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Molybdenum bronze η-Mo4O11 with a monoclinic structure has received continued interest due to a variety of
magnetotransport properties in its charge density wave (CDW) state, while the orthorhombic phase γ -Mo4O11

has been less reported. We successfully grew high-quality γ -Mo4O11 single crystals via a chemical vapor trans-
port method. Specific heat, magnetic susceptibility, and various electric transport properties in DC and pulsed
fields were carefully measured. Our main findings include (1) γ -Mo4O11 belongs to a quasi-two-dimensional
(Q2D) system and undergoes a transition at TCDW = ∼ 96 K due to a CDW instability. Unlike the robust transition
in η-Mo4O11, the CDW modulation in γ -Mo4O11 is rather broad and flexible, which results in negligible anomaly
in specific heat. (2) γ -Mo4O11 shows a clear nonlinear current-voltage relation below TCDW due to a sliding
motion of the CDW electrons. This indicates that the CDW gap in γ -Mo4O11 is nearly fully opened, and the
residual small number of electrons contribute to the CDW transport, different from the situation in η-Mo4O11.
(3) The interlayer magnetoresistivity exhibits magnetic transition at ∼5 T and quantum oscillations at B > 15 T
in applied magnetic fields up to 60 T. These field-induced oscillations featured with two main frequencies
( fα = 30 T and fβ = 131 T) are reminiscent of a Fermi surface reconstruction by magnetic breakdown in a strong
field in η-Mo4O11. In this paper, we reveal that γ -Mo4O11 is distinct from traditional quasi-one-dimensional or
Q2D CDW compounds and provide an opportunity to study the CDW electrons and nonlinear transport properties
in such a Q2D system.
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I. INTRODUCTION

One common viewpoint related to the low-dimensional
purple bronze family is that hidden Fermi surface (FS) nest-
ing gives rise to a charge density wave (CDW) formation
that destroys the nested part of the original FSs [1]. Due
to an imperfect nesting of the FS, some hole and electron
pockets may remain, and the system thus presents many
exotic transport properties in its CDW state. For exam-
ple, the well-studied quasi-two-dimensional (Q2D) purple
bronzes A0.9Mo6O17 (A = Na, K, or Tl) are known for their
pronounced Shubnikov–de Haas (SdH) oscillations and mag-
netic breakdown effect below their CDW temperatures [2–5].
Similarly, the quasi-one-dimensional (Q1D) purple bronze
Li0.9Mo6O17, which is expected to possess the coexistence of
CDW and superconductivity at low temperatures, was widely
reported for its possible spin-triplet superconductivity and rare
Tomonaga-Luttinger liquid characteristics [6–9].

Another interesting system among the purple bronze fam-
ily is the two phases of the molybdenum oxide Mo4O11,
monoclinic η and orthorhombic γ . Both η-Mo4O11 and
γ -Mo4O11 possess hidden Q1D FS nesting and thus CDW
instability at low temperatures. In the two compounds, the FS
is partially gapped out due to an imperfect nesting, and the
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resistivity remains its metallic character in the CDW state.
Particularly η-Mo4O11 shows two successive CDW transi-
tions, while γ -Mo4O11 only exhibits one CDW transition
[10,11]. Previous high-resolution linear thermal expansion
measurements on γ -Mo4O11 exhibited strongly anisotropic
behavior and verified that this material should be classified
as a Q2D system [12]. On the other hand, according to previ-
ous transport and thermoelectric experiments for η-Mo4O11,
∼70% of the original electron band and 78% of the hole
band are nested below the first CDW transition temperature
TCDW1 [13]. With further decreasing temperature, only small
pockets (∼0.2%) remain at T < TCDW2 [13]. In addition,
η-Mo4O11 has been the subject of extensive investigations
over the past decades for its possibility of bulk quantum Hall
effect, rapid quantum oscillations, and an anomalous pressure-
induced metal-to-insulator transition [14–18]. Specifically,
our recent high-field transport experiments discovered that the
magnetoresistivity (MR) of η-Mo4O11 shows complex SdH
oscillations and an abrupt structure transition in the second
CDW state [19]. As a result, the high-field FS picture of
η-Mo4O11 is constructed based on a field-induced FS recon-
struction model.

However, in contrast to η-Mo4O11, the FS structure of
γ -Mo4O11 in the low-temperature CDW state has not been
revealed in experiment and thus is still an open ques-
tion. Moreover, reports of the magnetotransport property of
γ -Mo4O11 are lacking. Despite the slight difference of struc-
ture, the conduction electron concentration, the FS, and the

2469-9950/2021/104(19)/195154(8) 195154-1 ©2021 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.195154&domain=pdf&date_stamp=2021-11-30
https://doi.org/10.1103/PhysRevB.104.195154


J. Z. KE et al. PHYSICAL REVIEW B 104, 195154 (2021)

band structure of the two compounds are expected to be very
similar in the normal phase T > TCDW [11]. In this regard, an
obvious question is whether the electrons in γ -Mo4O11 could
exhibit some intriguing field-induced quantum behaviors as in
η-Mo4O11. Indeed, understanding the evolution of electronic
structure in high magnetic fields is important, and the inter-
play between the magnetic field and the CDW is certainly
worthy of study. Especially in the unconventional supercon-
ductors, such as the kagome metal AV3Sb5 (A = K, Rb, or
Cs), the role of the CDW has been intensely investigated
for its competition and coexistence with superconductivity
[20,21]. The comparative study on the two compounds may
offer an opportunity to clarify the related controversies in the
CDW and superconductivity fields. Therefore, it is desirable
to explore the magnetotransport behavior of γ -Mo4O11 that
can reveal its band structure and help us to understand the
difference in the CDW-related properties between η-Mo4O11

and γ -Mo4O11.
We successfully grew γ -Mo4O11 single crystals using

a chemical vapor transport (CVT) method and identified
their high quality via x-ray diffraction (XRD) and energy
dispersive spectroscopy (EDS) measurements. Moreover,
comprehensive magnetic, specific heat, and transport
measurements on γ -Mo4O11 and η-Mo4O11 single crystals
were carried out over a broad temperature range. Several key
features associated with CDW instability are uncovered in
steady-state fields via a comparative study on γ -Mo4O11 and
η-Mo4O11. Furthermore, we performed a magnetotransport
experiment on a high-quality γ -Mo4O11 single crystal by
applying a high field. Interestingly, the high-field MR up to
60 T shows quantum oscillations, which provide a platform
for us to study its FS structure at low temperatures. In
addition, the comparative study of the high-field oscillations
supports that γ -Mo4O11 has a nearly fully opened CDW gap
and thus requires a higher critical field to observe its highest
breakdown frequency in experiment.

II. EXPERIMENTS AND CHARACTERIZATIONS

Single crystals of γ -Mo4O11 were grown by a CVT method
in a two-zone furnace. Reagents MoO2 and MoO3 were pre-
pared as the starting materials with I2 as the carrier gas. The
specific process was described in the previous paper on the
single-crystal growth of η-Mo4O11 [22]. The small difference
in the crystal growth for η-Mo4O11 and γ -Mo4O11 is that
the high temperature is TH = 740 ◦C, and low temperature is
TL = 680 ◦C for γ -Mo4O11 instead of TH = 540 ◦C and TL =
510 ◦C for η-Mo4O11. The single crystals grown via a CVT
method were thin plates elongated along the ab plane, which
are appropriate for the transport measurement. The crystal
structure and lattice parameters of the as-grown crystals were
examined by the XRD technique. The EDS was measured
via an electron probe microanalysis system. The susceptibility
measurements were carried out in a 7 T magnetic prop-
erty measurement system (Quantum Design SQUID-VSM).
The current-voltage (I-V) curves and the electrical transport
measurements were performed by a 9 T physical property
measurement system (PPMS). The specific heat was measured
by a relaxation method in the PPMS. The high-field transport
experiments were carried out using a pulsed magnet up to 60
T at the Wuhan National High Magnetic Field Center.

Figure 1(a) exhibits the crystal structure of γ -Mo4O11,
which belongs to the orthorhombic space group Pn21a. The
unit cell of γ -Mo4O11 consists of two slabs and is marked by
the dotted lines as illustrated in Fig. 1(a). Note that η-Mo4O11
(β = 94.42◦) and γ -Mo4O11 (β = 90◦) have a similar struc-
ture and are built with a MoO4 tetrahedron and a MoO6
octahedron. The 4d conducting electrons are confined in the
MoO6 octahedron layers that are separated from each other
by the insulating MoO4 tetrahedron layers, resulting in a spe-
cial Q2D electron system. Figure 1(b) displays the collected
γ -Mo4O11 samples, which has a clear surface. Figure 1(c)
shows the typical XRD pattern of the as-grown crystals. Only
the (00l ) Bragg peaks can be observed, indicating that the
clear surface is the ab plane. In addition, the lattice con-
stants are identified to be a = 6.803(11) Å, b = 5.436(14) Å,
and c = 24.310(2) Å for the grown samples, also consistent
with previous studies [12,23,24]. A characteristic spectrum
obtained by EDS is displayed in the inset of Fig. 1(c). Only the
peaks of the Mo and O elements are found. All results men-
tioned above suggest that the grown samples are γ -Mo4O11
featured with a high quality.

III. RESULTS AND DISCUSSION

A. Temperature-dependent CDW transition in γ-Mo4O11

Figure 2 summarizes the temperature-dependent ρb (I//b
axis) and ρc (I//c axis) of γ -Mo4O11 under 0 T (black lines)
and 9 T (red lines), respectively. Overall, the zero-field ρb

and ρc of γ -Mo4O11 show a metallic temperature dependence
at high temperatures. With the decrease of temperature, an
upturn in resistivity is observed in the vicinity of TCDW ∼
96 K since the opening of the CDW gap leads to a signif-
icant decrease of the density of states at the Fermi level.
Note that the CDW transition in resistivity is rather broad,
not a dramatic upturn as those observed in other molyb-
denum bronzes [3,9,22,25,26]. Below TCDW, the resistivity
increases monotonically and tends toward a finite value at
the zero-temperature limit, which indicates the gap opening
process continues to the lowest measurement temperature in
γ -Mo4O11. The anisotropy of resistivity at 300 K extracted
from Fig. 2 is about 1:11 for ρb:ρc, which well supports the
Q2D nature of this compound. In addition, the resistivity un-
der 9 T shows a notably positive MR effect below TCDW, while
in the high-temperature range the zero-field resistivity almost
coincides with the resistivity under 9 T. For a comparison, we
also demonstrate the related data of η-Mo4O11 in this plot,
which would be discussed separately in the next part.

The temperature-dependent susceptibility results of
γ -Mo4O11 for the B//c axis and the B//ab plane are shown
in Fig. 3(a). The susceptibility curves display a phase
transition at ∼96 K for both field directions, which also
can be ascribed to a decrease of the density of states at the
Fermi level and can well correspond to the upturn observed
in resistivity. Note that the CDW transition in susceptibility is
very weak along the c axis, while it is notably robust along the
ab plane. This may suggest that the CDW modulation occurs
mainly in the ab plane and is relatively weak along the c axis.
On the other hand, the susceptibility is attributed to a Pauli
paramagnetic effect, and the values thus are insignificant in
this compound.
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FIG. 1. (a) Crystal structure of γ -Mo4O11. The blue dotted lines mark a unit cell of γ -Mo4O11. (b) Collected single crystals, which display
a clear surface. The inset of (b) shows the crystallographic directions of the sample. (c) X-ray diffraction (XRD) pattern of γ -Mo4O11 for the
(00l ) plane. The inset of (c) exhibits a typical energy dispersive spectroscopy (EDS) spectrum.

The CDW instability of γ -Mo4O11 has also been stud-
ied by the specific heat measurement using a long-relaxation
calorimeter. As shown in Fig. 4, the specific heat curve Cp

of γ -Mo4O11 (red line) does not show any anomaly at the
CDW transition temperature. This may imply that the CDW
instability in γ -Mo4O11 is a second-order phase transition. It
is well known that, in the Q1D blue bronze K0.3MoO3, the

FIG. 2. Temperature-dependent ρb and ρc of γ -Mo4O11 under
0 T (black lines) and 9 T (red lines), respectively. Black arrow
represents the charge density wave (CDW) transition at TCDW ∼
96 K. The inset shows the temperature-dependent ρb of η-Mo4O11.
Black arrows denote the two CDW transitions at TCDW1 = 105 K and
TCDW2 = 30 K.

specific heat shows a very sharp λ phase transition at the CDW
temperature accompanied by a strong lattice modulation [27].
On the other hand, in the Q2D purple bronze K0.9Mo6O17,
the resistivity displays a notable CDW phase transition [25].
However, the Cp result of K0.9Mo6O17 only shows a broad
bump [28]. It is not a typical λ specific heat anomaly like Q1D
CDW systems, signaling a relatively weak lattice modulation
in Q2D CDW systems. Hence, it is not surprising that, in the
Q2D γ -Mo4O11, we cannot detect a specific heat transition.

A summary of this part: we defined the CDW transition of
γ -Mo4O11 at TCDW ∼ 96 K via the resistivity and magnetic
susceptibility measurements. We find the CDW transition in
γ -Mo4O11 is relatively flexible and cannot be detected by the
specific heat measurement. This may be due to a weak lattice
modulation in this Q2D system.

B. The magnetotransport in the CDW state of γ-Mo4O11

It is well known that the nonlinear I-V transport property
appears in the CDW state for the Q1D blue bronzes featured
with a fully opened gap, such as A0.3MoO3 (A = K, Rb,
or Tl) [29,30]. This nonlinear transport behavior is because
of the sliding motion of CDWs in the presence of an ap-
plied electric field. However, for the Q2D purple bronzes, the
nonlinear behavior in transport has been rarely reported with
the exception of TlMo6O17; Tian et al. [26] present a nonlinear
I-V curve of this compound at 2 K. Nevertheless, strong evi-
dence of such nonlinear transport behavior is still lacking in
Q2D systems, probably because the modulation of the CDW
is weak, or the huge number of the normal electrons smears
the transport of CDW. The reason is unknown at present.
However, our results on γ -Mo4O11 clearly demonstrate this
nonlinear transport phenomenon in the Q2D CDW system. As
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FIG. 3. Temperature-dependent susceptibility measured at B =
1 T with the B//c axis and with the B//ab plane for (a) γ -Mo4O11

and (b) η-Mo4O11. The arrows denote the charge density wave
(CDW) transition temperatures at 96 K and 105 K, respectively.

shown in Fig. 5(a), the I-V curves of γ -Mo4O11 are exhibited
over a broad temperature range. Evidently, a nonlinear I-V
characteristic is discovered for γ -Mo4O11 below TCDW. With
the increase of temperature, the nonlinear transport behavior
disappears at T > 90 K. These data illustrate clearly how the
nonlinear I-V relation evolves with the temperature. There is
a remarkable deviation of the I-V characteristic from linearity
above I = 30 mA at low temperatures, as denoted by the ar-
row in Fig. 5(a). This suggests that the CDW gap in γ -Mo4O11
should be nearly fully opened, and the residual small number
of electrons contribute to the CDW transport.

To investigate the magnetotransport behavior of
γ -Mo4O11, the MR and Hall resistance were measured
using a PPMS up to 9 T. Figure 6(a) shows the magnetic
field-dependent ρb at various temperatures and with the B//c
axis. It is found that ρb increases linearly with the field
in the measured temperature range. The inset of Fig. 6(a)
displays the Hall resistance at T = 2 K. The Hall resistance
is positive and increases with the field, indicating that the
dominating carriers are holes for γ -Mo4O11. Figure 6(b)

FIG. 4. Temperature-dependent specific heat Cp at zero field for
η-Mo4O11 and γ -Mo4O11, respectively. The inset shows Cp/T of
η-Mo4O11 for clarity.

shows the magnetic field-dependent ρc with the B//I//c axis.
Here, ρc increases with the field and reaches a maximum
at B ∼ 5 T for 2 K < T < 40 K, indicative of a possible
field-induced CDW transition. The decreased trend of ρc at
B > 5 T could be connected with a suppression of the CDW
order by the magnetic field, which would weaken the CDW
gap and lead to an increase of the carrier density [31–33].
As the temperature further increases to 70 K, ρc eventually
exhibits linear dependence with the field.

In a previous work, Canadell et al. [34] studied the band
structure of γ -Mo4O11 and mapped the schematic FS in the
normal phase (T > TCDW) via a tight-binding band calcu-
lation. They proposed that there are two electron and hole
FS areas occupying equally 25% of the first Brillouin zone
SBZ in the normal state of γ -Mo4O11. However, there is no
experimental or theoretical evidence for the FS structure of
γ -Mo4O11 in the CDW state so far. Indeed, measurement of
the high-field quantum oscillation is an effective approach to
study the size and shape of the FS by analyzing the obtained
frequency. Furthermore, the high-field technique has been
actively utilized in exploring the competing electronic orders
in strongly correlated systems over the past years. Hence, to
gain more insight into the nature of the electronic state and
FS structure, we further conduct high-field MR experiments
up to 60 T. Figure 7(a) shows the magnetic field-dependent
ρc of γ -Mo4O11 at various temperatures from 1.6 to 70 K.
Interestingly, ρc increases sharply and shows quantum os-
cillations at B > 15 T. With the increase of temperature, the
quantum oscillations vanish for T > 30 K. In addition, the
second derivative curves of ρc as a function of B are displayed
in Fig. 7(b) to further analyze the FS structure, which exhibits
a complex oscillation behavior in a wide field range. The
quantum oscillations show different periods, and the ampli-
tude gradually decreases with increasing temperature, which
is a typical character of the conventional SdH oscillation. The
subsequent fast Fourier transform (FFT) analysis focused on
the high-field oscillations was performed. The FFT spectra are
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FIG. 5. I-V curves of ρb at various temperatures for (a)
γ -Mo4O11 and (b) η-Mo4O11. The red arrow in (a) denotes the
threshold current for γ -Mo4O11.

summarized in Fig. 8(a) and show two fundamental frequen-
cies centered at fα = 30 T and fβ = 131 T with the second
harmonic frequency 2β, respectively.

It is well known that the carrier density can be expressed
as n2D = υvυse f /h in 2D systems, where f is the frequency,
h is the Planck constant, e is the free electron charge, and
υv and υs are the valley and spin degeneracy. According
to this formula, we calculate the carrier densities of the
two major frequencies with na = 1.54 × 1016m–2 and nβ =
6.18 × 1016 m–2. In addition, based on the classical Lifshitz-
Kosevich theory, 	ρ is written as the formula of 	ρ/ρ0 ∝
RT RD cos(2π f /B), where RD = exp(−αTDm∗/B) and RT =
αT m∗/Bsinh(αT m∗/B) are the Dingle damping and thermal
damping factors, α = 2π2kBme/(eh̄) ∼ 14.69 T/K, m∗ and
TD are the effective mass and Dingle temperature, and me

and kB are the free-electron mass and Boltzmann constant,
respectively [35,36]. Therefore, we can further obtain the
effective mass of mα = 0.34 me and mβ = 0.27 me. The fit-
ting effective mass values are shown in Fig. 8(b). Generally,
the new oscillation frequency found in the high-field state

FIG. 6. Magnetic field-dependent (a) ρb and (b) ρc of γ -Mo4O11

at different temperatures. The inset of (a) shows the Hall resistance
at T = 2 K.

suggests the presence of new Brillouin zones in the recipro-
cal space. According to the Onsager relation S = 4π2e f /h,
the FS sizes S can be evaluated for γ -Mo4O11, which are
shown as follows: Sα/SBZ = 0.28% and Sβ/SBZ = 1.15%. To
our knowledge, there are two plausible mechanisms for the
quantum oscillations of γ -Mo4O11 in the high-field state. One
is the remaining FS pockets after the CDW transition, and
another is the field-induced oscillations. Since the nonlinear
transport property related to the number of CDW electrons is
only observed in γ -Mo4O11, we thus argue that the normal
electrons and remaining FS sizes of γ -Mo4O11 in the CDW
state should be less than that in η-Mo4O11 (∼0.2%). We
further map out the approximate hole and electron pockets of
γ -Mo4O11 in zero field with an extremely small size (<0.2%),
as shown in Fig. 8(c). Thus, the high-field oscillations of
γ -Mo4O11 may not be caused by the remaining FSs. In this re-
gard, these new oscillations of γ -Mo4O11 observed > 15 T are
highly reminiscent of the rapid oscillations of η-Mo4O11 by
magnetic breakdown in a strong field [19]. Indeed, the field-

195154-5



J. Z. KE et al. PHYSICAL REVIEW B 104, 195154 (2021)

FIG. 7. (a) Magnetic field-dependent ρc of γ -Mo4O11 from 1.6
to 70 K in fields up to 60 T. The inset shows the magnetic field-
dependent ρb measured at 4.2 K. (b) The second derivative curves
of ρc as a function of B. The curves have been shifted vertically for
clarity.

induced oscillations associated with a magnetic breakdown
between different pockets were reported in many organic su-
perconductors and CDW materials [3,5,37–41]. The magnetic
breakdown relates to the coupling of different orbits, giving
rise to a new oscillation with a new frequency. Accordingly,
it is reasonable to consider that the high-field quantum oscil-
lations of γ -Mo4O11 and η-Mo4O11 possess a same origin.
This exactly is the field-induced reconstructed FSs driven by
a magnetic breakdown. On the other hand, the Q2D FS picture
of γ -Mo4O11 in the high-field state can be mapped out based
on the calculated FS sizes via the Onsager relation. Figure 8(d)
presents the approximate FS picture in the high-field state.
The hole and electron pockets occupy Sα/SBZ = 0.28% and
Sβ/SBZ = 1.15%, respectively, as shown in Fig. 8(d). Note
that the in-plane MR of γ -Mo4O11 was also measured in a
pulsed field, and the result is displayed in the inset of Fig. 7(a).
However, the in-plane MR of γ -Mo4O11 increases monotoni-
cally with increasing field without any oscillation character.

A summary of this part: we successfully conducted mag-
netotransport experiments for γ -Mo4O11 in DC and pulsed
fields. Well below TCDW, a nonlinear transport behavior as-
sociated with the sliding of the CDW electrons is revealed in
such a Q2D system. In fields up to 60 T, the field-induced
quantum oscillations were discovered in the interlayer MR,
which is reminiscent of the FS reconstruction of η-Mo4O11
by a magnetic breakdown.

C. A comparison with η-Mo4O11

In addition to the similarities highlighted above, such as
the crystal structure, FS structure in the normal phase, and the
high-field oscillations, there are also some notable differences
between γ -Mo4O11 and η-Mo4O11. First, the CDW transition
of η-Mo4O11 induces two upturns in ρb at TCDW1 = 105 K and
TCDW2 = 30 K, which are shown in the inset of Fig. 2. Note
that the second CDW transition is only found for η-Mo4O11,
which implies that the first CDW gap opening process should
be complete at T > 30 K. On the other hand, the upturns in
η-Mo4O11 are very abrupt, and the corresponding CDW tran-
sition temperatures can be well defined, but in γ -Mo4O11, the
upturn is rather flexible. The observed difference of the CDW
transition indicates that their corresponding amplitude of the
CDW modulation is distinguishing in these two compounds.

We now turn to the experimental evidence on the
temperature-dependent susceptibility of η-Mo4O11. The sus-
ceptibility curves shown in Fig. 3(b) display an obvious
phase transition at 105 K for both the B//c axis and the
B//ab plane. This is analogous with the results observed in
γ -Mo4O11, indicative of the similarity of the two systems
in the normal phase. When T < TCDW1, the susceptibility of
η-Mo4O11 decreases sharply and shows another anomaly at
30 K, consistent with the second CDW transition found in
resistivity. For both the B//c axis and the B//ab plane, the
susceptibility of η-Mo4O11 shows a pronounced transition at
the onset of CDW, which suggests that the CDW modulations
are strong and identical along the ab plane and the c axis.
However, like the difference in the upturn of resistivity, the
susceptibility transitions of η-Mo4O11 are more robust than
that of γ -Mo4O11. This further supports that the CDW mod-
ulation of γ -Mo4O11 is discontinuous and different from that
of η-Mo4O11 in which the CDW transition is abrupt.

The temperature-dependent specific heat Cp of η-Mo4O11
(black line), shown in Fig. 4, uncovers another distinct differ-
ence between the two systems. A slight specific heat anomaly
is detected between 102 and 106 K for η-Mo4O11, which
agrees with the CDW transition in resistivity and susceptibil-
ity. The existence of the specific heat anomaly for η-Mo4O11
indicates that the CDW modulation is relatively stronger, like
the observation in K0.9Mo6O17 [28]. The inset of Fig. 4 shows
the corresponding Cp/T result of η-Mo4O11 for clarity. By
contrast, the CDW transition of γ -Mo4O11 cannot be detected
by specific heat measurement due to a weak lattice modu-
lation. Moreover, as shown in Fig. 5(b), the I-V curves of
η-Mo4O11 show a good linear relation in applied current up
to 100 mA. It means that the dominate carriers involved in
the transport for η-Mo4O11 are the normal electrons rather
than the CDW electrons. By contrast, a nonlinear I-V relation
is found in γ -Mo4O11 because the CDW gap is nearly fully
opened, and all the residual electrons contribute to the CDW
transport.
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FIG. 8. (a) The fast Fourier transform (FFT) spectra of the high-field oscillations in the temperature range of 1.6 < T < 20 K. (b) The
Lifshitz-Kosevich fitting for fα and fβ . (c) The approximate Fermi surface (FS) sizes for γ -Mo4O11 in zero field. (d) The calculated FS sizes
for γ -Mo4O11 in the high-field state.

In recent high-field MR experiments for η-Mo4O11, a sharp
increase of ρc and rapid oscillations at B > 15 T were also
observed [19]. However, the observed SdH oscillations of
η-Mo4O11 are more remarkable than that of γ -Mo4O11. It
can be seen even in the raw data of Fig. 7(a) that the os-
cillation frequency in γ -Mo4O11 is much lower than that in
η-Mo4O11, which clearly suggests that these two phases of
Mo4O11 possess different band structure at low temperatures.
The high-field MR of η-Mo4O11 resolved the highest fre-
quency of 2640 T above 45 T, which cannot be detected for
γ -Mo4O11 in the same field range. The calculated FS sizes in
the high-field state of γ -Mo4O11 are much smaller than that of
η-Mo4O11 (S/SBZ = 23.5%), which is nearly identical to FS
sizes (∼25%) in the normal phase (T > TCDW). In this regard,
the scenario is also reminiscent of the other two Q2D sister
purple bronzes K0.9Mo6O17 and Na0.9Mo6O17, in which the
highest frequency ∼2800 T was also uncovered due to a mag-
netic breakdown effect in recent ultrahigh-field experiments
up to 80 T [3]. However, the critical field required for the
highest breakdown frequency is 50 T in Na0.9Mo6O17, while it
is 70 T in K0.9Mo6O17, owing to a larger CDW gap [3,42,43].
Moreover, the resolved frequency of γ -Mo4O11 up to 60 T
is exactly in the same order with the frequency of η-Mo4O11

revealed for 15 T < B < 45 T [19]. Consequently, it is reason-
able to propose that γ -Mo4O11 has a relatively larger CDW
gap and requires a higher critical field to achieve its highest
breakdown frequency in experiment. As we know, the only
difference between the two compounds is that η-Mo4O11 is
monoclinic, and γ -Mo4O11 has an orthorhombic structure.
However, the calculated FS sizes of η-Mo4O11 are much larger

than that of γ -Mo4O11 at low temperatures. Accordingly, the
main influence caused by the different crystal structures can
be understood as the temperature-dependent CDW gaps: the
first opening of the gap appears to be complete at T > 30 K
in η-Mo4O11, and the FSs undergo a second transition. In
γ -Mo4O11, the gaps continue to open until the lowest tem-
perature. However, to confirm the FS structure of γ -Mo4O11

in the low-temperature CDW state, further detailed evidence,
such as transport experiments under higher fields, angle-
resolved photoemission spectroscopy measurements, and den-
sity functional theory calculations, is desired in future studies.

IV. CONCLUSIONS

In summary, we report a comprehensive study of the
sample synthesis, magnetic susceptibility, specific heat, and
transport properties in the Q2D CDW compound γ -Mo4O11.
These results establish that γ -Mo4O11 belongs to a Q2D
system and undergoes a CDW transition at TCDW ∼ 96 K.
Well below TCDW, a nonlinear current-voltage characteristic
relation was discovered in such a Q2D system. The interlayer
MR up to 60 T exhibits field-induced quantum oscillations in
the CDW state, which are reminiscent of a FS reconstruction
of η-Mo4O11 by a magnetic breakdown in a strong field. A
comparative study on the two systems suggests that the CDW
transition in γ -Mo4O11 is relatively flexible, while the CDW
transition in η-Mo4O11 is abrupt. Finally, measurements of the
high-field MR also support that γ -Mo4O11 has a nearly fully
opened CDW gap and thus a higher breakdown field than that
of η-Mo4O11.
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