories of charge carriers
as a result of nonclosed Fermi furface (FS) was employed
to illustrate the XMR behavior in PdCoO2 [15]. Recently,
Zhang et al. [29] studied the transverse MR by combining the
FS calculations with the Boltzmann transport theory and the
relaxation-time approximation, finding that the details of FS
geometrical configuration plays an important role in both the
field dependence of MR and its anisotropy.

ReO3 crystallizes in a simple cubic structure with space
group Pm3̄m (No. 221). As an “ordinary” nonmagnetic
metallic oxide, its calculated band structure and FS [30]
compare well with the de Haas–van Alphen (dHvA) oscil-
lation [31] and optical spectroscopy [32] measurements. The
“compressibility-collapse” transition occurring in ReO3 also
attracted considerable attention [33–35], especially for the
microstructure change at this transition by using nuclear mag-
netic resonance measurements [36], and FS change by using
the symmetry analysis [33]. Meanwhile, as a comparison with
the copper oxide superconductors exhibiting anomalous resis-
tivity in the normal state, the temperature dependence of the
longitudinal resistivity and Hall resistivity of ReO3 was also
analyzed [37] by using the Bloch-Grüneisen form as a strong
electron-phonon coupling metal.
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FIG. 1. (a) Crystal structure of cubic ReO3. (b) XRD pattern of a ReO3 single crystal. (c) XRD pattern of powder obtained by grinding
ReO3 crystals; the line shows its Rietveld refinement. (d) The Brillouin zone of ReO3. (e)–(h) Three-dimensional views of electron Fermi
pockets. (i) and (j) Band structures of ReO3 calculated without and with spin-orbit coupling.

Usually, in most nonmagnetic metals MR is a relatively
weak effect, characterized by a quadratic field dependence
at low fields that saturates to a magnitude of a few percent
at higher fields, totally different from that in semimetals. In
this paper, we measured the longitudinal resistivity, ρxx(T,H),
Hall resistivity, ρxy(T,H), and dHvA oscillations, as well as
calculated the band structure and FS of ReO3. We find a nearly
quadratic field dependence of MR reaching a large value of
(9.43 × 103)% at 10 K and 9 T, as well as a field-induced up-
turn behavior of ρxx(T), which are the common characteristics
for many topologically nontrivial and trivial semimetals. For
magnetic field H applied along the c axis, the MR exhibits a
nonsaturating H1.75 dependence, which we argue arises from
the carrier compensation, evidenced by the Hall resistivity
measurements. For magnetic field applied along other direc-
tions, a similar nonsaturating MR dependence with Hn (n =
1.68-1.90) was observed, which we conclude is due to the
existence of electron open orbits extending along the kx direc-
tion. These results indicate that the details of FS geometrical
configuration play an important role in the anisotropy of MR.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

ReO3 single crystals were grown by a chemical vapor
transport method. Polycrystalline ReO3 prepared previously
was sealed in an evacuated quartz tube with 10 mg/cm3 TeCl4

as a transport agent, then heated for 2 wk at 670 K, in a
tube furnace with a gradient 30 K. Red crystals with typical
dimensions 1.0 × 1.0 × 0.2 mm3 and a (001) easy cleavage
plane [see Fig. 1(b)] were obtained at the cold end of the tube.
The composition was confirmed to be Re:O = 1:3 by using
an energy dispersive x-ray spectrometer. The crystal structure
was determined using a powder x-ray diffractometer (XRD;

Rigaku Gemini A Ultra) with samples produced by grinding
pieces of crystals [see Fig. 1(b)]. It was confirmed that ReO3

crystallizes in a cubic structure (space group Pm3̄m, No. 221).
The lattice parameters a = b = c = 3.750(2) Å were obtained
by using the Rietveld refinement to XRD data (weighted pro-
file factor Rwp = 9.62%, and the goodness-of-fit χ2 = 2.540),
as shown in Fig. 1(c). Electrical resistivity (ρxx), Hall resistiv-
ity (ρxy), and magnetization measurements were carried out
by using a Quantum Design physical property measurement
system (PPMS, 9 T) or Quantum Design magnetic property
measurement system (7 T).

The band structure calculations were performed using the
Vienna ab initio simulation package (VASP) [38,39] with the
generalized gradient approximation of Perdew, Burke, and
Ernzerhof [40] for the exchange-correlation potential. A cut-
off energy of 520 eV and a 13 × 13 × 13 k-point mesh were
used to perform the bulk calculations. Magnetoresistance was
calculated using the combination of the Boltzmann transport
theory and the Fermi surface obtained from first princi-
ples [29]. For this purpose we used the WANNIERTOOLS [41]
package, which is based on the maximally localized Wannier
function tight-binding model [42–44] constructed by using the
WANNIER90 [45] package.

Within the relaxation-time approximation, the bandwise
conductivity tensor σ is calculated by solving the Boltz-
mann equation in the presence of an applied magnetic field
as [29,41,46]

σ
(n)
i j (B) = e2

4π3

∫
dk τnvn(k)v̄n(k)

(
−∂ f

∂ε

)
ε=εn (k)

, (1)

where e is the electron charge, n is the band index, τn is
the relaxation time of the nth band that is assumed to be
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independent on the wave vector k, f is the Fermi-Dirac dis-
tribution, vn(k) is the velocity defined by the gradient of band
energy

vn(k) = 1

h̄
∇kεn(k), (2)

and v̄n(k) is the weighted average of velocity over the past
history of the charge carrier,

v̄n(k) =
∫ 0

−∞

dt

τn
et/τn vn[k(t )]. (3)

The orbital motion of charge carriers in applied magnetic field
causes the time evolution of kn(t ), written as

dkn(t )

dt
= − e

h̄
vn[k(t )] × B. (4)

with kn(0) = k. The total conductivity is the sum of bandwise
conductivities, i.e., σi j = ∑

n σ
(n)
i j , which is then inverted to

obtain the resistivity tensor ρ̂ = σ̂−1.

III. RESULTS AND DISCUSSION

As a starting point, we discuss the results of our electronic
band structure and FS calculations. Figures 1(i) and 1(j) show
the bands without and with considering spin-orbit coupling
(SOC), respectively. It is clear the states near the Fermi level
(EF ) are mainly composed of d orbitals of Re atoms, a little
of the p orbital of O atoms, the most of which are located at
−2.5 eV relative to EF , with the SOC resulting only in the
separation of the bands near EF . The three pockets of FS of
ReO3 are shown in Figs. 1(e)–1(h), respectively, correspond-
ing to the three electronlike surfaces centered at the � point.
The α and β pockets are closed, while the γ pocket is open
along the [100] direction. The α pocket is rather circular in
the (100) planes and slightly squared off in the (110) planes;
the reverse is true for the β pocket. The open γ pocket consists
of three intersecting cylinders. As discussed in Refs. [30,33],
when magnetic field is applied along [001], two closed ex-
tremal orbits exist on the γ pocket, as shown in Fig. 1(g). The
electronlike orbit labeled γ1 occurs on the arms of the cylinder.
The holelike orbit labeled γ2, closed in the extended zone
scheme and centered at the M point. When magnetic field is
applied along the [111] direction, another extremal open orbit
γ3 exists on the � pocket [see Fig. 1(g)]. Because of the nearly
degenerate bands along the �-R direction [see Fig. 1(d)], the
β and γ pockets nearly touch along the [111] direction. The
α, β, and γ pockets contain 0.093, 0.171, and 0.736 electrons
per Re atom, respectively.

In order to study the role of the details of FS topology
in the MR, considering the existence of both the closed and
open pockets in ReO3 mentioned above, we performed ex-
perimental measurements of the longitudinal resistivity and
the MR anisotropy. Figure 2(a) shows the temperature depen-
dence of the resistivity, ρxx(T), measured at both μ0H = 0
and 9 T, respectively, with the current applied along the a axis
(I ‖ a) and magnetic field applied along the c axis. It is clear
that ρxx measured at μ0H = 0 T decreases monotonically
with decreasing temperature, i.e., exhibiting a typical metal-
lic behavior with ρ(2 K) = 0.02 μ cm and ρ(300 K) =
6.95 μ cm. This corresponds to residual resistivity ratio

FIG. 2. (a) Temperature dependence of longitudinal resistivity,
ρxx(T), measured at 0 and 9 T for a ReO3 crystal. Schematic diagram
of resistivity measurements: the current is applied along the a axis
and the field orientation θ is given in the b-c plane (inset). (b) The
angular plot of resistivity measured at 2 K under various fields.
(c) and (d) Magnetoresistance as a function of magnetic field for
several chosen H orientations measured at 10 and 20 K, respectively.

of 348, indicating that our ReO3 sample has a relatively
high quality, which is consistent with that reported previ-
ously [47–49]. Interestingly, ρxx(T) measured at μ0H = 9 T
exhibits a behavior similar to that observed in both trivial
topologically and nontrivial semimetals [15,22,50–53] with a
field-induced up-turn in resistivity followed by a plateau at
low temperatures, indicating that a large MR indeed emerges
in the nonmagnetic metal ReO3.

Figure 2(b) shows the angular resistance polar plot Rxx

(H, θ ) measured at 2 K in μ0H = 3, 6, and 9 T withI along
the a axis and by rotating the magnetic field H in the b-c plane
[see the inset of Fig. 2(a)]. The R(θ ) at 2 K exhibits a nearly
fourfold symmetry, i.e., R(θ ) = R(θ + π/2), which is con-
sistent with the cubic structure of ReO3. An observed minor
deviation is probably due to I not being aligned exactly along
the a axis. The resistance grows quickly from a minimum at
θ = 0◦ (H ‖ c axis) to a maximum at θ = 15◦, and then
decreases rapidly to another minimum at θ = 30◦, then in-
creased the second maximum at θ = 45◦. As H is rotated in
the θ = 0–90◦ range, the resistance exhibits two maxima of
one type (θ = 15◦ and 75◦) and a maximum of another type
(θ = 45◦).

Then, we measured the field dependence of MR, with the
conventional definition MR = �ρ

ρ(0) = [ ρ(H )−ρ(0)
ρ(0) ] × 100%, at

10 and 20 K, for several chosen magnetic field orientations
(θ = 0◦, 15◦, 30◦, 45◦, and 60◦). The results are shown in
Figs. 2(c) and 2(d), respectively. For all magnetic field ori-
entations, MR does not show any sign of saturation up to
the highest magnetic field 9 T in our PPMS, and exhibits a
similar field dependence Hn (n = 1.68-1.77) for the values
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FIG. 3. Typical cross sections of the FS of ReO3 projected onto
the kx × H plane, for the magnetic field orientation characterized by
θ = 15◦. The horizontal axis corresponds to the kx × H direc-
tion, while the vertical axis corresponds to the kx direction. The
plane in panel (a) passes through the � point, while the planes in
panels (b), (c), and (d) pass through points (0, 0.1π/a, 0.1π/a),
(0, 0.5π/a, 0.5π/a), and (0, 0.9π/a, 0.9π/a), respectively. The red
dashed lines highlight the closed hole orbits while the green dashed
lines indicate open electron orbits along the kx direction.

of θ = 0◦, 30◦, 45◦, and 60◦. However, for θ = 15◦ we find
n = 1.90, a nearly quadratic scaling with the maximum MR of
(9.43 × 103)% at 10 K, 9 T. We note that the field dependence
of MR measured at 10 and 20 K has the same power law for
each field orientation, indicating that MR can be described by
the Kohler scaling law [54]

MR = �ρxx(T, H )

ρ0(T )
= α(H/ρ0)m. (5)

In order to understand the quadratic magnetic field depen-
dence for the θ = 15◦ orientation, we plot the representative
orbits perpendicular to the magnetic field in Figs. 3(a)–3(d), as
well as in Fig. 1(h). The red dashed lines highlight the closed
hole orbits, while the green dashed lines indicate the open
electron orbits along the kx direction. Here, the square-shaped
red orbits originate from joining the electron pocket fragments
in the adjacent periodic replicas of the Brillouin zone (BZ).
These are the hole orbits rather than electron orbits. Thus,
the nonsaturating MR with a quadratic magnetic field depen-
dence (B1.9) for the θ = 15◦ orientation originates from the
existence of open orbits. On the other hand, for the θ = 0◦
(H ‖ c axis) orientation, representative orbits perpendicular to
the magnetic field are shown in Figs. 4(a)–4(d). The green and
red dashed lines indicate the closed electron and hole orbits,
respectively, in which the square-shaped red orbits originate
from joining the electron pocket (γ ) fragments in the adjacent

FIG. 4. Typical cross sections of the FS of ReO3 in the kx-ky

plane corresponding to (a) kz = 0, (b) kz = 0.1π/a, (c) kz = 0.2π/a,
and (d) kz = 0.3π/a, for the H ‖ c axis (θ = 0◦) orientation. Green
and red dashed lines show the closed electron and hole orbits,
respectively.

periodic replicas of BZ, i.e., the γ2 orbit in Fig. 1(g). In
this case, complete compensation of the two kinds of charge
carriers can be achieved and confirmed by the Hall resistivity
measurements discussed below.

Figure 5 shows the results of our numerical simulations for
the resistivity anisotropy and the magnetic field dependence
of MR. Figure 5(a) shows calculated anisotropy of resistivity
for H rotated in the b-c plane, which agrees well with our
measurements shown in Fig. 2(b). The angular dependence
of MR shows fourfold symmetry caused by the symmetry of
crystal structure. The calculated magnetic field dependence
of MR also exhibits a subquadratic behavior, i.e., MR scales
as H1.9 for θ = 15◦. All calculated MR results for ReO3 are
well consistent with the experimental results discussed above,
which indicates that the details of FS geometrical configura-
tion plays the crucial role in defining MR in material.

FIG. 5. (a) Calculated anisotropy of resistivity ρxx for magnetic
field rotated in the b-c plane agrees well with experiment results in
Fig. 2(b). (b) MR as a function of the magnitude of magnetic field
for the five different directions indicated by the θ values.
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FIG. 6. (a) Temperature dependence of longitudinal resistivity
ρxx(T) measured at different magnetic fields for the H ‖ c orientation.
(b) Temperature dependence of the MR normalized by its value
at 2 K at various magnetic fields. The inset is the MR data as a
function of temperature. (c) Field dependence of MR of ReO3 at
various temperatures. (d) MR as a function of H/ρxx(0) plotted on
a logarithmic scale.

Figure 6 summarizes resistivity ρxx(T, H) measured at vari-
ous temperatures and different magnetic fields with I ‖ a axis,
H ⊥ (001) plane (θ = 0◦) in ReO3. The measured resistivity is
remarkably enhanced by magnetic field at lower temperatures,
and the field-induced up-turn is observed. The normalized MR
has the same temperature dependence at various fields [see
Fig. 6(b)]. Figure 6(c) displays MR as a function of magnetic
field at various temperatures, which reaches (4.33 × 103)%
at 2 K and 9 T, and does not show any sign of saturation.
The MR can be described by the Kohler scaling law [see
Fig. 6(d)] with fitting parameters α = 0.34 (μ cm/T)1.75

and m = 1.75. As an “ordinary” nonmagnetic metal, ReO3

exhibits all the common behaviors observed in many trivial or
nontrivial topological semimetals [15,22,50–53] with XMR,
which seems to be unexpected.

In fact, as discussed above, for this particular magnetic
field orientation (θ = 0◦), there are indeed two kinds of charge
carriers in ReO3, evidenced by the nonlinear field depen-
dence of Hall resistivity measured at various temperatures
[see Fig. 7(a)]. Following the analysis of γ -MoTe2 by Zhou
et al. [55], as well as our work on MoO2 [12], we analyzed the
longitudinal and Hall resistivity data by using the semiclassi-
cal two-carrier model. In this model, the conductivity tensor,
in its complex representation, which is given by [52]

σ = eneμe

1 + iμeμ0H
+ enhμh

1 − iμhμ0H
, (6)

where ne and nh denote the carrier concentrations and μe

and μh denote the mobilities of electrons and holes, respec-
tively. To evaluate the carrier densities and their mobilities,
we calculated the Hall conductivity σxy = −ρxy/(ρ2

xx + ρ2
xy),

and the longitudinal conductivity σxx = ρxx/(ρ2
xx + ρ2

xy) by

FIG. 7. (a) Field dependence of Hall resistivity ρxy measured for
the H ‖ c axis at different temperatures. (b) Charge-carrier mobilities,
μe and μh, and (inset) carrier concentrations, ne and nh, as a function
of temperature extracted from the two-carrier model. Components
of the conductivity tensor, σxy and σxx , shown in panels (c) and (d),
respectively, as functions of magnetic field for temperatures ranging
from 2 to 100 K. Dots represent experimental data and red solid lines
the fitting curves based on the two-carrier model.

using the original experimental ρxy(H) and ρxx(H) data. Then,
we fit both σxy(H) and σxx(H) data by using the same fitting
parameters and their field dependencies given by [55]

σxy = eμ0Hnhμ
2
h

1 + μ2
hμ

2
0H2

− eμ0Hneμ
2
e

1 + μ2
eμ

2
0H2

, (7)

σxx = enhμh

1 + μ2
hμ

2
0H2

+ eneμe

1 + μ2
eμ

2
0H2

. (8)

Figures 7(c) and 7(d) display the fits of both σxy(H) and
σxx(H) measured at T = 2, 40, 60, 80, and 100 K, respectively.
The excellent agreement between our experimental data and
the two-carrier model over a broad range of temperatures
confirms the coexistence of electrons and holes in ReO3.
Figure 7(b) shows the ne, nh, μe, and μh values obtained by
the fitting over the temperature range 2-120 K. It is remarkable
that the ne and nh values are almost the same below 100 K, as
shown in the inset of Fig. 7(b), such as at 2 K, ne = 4.04
× 1021 cm−3, and nh = 4.03 × 1021 cm−3. These results
indicate that the MR in ReO3 metal for this particular mag-
netic field orientation (H ‖c) results indeed from the perfect
compensation of the two kinds of charge carriers, similar
to that observed in many trivial and topologically nontrivial
semimetals [15,22,50–53]. This verifies once again the lead-
ing role that the details of FS geometrical configuration played
in the magnetotransport.

Finally, in order to obtain additional information on the
electronic structure, we measured the dHvA quantum oscil-
lations in the isothermal magnetization,M(H), for the H ‖ c
axis up to 7 T. As shown in Fig. 8(a), clear dHvA oscillations
in the M(H) curves were observed up to 6.0 K from 3.5 T.
After subtracting a smooth background from the M(H) data at
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FIG. 8. (a) Magnetization as a function of field measured at various temperatures. (b) The amplitude of dHvA oscillations plotted as a
function of 1/μ0H. (c) Fourier transform (FT) spectra of the dHvA oscillations measured between 1.8 and 6.0 K. (d) Temperature dependence
of relative FT amplitudes for each frequency and the fitting results by RT . (e) The amplitude of dHvA oscillation measured at 1.8 K and its
fitting (inset) by the multiband LK formula. (f) Landau-level indices fan diagram for the three filtered frequencies plotted as functions of
1/μ0H, respectively, and the filtered waves of the three frequencies (inset).

each temperature, periodic oscillations are visible in 1/H, as
shown in Fig. 8(b). For more clearly showing the dHvA oscil-
lations with multifrequencies, Fig. 8(e) displays the �M(1/B)
data with a narrower range (1/B = 0.143–0.145) obtained
at 1.8 K. From the Fourier transform (FT) analysis, we de-
rived three basic frequencies 4167 T (Fα), 4908 T (Fγ 1), and
6194 T (Fβ) [Fig. 8(c)], which are consistent with the results
reported by Schirber and Mattheiss [33]. These frequencies
are directly linked to the extremal area of the pockets (AF )
by the Onsager relation, F = (�0/2π2)AF , where �0 =
2.068 × 10−15 Wb, the magnetic flux quantum. AF corre-
sponding to the pockets α, γ , and β are 0.397, 0.468, and
0.591 Å−2, respectively, which are close to the calculated
values Aα = 0.49 Å−2, Aγ 1 = 0.50 Å−2, and Aβ = 0.60 Å−2,
for the cross-section areas on the (kx, ky) plane of α, γ , and β

pockets, as shown in Figs. 1(e), 1(f) and 1(g). The calculated
Aα being a little larger than the observed one may be due to
a little misalignment of applied magnetic field, H , relative to
the c axis in the experiments.

In general, the oscillatory magnetization of a three-
dimensional (3D) system can be described by the Lifshitz-
Kosevich (LK) formula [56,57] with the Berry phase [58]

�M ∝ −B1/2RT RDRS sin[2π (F/B − γ − δ)], (9)

RT = αT μ/B sinh(αT μ/B), (10)

RD = exp(−αTDμ/B), (11)

RS = cos(πgμ/2), (12)

where μ is the ratio of effective cyclotron mass m∗ to free-
electron mass m0. TD is the Dingle temperature, and α =
(2π2 kBm0)/(h̄e). The phase factor δ = 1/8 or −1/8 for
three-dimensional systems. The effective mass m∗ can be ob-
tained by fitting the temperature dependence of the oscillation
amplitude RT (T), as shown in Fig. 8(d). For Fα = 4167 T,
Fγ 1 = 4908 T, and Fβ = 6194 T, the obtained m∗ are 0.42m0,
0.45m0, and 0.54m0, respectively, somewhat smaller than the
calculated values by Schirber and Mattheiss [33]. Using the
fitted m∗ as a known parameter, we can further fit the oscil-
lation patterns at given temperatures [e.g., T = 1.8 K; see the
inset in Fig. 8(e)] to the LK formula with three frequencies,
from which quantum mobility and the Berry phase can be
extracted. The fitted Dingle temperatures TD are 11.99, 11.48,
and 9.00 K, which corresponds to the quantum relaxation
times τq = h̄/(2πkBTD) of 0.10, 0.10, and 0.13 ps, respec-
tively. The quantum mobilities μq(eτ/m∗) are 419 cm2/V s,
391 cm2/V s, 423 cm2/V s for Fα , Fγ 1, and Fβ , respectively,
as listed in Table I. The LK fit also yields a phase factor
−γ − δ of −0.64 (Fα), from which the Berry phase φB is
determined to be 1.97π for δ = 1/8 and 1.4π for δ = −1/8.
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TABLE I. The parameters obtained by fitting the dHvA data for
ReO3.

Parameters Fα (LK) Fγ 1 (LK) Fβ (LK)

Frequency (T) 4167 4908 6194
m∗/m0 0.42 0.45 0.54
TD (K) 11.99 11.48 9.00
τq (ps) 0.10 0.10 0.13
μq (cm2/V s) 419 391 423
ϕB (δ = +1/8) 1.97π 0.01π 0.33π

ϕB (δ = −1/8) 1.47π 1.51π 1.83π

Parameters Fα (LL) Fγ 1 (LL) Fβ (LL)
ϕB (δ = +1/8) 1.87π 0.97π −0.03π

ϕB (δ = −1/8) 1.35π 0.29π 1.47π

The phase factor for Fγ 1 is 0.38, with φB of 0.01π (δ = 1/8)
and 1.51π (δ = −1/8). Other results are displayed in Table I.

Similar Berry phase values can also be obtained from the
commonly used Landau-level fan diagram [59] (i.e., the LL
index n as a function of the inverse of magnetic field 1/Bn).
According to customary practice, the integer LL indices n
should be assigned when the Fermi level lies between two
adjacent LLs [60], where the density of states (DOS) near the
Fermi level (EF ) reaches a minimum. Given that the oscilla-
tory magnetic susceptibility is proportional to the oscillatory
DOS (EF ) [i.e., �(dM/dB) ∝ �DOS(EF )] and that the min-
ima of �M and d (�M)/dB are shifted by π/2, the minima
of �M should be assigned to n−1/4. The established LL fan
diagram based on this definition is shown in Fig. 8(f). The
extrapolation of the linear fit in the fan diagram yields an inter-
cept n0 = 0.81, which appears to correspond to a Berry phase
of φB = 2π (0.81 + δ), that is, 1.87π (δ = 1/8) and 1.35π

(δ = −1/8) for the Fα band. These results are consistent with
the results of the LK formula. In addition, we also obtained the
Berry phase for the Fγ 1 band and Fβ band as listed in Table I.

It is well known that topologically nontrivial materials require
a nontrivial π Berry phase, while for the trivial materials, the
Berry phase equals 0 or 2π . In our sample, the Berry phase is
away from the π , hence we conclude ReO3 is a topologically
trivial material.

IV. SUMMARY

In summary, for successfully grown ReO3 crystals, we
measured ρxx(T,H), Hall resistivity, ρxy(T,H), and dHvA os-
cillations, as well as calculated the electronic band structure
and FS to study the anisotropy of MR. It was found that for
magnetic field applied along the c axis, the MR exhibits a
nonsaturating H1.75 dependence, which arises from the carrier
compensation as supported by the ρxy(T,H) measurements.
For H oriented along other directions, a similar nonsaturating
Hn (n = 1.68-1.90) dependence of MR was observed, but in
this case it stems from the existence of open orbits extending
along the kx direction. As an “ordinary” metal, ReO3 exhibits
all the characteristics of XMR semimetals, which is attributed
to its peculiar FS, implying the details of FS geometrical
configuration being the key factor underlying the observed
XMR in materials.
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