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We present a detailed study of the magnetotransport properties of the charge density wave state in quasi-
two-dimensional purple bronze NagoMogO;; under pulsed fields up to 62 T. Pronounced Shubnikov—de Haas
(SdH) oscillations of three frequencies have been observed in the field induced charge density/spin density wave
state of the present compound. The two slow oscillations are attributed to the reconstructed electron and hole
pockets near the M’ point of the Brillouin zone (BZ). The highest-frequency oscillations correspond to an orbit
occupying 18.1% of the BZ, which is consistent with the hexagonal electron Fermi surface in the normal state.
The appearance of the highest-frequency oscillations can be explained by the magnetic breakdown between the
electron pockets at the M’ point. This magnetic breakdown behavior has also been observed in K ¢MogO,7 under
very high field range up to 80 T. Based on analyses of the high field SdH oscillations, we propose a possible

Fermi surface structure of NayoMogO17.

DOLI: 10.1103/PhysRevB.102.235164

I. INTRODUCTION

Charge density wave (CDW), commonly found in low-
dimensional metallic systems, is a striking ground state of
significant importance due to the strong coupling between
electrons and the crystal lattice [1]. The purple bronzes
AMogOy7 with A = Li, Na, and K are a family of typical
low-dimensional materials with the presence of abundant
properties related to the CDW state [2—-7]. The basic concept
of CDW in this family is believed to be due to the pres-
ence of Peierls instability together with Fermi surface nesting
[8], whereas other mechanisms based on strong electron-
phonon coupling are also proposed [9-11] in transition metal
dichalcogenides [12,13] and high temperature superconduct-
ing cuprates [14,15].

The AMogO; family shares the common stacking layers
consisting of MoOg octahedral and MoOy tetrahedra sand-
wich structure separated by the alkali ions layer. Depending
on the A cation, the three compounds have shown various elec-
tronic structures and CDW-related behaviors. Among them,
Ligp9MogO,7 has been reported to be quasi-one-dimensional
(quasi-1D) due to the strong anisotropy and exhibits su-
perconductivity [16,17], Luttinger-liquid behavior [18-20],

“ming_yang @hust.edu.cn

2469-9950/2020/102(23)/235164(7)

235164-1

and first evidence of spin and charge separation according
to Tomonaga-Luttinger prediction [21]. On the other hand,
NagoMogO17 (NMO) and Kg9MogOi7 (KMO) are quasi-
two-dimensional (quasi-2D) with almost identical crystal
structures except that NMO is monoclinic with g = 89.94°
and KMO is trigonal with 8 = 90° [22]. The CDW transi-
tion occurs at Tecpw = 110 K in KMO and 85 K in NMO,
resulting in a metal-to-metal transition, respectively [23]. The
electronic structure in the normal state of KMO has been
calculated by the tight-binding model, revealing the presence
of three Fermi surfaces (FSs) (two electron FSs centered at
the I" point and one hole pocket away from the I" point) [3]
and confirmed by angle-resolved photoemission spectroscopy
(ARPES) [24]. The combination of the three FSs brings the
possibility of the hidden 1D FS nesting which results in
CDW transition at low temperature, gapping out most of
the FSs with only very small portions remaining [shown in
Fig. 1(c)]. A recent study has reported the discovery of the
unconventional enhanced surface CDW state and proposed
the new candidate of the electron-electron mediated CDW
system [25]. A reinvestigation of the theoretical calculation
of the CDW in KMO has been made and puts forward a
deeper understanding of the gap opening and FS development
in the CDW state [26]. So far, however, there has been little
discussion about the electronic structure and CDW phase in
NMO. Early FS topology studies revealed by the ARPES had
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FIG. 1. (a) Temperature dependence of the in-plane and out-of-
plane resistivity of NMO. (b) The temperature-magnetic field phase
diagram of NMO extracted from the p,, measurements. (c) The FS
structure of NMO in the CDW state. The blue and gold Fermi arclike
pockets are the remaining electron-hole pockets based on the ARPES
measurements of KMO [25]. (d) The illustrative FS structure of
NMO under magnetic field. The pockets corresponding to the SdH
oscillations of F, and F, are enlarged due to the reduced CDW gap
under magnetic field. (¢) The magnetic breakdown under very high
magnetic field. The six discrete « electron pockets break down into
a much larger orbit y which is consistent with the original electron
band in the normal state.

attained controversial conclusions on whether NMO has a
similar FS structure with KMO. Breuer et al. [27] reported
that NMO has only one electron and one hole band and Gweon
et al. [28] claimed that NMO and KMO electronic structures
are identical. The most recent work by Glans et al. [29] then
revealed the presence of two electron bands in KMO, but with
different rotation symmetry.

Besides the direct determination of the FSs through
ARPES, the magnetotransport study provides another ap-
proach to study the electronic structures by analyzing the
Shubnikov—de Haas oscillations and Hall effect. In this paper,
we present the first comprehensive studies of the high-field
magnetotransport properties of NMO under magnetic field up
to 62 T and at low temperatures (T < Tcpw). The in-plane
longitudinal and Hall resistivity, as well as the out-of-plane
resistivity have been systematically studied. The high-field
resistivities exhibit pronounced quantum oscillations, which
enable the determination of the FSs and related parameters.
Based on the results, we demonstrate that the electronic struc-
ture of NMO is similar to KMO but more complicated due
to the crystallographic structure difference between the two
compounds.
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FIG. 2. The magnetotransport properties of NagoMogOy7.
(a) and (b) show the p,, and py, of S1 as a function of magnetic field
up to 62 T, which were measured simultaneously and symmetrized
by up and down fields measurements. (c) shows the p., as a function
of the magnetic field of S2. The insets of each panel illustrate the
measurement configurations of the data.

II. EXPERIMENT

The studied single crystals of NMO were grown by
gradient flux technique [30], while KMO were grown by
electrolytic reduction method [7]. The plateletlike samples
were cleaved and cut into bar shapes of appropriate geometry
for in-plane and out-of-plane transport measurements. The
in-plane transports, i.e., the longitudinal resistance (R,,) and
Hall resistance (R,,), were carried out simultaneously using a
five-probe configuration with electrodes made by gold wires
and silver paste [shown in the insets of Figs. 2(a) and 2(b)].
The out-of-plane resistance (R,,) was measured using two
pairs of electrodes attached to the top and bottom surface of
the sample as shown in the inset of Fig. 2(c). Since the sample
surfaces are extremely sensitive to the air exposure, two pieces
of NMO crystals, named as S1 (0.8 x 0.5 x 0.02 mm?) and
S2 (2 x 1 x 0.1 mm?), were cleaved for the in-plane and out-
of-plane measurements, respectively. The measurements were
performed in pulsed magnetic fields up to 62 T with the pulse
duration of 150 ms at Wuhan National High Magnetic Field
Center [7]. The 80 T shot was realized by a dual-coil magnet
with longer duration time of 300 ms. The contact resistances
were maintained to be smaller than 1 2 at low temperatures.
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AC currents of 18 mA at 100 kHz were applied for good
signal-to-noise ratio with negligible heating effect during the
pulses [31]. The R, (R,,) were measured in positive and
negative field directions and the data shown were symmetrized
to eliminate the unexpected R,, (R,,) components brought by
the imperfect sample symmetry.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of the in-plane
(sample S1) and out-of-plane (sample S2) resistivity in the
temperature range 2-300 K. The in-plane and out-of-plane
resistivity show similar behavior, except a large anisotropy
over 3000, in line with previously reported values in the lit-
erature [23]. Both p,, and p,, show a linear decrease as the
temperature is decreased, showing a metallic behavior at high
temperature until an upturn occurs at 7 = 85 K. The upturn
is attributed to a CDW transition in this compound, where the
nested Fermi surfaces are gapped out [29], leading to a metal-
to-metal transition. Below Tcpw, there exists another upturn
(marked by arrows) after a broad maximum around 30-50 K,
consistent with the results reported in Ref. [22]. A second
CDW transition or a spin density wave (SDW) transition has
been suggested for the origin of this second upturn; however,
it is still under debate. The slightly different temperatures
of the second upturn between the in-plane and out-of-plane
resistivity are likely due to the different scatterings in both the
in-plane and out-of-plane directions.

Figures 2(a)-2(c) show the p., oy, and p. at various
temperatures and for magnetic field applied normal to the two-
dimensional plane of the sample up to 62 T, respectively. We
note that only the data during the down-sweep of the pulsed
fields are shown in Fig. 2. The low-field p,, are in good agree-
ment with that measured in steady magnetic field (0-12 T)
[32]. Two transitions can be clearly observed at By and B, on
Pxx» Which are similar to the anomalies in Ky9MogO;7 [7].
Pronounced Shubnikov—de Haas (SdH) oscillations become
clearly visible at around 35 T and faster-frequency oscilla-
tions show up to superimpose when the field is higher than
58 T. The p,, shown in Fig. 2(b) are much more complicated
than linear, which is typical evidence for the coexistence of
multielectron and hole bands. In stark contrast to the holes
domination in KMO [7], the p,, of NMO is predominantly
negative and only turns to positive at intermediate magnetic
field range when the temperature is low. As the temperature
increases, the bumplike behavior in p,, disappears and o,y
only shows a negative sublinear curve at high temperatures.
Furthermore, additional SdH oscillations with a much slower
frequency have been found in the high-field range. Figure 2(c)
shows the out-of-plane p,, measured in sample S2 at various
temperatures. As can be seen, p.,(B) shows similar magnetic
transitions at By and B,. The magnetoresistivity, defined as
MR = % x 100%, reaches 100% for p, at the satura-
tion field, which is exactly the same with the MR for p,,. SdH
oscillations are also observed on the positive background in
high magnetic field range.

In order to reveal the electronic structure and address the
contribution of different bands, we now turn to the quan-
titative analysis of the quantum oscillations. By subtracting
a polynomial background at 1.6 K < T < 40 K, we extract

the oscillatory parts of oy, oy, and p... Figures 3(a), 3(b),
and 3(c) present the Ap., Apyy, and Ap,, as a function of
magnetic field in the high-field range and at various tem-
peratures. As can be clearly seen, the oscillation amplitudes
systematically decrease as the temperature increases and van-
ish at around 40 K, consistent with the conventional SdH
oscillations. The three Ap at the lowest temperature (7' =
1.6 K) as a function of inverse magnetic field 1/B are plotted
in Fig. 3(d). Ap,, shows an almost perfect 1/B periodicity,
while in Ap,, and Ap,, the oscillation patterns are complex
with more than one period. Since the frequencies of the SdH
oscillations are intimately related to the electronic popula-
tions, we performed fast Fourier transforms (FFT) on A p,,,
Apyy, and Ap,;, respectively. The FFT spectra of the three
datasets at 1.6 K are compared in Fig. 3(e). The FFT of
Ap,, apparently reveals three main peaks at F,, = 386 £ 5 T,
Fg =574+ 12 T, and F, = 2779 & 20 T, indicating that at
least three different electronic bands are involved. Meanwhile,
Fg and F, can be identified in Apy, while only F, in Apy,.
The different frequencies between Ap,, and Ap,, suggest
that oscillations are dominated by bands with different mo-
bilities and they are all responsible for the SdH oscillations
in Ap,.. Through the usual Onsager relation F = i/(2me)Sg
with 7 is the reduced Planck constant and e is the elementary
charge [33], we can determine the Sr which is the extremal
cross-sectional area of the Fermi surface perpendicular to
the magnetic field. From the above frequencies, we calculate
that Sy, =3.68 x 1072 A2, S, =55x 1072 A2, and S, =
2.65 x 107! 10\’2, which occupy 2.52%, 3.75%, and 18.1% of
the undistorted hexagonal Brillouin zone (BZ) in the normal
state, respectively.

The cyclotron mass (m.) can be deduced from the tem-
perature dependence of the oscillation amplitudes through the
standard Lifshitz-Kosevich equation below:

Ap 27'[2k3ch/heB
— X R
00 sinh(2rr2kgm,T /hieB)

where Ap is the oscillation amplitude, py is the zero-field
resistivity, and kp is the Boltzmann constant. In electronic
systems where several bands are involved, the oscillations
are mixed with different frequencies and the cyclotron mass
extraction relies on the temperature evolution of amplitudes of
the peaks of FFT signal performed over a limited inverse mag-
netic field window. The fitting of the normalized FFT peak
amplitudes by the Lifshitz-Kosevich formula are summarized
in Fig. 3(f) and the obtained parameters are listed in Table 1.
Interestingly, the cyclotron mass m, shows an obvious trend

TABLEI. Obtained parameters from the analysis of temperature-
dependent SdH oscillations. F': oscillation frequency; m,: cyclotron
mass; Sr: FS cross-sectional area; Sr/Spz: occupation ratio in the
first BZ.

Parameters o B 1%

F (T) 386 £ 5 574 £ 12 2779 + 20
m. (m,) 0.40 £+ 0.02 0.52 £ 0.01 0.83 £ 0.04
Sp (A2 0.0368 + 0.0005 0.055 + 0.001  0.265 £ 0.002
Sr/Spz 252 £ 003% 375 £ 0.08% 18.1 + 0.1%
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FIG. 3. (a)-(c) The temperature dependence of SdH oscillations of A p,,, Apy,, and Ap,, as a function of magnetic field B after background
subtraction by polynomial fits. Curves are shifted for clarity. (d) Ap.., Apyy, and Ap,. as a function of the inverse magnetic field 1/B at 1.6 K.
(e) The FFT spectra of the data shown in (d). (f) The Lifshitz-Kosevich fitting of the temperature dependence of the oscillation FFT amplitudes

of F,, Fg, and F,, respectively.

with the frequency, i.e., the higher the frequency (the larger
FS cross-sectional area), the heavier the mass.

A particular interest of the quantum oscillation study is the
topology of the FSs associated to the oscillations. To estab-
lish the dimensionality of the FSs, we performed the angular
dependence studies of the out-of-plane MR on sample S2 at
4.2 K. Figure 4(a) shows the p,, at various angles with the
measurement configuration depicted in the inset. The sample
was rotated from B || I (out-of-plane magnetic field) to B L [
(in-plane magnetic field) with 6 being the angle between B
and /. The two transitions at By and B, shift to higher field
and both scale well with the perpendicular component B cosé
(see the Supplemental Material). The weak oscillations su-
perimposed on the p.. are extracted after careful background
subtractions and are shown in Fig. 4(b). A clear shift of the
oscillation features towards higher fields can be easily cap-
tured as 6 increases, accompanied by the quick vanishing of
the high-frequency oscillations at high-field range (B > 55 T).
We performed FFT for the oscillations as a function of 1/B at
every angle. Figure 4(c) presents the main SdH oscillation fre-
quencies as a function of 8. The three main frequencies F, Fg,
and F,, discussed above follow well with the 1/cos6 relation at
low angles, suggesting the two-dimensionality of related FSs.
At high angles (8 > 57°), the oscillation frequency deviates
from the 1/cosf relation and provides a new set of frequencies
at 295 T for & = 89° and 211 T for & = 57° and 67°. The
origin of the anomalous oscillation behavior is still in doubt
due to the quasiperiodicity and the irregular shapes. An alter-
native would be to attribute it to a series of transitions between

subphases due to the quantization of nesting vector result from
the interplay of the Pauli effect and the orbital effect [34].

Based on the transitions and the high-field SdH oscilla-
tions, a phase diagram of NMO is built and illustrated in
Fig. 1(b). The transition at B, strongly resembles the so-
called “kink transition” in related CDW systems [35-37].
Remarkable hysteretic behavior between the up-sweep and
down-sweep is observed at the transition B, when the tem-
perature is low (see the Supplemental Material), indicative of
a first-order transition under high magnetic field. This “kink
transition” has been ascribed to the Pauli effect which drives
the system into a CDW /SDW hybrid state with a smaller gap
under high field [38]. On the other hand, the transition at
Bj is likely related to an enhancement of nesting along the
field direction due to the orbital effect, similar to the low-field
anomalies observed in KMO [37]. It is worth mentioning that
in KMO, SdH oscillations were also observed under high
magnetic fields and only one frequency ~600 T was found in
the fields up to 60 T [7,37,39]. To further explore the effect of
magnetic field on the CDW states and the high-field electronic
structures of the two similar compounds, we have extended
the MR studies of KMO up to 80 T, shown in Fig. 5. The
high-field SdH oscillations reveal two main frequencies of 642
and 2892 T, which are in good agreement with F and F, in
NMO and provide further evidence for the same origins and
similar FS structures of the two isostructural compounds.

The SdH oscillations appear in the high-field range af-
ter the B, transition enables us to construct the FSs in the
CDW/SDW hybrid state [Figs. 1(c)-1(e)]. According to the
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FIG. 4. (a) Angular dependence of the out-of-plane MR p,, in
sample S2. All the curves are shifted for clarity. The inset shows
the measurement configuration. (b) The oscillatory component of
p,. obtained after subtractions of background at various angles.
(c) The angular dependence of the main FFT frequencies of the SdAH
oscillations. The dashed lines are the fits to the 2D FS model of
F(0) = F(0)/cosH.

theoretical work of Su et al. [26], the CDW formation gaps
out most of the FSs and only small arclike electron and hole
pockets remain at the M’ point in the unfolded BZ [shown in
Fig. 1(c)]. In the case of another molybdenum purple bronze
n-MogO1 1, the remaining FS pockets contribute to SdH oscil-
lations under very low fields with frequencies ranging from
2.5 to 20 T [40]. The slow oscillations with frequencies F,
and Fg in NMO are thus believed not to originate from the
arclike electron and hole pockets at M’ remaining in the CDW
state, taking into account the large cross-sectional areas of the
o and B pockets. As mentioned above, the o oscillations are
only observed on p,, with negative background under high
field. Generally, the high-field p,, is mainly dominated by the
highest mobility carrier in a multiband system, as well as the
oscillations on it [41]. Therefore we can easily conclude that
«a correspond to the electronlike pockets around the M’ point.
The light cyclotron mass of the o pockets can be explained by
the weakest electron-phonon coupling at the M’ point where
the least FS nesting occurs. On the other hand, the pockets of
B are attributed to holelike for the following reason. In KMO,
SdH oscillations are also observed both on p., and py, with

B, Ko oM0gO47
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FIG. 5. (a) The out-of-plane resistivity p.. of Ky9MogO;7 during
two shots up to 74 and 80 T, respectively. The arrows indicate the
field sweep direction. Only the data during up-sweep of the 80 T
pulse was captured. (b) The oscillation components A p,, of the two
shots and the FFT spectra (inset). Two main peaks are revealed at
642 and 2892 T, respectively.

only one frequency around 600 T up to 60 T [7,37,39]. The
cyclotron mass of the oscillations was extracted to be around
0.6m,, very close to that of the B frequency oscillations in
NMO (0.52m,). The similarities of the frequency and the
cyclotron mass in the two compounds really suggest the same
origin of the oscillations. From the positive py, of KMO, it
is reasonable to assume the S oscillations in NMO originate
from hole pockets which also reside near the M’ point. A
possible FS structure is proposed and sketched in Fig. 1(d)
under high magnetic field. The orange area corresponds to the
electron pockets and blue parts correspond to hole pockets,
which have been enlarged from the remaining arclike electron
and hole pockets in the CDW state by the effect of magnetic
field. We expect that the Pauli term under high magnetic field
shifts the bands of different spins and induces a poorer nest-
ing, driving the system to a suppressed CDW state with more
FS segments recovered. Further, we notice that the highest
frequency F, corresponds to a cross-sectional area occupying
18.1% of the unfolded first Brillouin zone (FBZ) of NMO
at high temperatures. This large area is perfectly consistent
with the FS of the inner hexagonal electron whose Fermi
wave vector was measured to be 0.52 I'M by ARPES in
the normal state [29]. The appearance of the fast oscillations
can be ascribed to the magnetic breakdown between the six
electron pockets denoted as «. The cyclotron mass shows
a pronounced enhancement from 0.4m, of the o pocket to
0.83m, of the y orbit due to the higher density of state of the
original electron hexagonal FS of the normal state [Fig. 1(e)].
On the other hand, the breakdown of the 8 hole pockets is
still unobservable at present experimental conditions since the
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outer orbits possess even higher effective mass than the inner
y orbit.

IV. CONCLUSION

To conclude, we have studied in detail the magnetotrans-
port properties of quasi-two-dimensional CDW systems of
ApoMogO17(A = K, Na) under high magnetic fields. The
temperature dependence of the in-plane and out-of-plane re-
sistivity show typical CDW transitions at Tcpw = 85 K of
Nag9MogO;7. Pronounced SdH oscillations have been ob-
served under high magnetic field at low temperature. The FFT
spectra of the oscillations reveal three frequencies in oy, Oy,
and p... Angular studies of the SdH oscillations suggest the
2D properties of the related FSs and further possible transi-
tions induced by the interplay between the Pauli coupling and
the orbital effect at high angles and under high fields. The

analyses of the SdH oscillations enable us to build the phase
diagram and construct the FS structure of NMO. The observa-
tion of a fast oscillation which corresponds to a FS cross sec-
tion occupying 18.1% of the FBZ of the normal state strongly
suggests the magnetic breakdown under high field in this
system. This magnetic breakdown behavior has also been ob-
served in KMO under a much higher magnetic field up to 80 T.
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