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Anisotropy is an important feature of layered materials, and a large anisotropy is usually related to the two-dimensional
characteristics. We investigated the anisotropy of the layered transition metal dicalcogenide 2H-NbSe, in the supercon-
ducting and charge density wave (CDW) states using magnetotransport measurements. In the superconducting state, the

normalized Hl‘; /H, is independent of the thickness of 2H-NbSe,, while Hcllza b /H, increases significantly with decreasing

thickness, where Hj, is the Pauli limiting magnetic field and HCHZC and HCHZ“ b are the upper critical fields in the ¢ and ab di-

rections, respectively. It is found that the superconducting anisotropy parameter Yy, = HCH; b / H1|2L increases with reduction
in the thickness of 2H-NbSe,. In the CDW state, the angular (0) dependence of magnetoresistance, R(H, 6) scales with
H (cos2 0+ yE]%W sin’ 0) 1/2 which decreases with increasing temperature and disappears at about 40 K. It is found that the
CDW anisotropy parameter Ycpw is much larger than the effective mass anisotropy but does not change a lot for ultrathin
and bulk samples. Our results suggest the existence of three-dimensional superconductivity and quasi-two dimensional

CDWs in bulk 2H-NbSe;.
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1. Introduction

The presence of a charge density wave (CDW) in a super-
conductor is of special interest, since CDWs exhibit a periodic
modulation of electronic charge density!!! while superconduc-
tivity usually has a homogeneous charge distribution. Com-
petition in electronic charge density usually results in uncon-
ventional superconductivity, such as in cuprates, iron pnictides
and heavy fermion superconductors.>8! Interestingly, recent
experiments have shown that CDWs coexist with supercon-
ductivity in 2H-NbSe; even down to the monolayer limit.[%!0]
2H-NbSe; belongs to the family of transition metal dicalco-
genides (TMDCs). For bulk 2H-NbSe;, the superconducting
transition temperature 7 is 7.2 K, which is the highest known
among TMDCs, and incommensurate CDW order is present at
Tepw = 33 K U141 The superconductivity is strongly corre-
lated to the CDW order in bulk 2H-NbSe,. !

Compared with bulk 2H-NbSe,, the superconductivity is

16.17] The two-gap

substantially modified in ultrathin samples.!
superconductivity '8! in the bulk 2H-NbSe, structure changes
to anisotropic single-gap superconductivity in the thin-film
sample.[!'”) Furthermore, it was found that T, of 2H-NbSe,
decreases with decreasing sample thickness.!!*-2!1 Such a sup-

pression of T¢. is attributed to the superconductor—vacuum in-
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terface in ultrathin 2H-NbSe, which suppresses the Cooper
pair density.['”! Despite the suppression of T, the in-plane
upper critical field arrives at six times the Pauli paramag-

(221 The extremely large

netic limit in monolayer 2H-NbSe;.
in-plane upper critical field is attributed to the strong intrin-
sic spin—orbit interactions, which lock the electron spin in the
out-of-plane direction in ultrathin 2H-NbSe, but can be de-
stroyed by the interlayer coupling in thick samples.??! On
the other hand, the properties of the CDW are also modified
in ultrathin 2H-NbSe;.[%!1% Tepw in monolayer 2H-NbSe; is
145 K, much higher than the 33 K in the bulk sample. Scan-
ning tunnelling spectroscopy measurements have revealed that
the CDW gap in monolayer 2H-NbSe, is 4 meV,!!%! much
less than the gap value of 12 meV-35 meV in the bulk
sample.[23-2]

Anisotropy is another important feature of ultrathin 2H-
NbSe;. As a layered TMDC, ultrathin 2H-NbSe, is sup-
posed to have a larger anisotropy than bulk samples ow-
ing to the interlayer coupling of CDWs.!?6-28] The formation
of a CDW has a significant influence on the electric trans-

29-331 For TMDC materials, the magnetore-

port properties. !
sistance (MR) caused by a CDW usually exhibits a large and

linear magnetic field dependence behavior.’#*1 Such CDW
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MR was found to be anisotropic and sensitive to the relative
orientation between the magnetic field and the CDW chain

5.136-381 Thus the electronic transport anisotropy reveals an

axi
intrinsic characteristic of CDWs in 2H-NbSe,.

In this paper, we investigate the electronic transport
anisotropy of 2H-NbSe,. An ultrathin 2H-NbSe; device (5-
10 layers) is fabricated by the mechanical exfoliation method
and electrode transfer technique. In the superconducting
state, the anisotropy parameter (Y, ) is determined by the ra-
tio of the upper critical fields at in- and out-of-plane direc-
tions. The anisotropy of superconductivity increases signif-
icantly with decrease in the sample thickness. In the nor-
mal state, the anisotropy parameter (Ycpw) is obtained accord-
ing to the angular-dependent magnetoresistance (ADMR). The
ADMR obeys the scaling behavior of ADMR = f[H(cos? 8 +
}/Eéw sin” )!/2] at 8 K and disappears at above the CDW tem-
perature (Icpw). In contrast to Ycpw, the value of ¥y, in-
creases significantly as the thickness of 2H-NbSe, decreases.
Our results suggest three-dimensional superconductivity and a

quasi-two dimensional CDW in 2H-NbSe;.

2. Experiment

The ultrathin 2H-NbSe, device is fabricated based on our
previous technique.?®! The fabrication process comprises the

following three steps. (i) Fabrication of Au electrodes coated
with polyvinyl alcohol (PVA) film. The Au electrode patterns
are fabricated on a silicon wafer by ultraviolet lithography and
metal thermal evaporation technology. Then a home-made 8%
PVA solution is dripped onto the Au electrodes prefabricated
on the silicon wafer. After 5 h in a drying oven, the Au elec-
trodes coated with the dry PVA film are taken out of the sili-
con wafer and are ready for electric feedthrough and protective
use. (ii) Fabrication of ultrathin samples. Ultrathin samples
are obtained based on the traditional mechanical exfoliation
method for graphene. Bulk single crystal 2H-NbSe, from a
commercial supplier (HQ Graphene) is exfoliated into layers
using Scotch tape in an ambient environment. Then the 2H-
NbSe; flakes are pressed on the Si/SiO, substrate. Thin flakes
are distinguished under an optical microscope by their color
and removed from the Si/SiO; substrate with a PVA film. (iii)
Encapsulation processes. A selected flake of 2H-NbSe; in a
PVA film is accurately transferred onto the top of the prefab-
ricated Au electrodes in the PVA film using a sample transfer
stage under the microscope. Thus the encapsulation and elec-
tric feedthrough processes are done simultaneously. Since the
Au electrodes are prefabricated, the dry-transfer and the en-
capsulation processes can be done in 5 min to avoid damage
to the 2H-NbSe, sample.
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Fig. 1. The superconducting properties of an ultrathin 2H-NbSe; sample. (a) The resistance R versus temperature 7. Inset: optical image of the
ultrathin 2H-NbSe; device. (b) Arrhenius plots for ultrathin 2H-NbSe; at H||c. (¢) The H dependence of activation energy U. The R(T') curves
under the applied H for H||ab (d) and H||c (e). (f) The normalized upper critical field He, /H, versus the reduced temperature 7' /T for the bulk
and ultrathin samples. The inset of Fig. 1(f) shows images of the bulk and ultrathin (5-10 layers) 2H-NbSe,.
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A panorama of our device is shown in the inset of
Fig. 1(a). The ultrathin 2H-NbSe, sample is encapsulated by
the top and bottom PVA layers. The inset of Fig. 1(f) shows an
enlarged image of our device, with the 2H-NbSe, sample and
the Au electrodes. The thickness of the ultrathin samples ex-
foliated on the Si/SiO; substrate can be determined by optical
contrast and confirmed by atomic force microscopy (AFM).
Different colors correspond to different numbers of 2H-NbSe,
layers. Nevertheless, when the sample is in a flexible substrate
it is hard to determine the thickness of the sample by optical
contrast and AFM. Thus we only estimate the thickness of our
ultrathin sample based on optical contrast before it is taken out
of the Si/SiO; substrate. The estimated thickness of the ultra-
thin sample in this work is about 5-10 layers, which is still
much thinner than the bulk sample.

3. Discussion

Figure 1(a) shows the resistance (R) as a function of tem-
perature (7') for an ultrathin 2H-NbSe, sample. The residual
resistance ratio rrr = R(300 K)/R(8 K) is about 11.3. It is
found that R decreases as T decreases and transits into the
superconducting state at the critical temperature T ~ 7 K,
which is consistent with previous reports for 2H-NbSe; sin-
gle crystals.[*9) The thickness of the ultrathin sample can be
estimated according to the thermally activated flux-flow be-
havior of 2H-NbSe,.[*! We therefore show in Fig. 1(b) the
Arrhenius plots for ultrathin 2H-NbSe, with an out-of plane
magnetic field 1 T < H <9 T. The flux-flow resistivity in
the thermal activation regime can be expressed in the formula
p(H,T) = poexp(—U /kgT), where U is the thermal activa-
tion energy, po is a factor independent of the magnetic field
and kg is the Boltzmann constant. The obtained U at different
magnetic fields are shown in Fig. 1(c). It is found that the ther-
mal activation energy U can be expressed by the relationship
U = Uplog(H/Hy) with Uy = 73.6kp in agreement with the
long-range vortex—vortex interactions in a two-dimensional
system.[*>#3] Interestingly, the parameter of Up in ultrathin
2H-NbSe; was previously found to be proportional to the layer
number, with 13.44kg per layer.[*! Thus the thickness of our
ultrathin 2H-NbSe; is more than five layers, which is consis-
tent with the results estimated from the optical contrast.

Figures 1(d) and 1(e) show the R(T) curves under the
applied magnetic fields (H) along with the out-of-plane and
in-plane directions respectively. We define T;(H) as the su-
perconducting transition temperature for various H, at which
the R drops to 50% of the normal state’s resistance. The ob-
tained T;(H)s, or the upper critical fields Hc(T')s, are nor-
malized by the Pauli paramagnetic limit H,(T') ~ 1.84T. The
He,(T)/Hps for the bulk and ultrathin 2H-NbSe, are summa-

rized in Fig. 1(f). Inset of Fig. 1(f) shows the images of the
bulk and ultrathin 2H-NbSe;.

In Fig. 1(f), we show Hl‘zc /Hp (hollow symbols) and
HCH; b /H, (solid symbols) as a function of the reduced temper-
ature T /Ty, where HCH; and HCHZ“ b are the upper critical fields
at ¢ and ab crystalline directions, respectively. It is found that
HCHZc /H, is independent of the thickness, while HCH; b /H, in-
creases significantly as the thickness of 2H-NbSe, decreases.
The thickness independence of H(UZC was previously observed
and attributed to the orbital pair-breaking effect on an out-of
plane critical field.*?! while HCHZa b was interpreted in terms of
the strong intrinsic spin—orbit interactions effect present in a
single layer, which can lock the electronic spin in the out-of-
plane direction and consequently lead to the remarkably large
Hi‘; % in ultrathin 2H-NbSe,.1?2! Furthermore, interlayer cou-
pling favors electron hopping between layers, which therefore
enhances the orbital depairing effect and suppresses the in-
plane upper critical field in the bulk sample.

It is worth noticing that HCH; and HCH; ® both roughly ex-
hibit a linear-dependent behavior of T in the investigated T
range. Thus we can roughly estimate the superconducting
anisotropy Yy, = HCH2” b / H(UZC for these samples. It is found that
Yu,, 18 17.7 and 4.65 for the ultrathin and the bulk samples,
respectively. Since the thickness of the ultrathin sample is be-
yond the atomic limit (< 4 layers), whether the sample is odd-
or even-layered should not play arole in the anisotropy physics
mechanism. Thus the significant suppression of ¥y, indeed re-
flects a strong interlayer coupling effect on superconductivity,
which causes three-dimensional superconductivity in the bulk
2H-NbSe;.

It is also interesting to know the dimensional charac-
teristics of the CDW in 2H-NbSe,.
gate the MR of 2H-NbSe, in the normal state, for example

We therefore investi-

T > 8 K. Figure 2(a) shows the temperature (7') dependence
of resistance R (left axis) measured at magnetic fields H =0
and 9 T with H along the c-axis of the crystal. The corre-
sponding MR (R(9 T)/R(0 T) — 1) is plotted in Fig. 2(a) on
It is found that the MR decreases with in-
creasing the T and becomes negligible above 40 K, which

the right axis.

is around Tcpw = 33 K, the CDW transition temperature of
bulk 2H-NbSe,.!''"1*] Tepw was previously determined by a
dip in the derivative of resistance with respect to temperature
dR(T)/dT.") However, here we cannot determine the exact
value of Tcpw in ultrathin 2H-NbSe, since the dR(T)/dT
feature becomes negligible in the ultrathin case. An option
to determine Tcpw in ultrathin 2H-NbSe; is terahertz Raman

5] which we leave for future work. Neverthe-

spectroscopy,
less, since the ultrathin sample comprises around 5-10 layers,
as discussed above, Tcpw is about 80 K—50 K according to a

previous report,'”! which is not far from 40 K.
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Fig. 2. The magnetoresistance (MR) of ultrathin 2H-NbSe;. (a) The temperature (7') dependence of resistance (R) at H = 0 and 9 T (left axis), and
MR equal to R(9 T)/R(0 T) — 1 (right axis) with H applied in the ¢ direction. (b) R versus 6 measuredat 7 =8 Kand 1 T<H <9T. 0 is the angle
between H and the ¢ crystalline direction as shown in the inset of panel (b). (c) R versus H (cos2 0+ YEI%W sin? 6)1/ 2 at T = 8 K for the ultrathin
and bulk samples. The symbols are taken from the R(6) data in (b) and the lines from the R(H) data in H||c and H||ab directions, respectively.

MR of a CDW was previously observed in 2H-NbSe; sin-
gle crystal and interpreted as the magnetic breakdown through
CDW gaps in the CDW state.**! Interestingly, the MR ob-
served in ultrathin 2H-NbSe, is much smaller than that in
bulk samples.[**! A large MR is usually related to a high
mobility. [4546] For a thin film, extrinsic surface effects, for

example surface oxidation, 21

usually cause a decrease in
the mobility.[*’! Nevertheless, we found that the amplitude
of magnetoresistance in 2H-NbSe, shows a positive correla-
tion to its rrr value even for bulk samples (data are not shown
here). Since rrr is the resistivity ratio, which is independent of
the surface factor, the suppression of MR cannot be due to sur-
face oxidation in 2H-NbSe;. Thus the suppression of MR may
be due to enhanced electron correlation in the ultrathin sam-
ple. Such a conjecture is based on the facts that electron corre-
lation usually decreases the electron mobility and the strength
of electron correlation usually increases in low-dimensional
system.

In Fig. 2(b), we show the angular (08)-dependent magne-
toresistance (ADMR) curves measured at 8 K and H ranging
from 1 T to 9 T for ultrathin 2H-NbSe, film. Here, 6 is the an-
gle between the magnetic field H and the c crystalline direction
of 2H-NbSe, as shown in the inset. In Fig. 2(c), we plot R(0)
at 8 K as a function of €9 = (cos® 0 + Yoy sin® 8) /% for the
ultrathin and bulk samples on the left and right axes, respec-
tively. Ycpw is the MR anisotropy, which can be obtained from
the R(0) curves or R(H)s with H along the ab and c directions.
By tuning R(ggH), curves (symbols) overlap at different H
and 6 and we found that Ycpw ~ 8 for ultrathin samples. We
also investigated the data for R(Hj/Ycpw) (red lines) and
R(H)|.) (black lines) in Fig. 2(c). We found that ycpw ~ 8 and
~ 6 for the ultrathin and bulk samples, respectively. The scal-
ing behavior R(ggH) was previously observed in the TMDC
WTe,,[*8 where the &g is attributed to the mass anisotropy

y = (m/m*,)'/?. 2H-NbSe, has a quasi-two-dimensional

layered structure on which the pronounced 3D character of
the electronic structure forms.%) Thus 2H-NbSe, has mul-

159 previ-

tiple Fermi surface sheets of mixed dimensionality.
ous experiments on plasma frequency showed the effective-
mass anisotropy ¥ = (m; /m’,)!/? for 2H-NbSe, to be 2.24,15"]
which is less than the ycpw obtained here. This suggests
that the MR or CDW is related to the quasi-2D Fermi sur-
face sheets in 2H-NbSe;. Thus Ycpw should not change a lot
with the thickness of 2H-NbSe,, which is consistent with the
results that Ycpw ~ 8 and ~ 6 for ultrathin and bulk samples,

respectively.

4. Conclusion

In summary, detailed magnetotransport measurements
were performed on 2H-NbSe; samples. In the CDW
state, the ADMR obeys the scaling behavior H (cos20 +
Tepw sin” )72,
larger than the effective mass anisotropy and do not change

The CDW anionotropies (Ycpw) are much

a lot as the sample thickness is reduced. The superconduct-
ing anisotropy increases significantly with decreasing sample
thickness. Our results suggest three-dimensional supercon-
ductivity and a quasi-two dimensional feature of CDW in bulk

2H-NbSe;.
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