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The recent observation of the superconducting state at atomic scale has motivated the pursuit of exotic
condensed phases in two-dimensional (2D) systems. Here we report on a superconducting phase in two-
monolayer crystalline Ga films epitaxially grown on wide-band-gap semiconductor GaN(0001). This phase
exhibits a hexagonal structure and only 0.552 nm in thickness, nevertheless, brings about a super-
conducting transition temperature 7. as high as 5.4 K, confirmed by in situ scanning tunneling
spectroscopy and ex sifu electrical magnetotransport and magnetization measurements. The anisotropy
of critical magnetic field and Berezinski-Kosterlitz-Thouless-like transition are observed, typical for the 2D
superconductivity. Our results demonstrate a novel platform for exploring atomic-scale 2D super-

conductors, with great potential for understanding the interface superconductivity.
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Superconductivity has recently been observed in one-
atomic-layer Pb and In films grown on a Si(111) substrate
[1-7], at the SrTiO5/LaAlO; interface [8], and in one-unit-
cell thick FeSe films on SrTiO; [9,10]. This has been
stimulating great attention and interest for both under-
standing the electron pairing in quantum confined systems
and also the pursuit of emergent phases of matter in the
two-dimensional (2D) systems, such as the enhancement of
the superconducting transition temperature 7'.. The recent
discovery of electric field induced superconductivity at the
StTiO5 surface [11] and in 2D MoS, crystal [12] further
demonstrates the feasibility of controlling 2D supercon-
ductivity via interface engineering. Thus far, however,
the nature of interface or 2D superconductivity remains
elusive. Preparing more hybrid heterostructures with
enhanced superconductivity is necessary but experimen-
tally challenging.

GaN, a wide-band-gap semiconductor with a high
piezoelectric constant [13,14], is commonly used in
high-speed transistors, lasers for telecommunications,
and light-emitting diodes for energy efficient displays.
More significantly, it has been previously shown that
GaN is often wetted with 1 to 2 atomic layers of Ga atoms
[15-17], wherein Ga is intrinsically superconductive
[18-20]. Therefore, Ga/GaN may possibly serve as an
ideal system to search for enhanced superconductivity near
their interface. In this work, by in sifu scanning tunneling
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microscopy and spectroscopy (STM and STS), ex situ
electrical magnetotransport and magnetization measure-
ments, we have unambiguously demonstrated that two-
monolayer (ML) Ga films (as thin as 0.552 nm) grown on
GaN form a hexagonal structure and exhibit superconduc-
tivity with a 7. up to 5.4 K, which differs from any
previously reported stable or crystalline Ga phases [ 18-20].
The anisotropy of critical magnetic field and Berezinski-
Kosterlitz-Thouless (BKT)-like transition are observed,
indicative of the 2D nature of superconductivity in 2
ML Ga/GaN(0001).

Our STM and STS experiments are conducted in a
Unisoku ultrahigh vacuum low temperature STM system
interconnected to a molecular beam epitaxy (MBE) cham-
ber for film preparation. The base pressure is lower than
2 x 10710 Torr. All Ga films are epitaxially grown on 3 ym
thick GaN(0001), which are deposited by metal organic
chemical vapor deposition onto Al,O3(0001) substrates
with a 25 nm AIN buffer layer. The substrates are cleaned
by ethanol and acetone before being transferred into the
MBE chamber. After degassing at 300 °C for 3 h, several
cycles of argon ion sputtering (700 V, 2 x 107 Torr) and
subsequent annealing in Ga flux are performed to remove
contaminations on the surface. Two monolayers of Ga are
then epitaxially grown at 650°C from a high-purity Ga
(99.995%) source with a nominal beam flux of
0.4 ML/ min. A polycrystalline Pt-Ir tip is used for all
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STM and STS investigations. All differential conductance
dIl/dV spectra are acquired using a standard lock-in
technique with a bias modulation of 0.2 mV at
987.5 Hz. For ex situ transmission electron microscopy
(TEM) and transport measurements, insulating GaN sub-
strates are used, and ~80 nm-thick granular (~10 nm in
size) Ag, acting as a protective and capping layer, is
deposited on Ga films at 110 K before exposing the sample
to the atmosphere. Note that insulating amorphous Si
capping layer has also been tried. However, we find that
the Si significantly deteriorates the 2 ML Ga thin films on
GaN and strongly suppresses their superconductivity.
Figure 1(a) shows the morphology of an atomically flat
Ga film. The terraces, which are on average 150 nm wide,
are separated by 2.5 A height steps, consistent with a Ga-N
bilayer unit cell along the [0001] direction. Figure 1(b)
depicts the atomically resolved STM and its corresponding
FFT image, which exhibits a hexagonal lattice with a lattice
constant of 3.18 A, close to that of the underlying
GaN(0001) substrate (3.19 A). Since any previously
reported stable and metastable Ga phases show either an
orthorhombic or monoclinic symmetry [Table S1] [21,22],
the observed 2 ML Ga films with hexagonal lattice are most
likely stabilized by the wurtzite structure of the underlying
GaN(0001) substrate, and linked to the pseudo 1 x 1 phase
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FIG. 1 (color online). (a) Topographic image (3.0 V, 0.05 nA,
I x 1 yum?) of 2 ML Ga films, with a step height of 2.5 A.
(b) Atomic-resolution STM image (0.22 V, 0.05 nA, 8 x 8 nm?)
of a Ga film, and the inset is its corresponding FFT pattern. The
bright spots correspond to Ga atoms at the top layer. (c) Cross-
sectional high-angle annular dark-field image of Ag/Ga/
GaN(0001) heterostructure viewed from the [1120] crystallo-
graphic direction, showing two Ga atomic layers just
above the GaN substrate. (d) Schematic top (top panel) and
section (bottom panel) views of 2 ML Ga/GaN heterostructure.
The average separations between various layers are Z; = 2.76,
Z, =2.76, and Zy = 2.67 A.

at room temperature [16,17]. The TEM experiment reveals
a sharp Ga/GaN(0001) interface and a Ga coverage of
2 ML, directly adjacent to the GaN substrate [Fig. 1(c)].
The spacing between the two Ga layers and GaN substrate
is estimated to be 0.276 nm, as schematically sketched in
Fig. 1(d).

By taking differential conductance dI/dV spectra on 2
ML Ga films at various temperatures ranging from 2.4 to
6 K [Fig. 2(a)], we observe a series of temperature-
dependent superconducting gaps with two clear coherence
peaks at 1.6 meV. The measured gaps reconcile well with
the well-known BCS s-wave Dynes function with a broad-
ening factor I [23], as illustrated in Fig. S1 [22]. The best
fits of the data to BCS gap function [24] yield
A(0) =1.01 £0.05 meV, T.~52K, and BCS ratio
2A/kgT. =4.54+0.2 (kg is the Boltzmann constant)
[Fig. 2(b)], indicative of a strong coupling superconductor
for 2 ML Ga/GaN(0001) [18]. Figure 2(c) illustrates the
dI/dV spectra as a function of the applied magnetic field
normal to the sample surface (B | ). With increasing B |, the
zero bias conductance progressively increases and both the
superconducting coherence peaks gradually smear out,
providing solid evidence of superconductivity in 2 ML
Ga films. It is worth noting that here 7. exceeds 5 K, 5
times higher than 1.08 K for bulk stable a-Ga phase [18].

The high 7. in 2 ML Ga/GaN(0001) has been further
corroborated by our systematic transport measurements.
Figure 3(a) displays the sample sheet resistance (Rgpe.;) as a
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FIG. 2 (color online). (a) A series of differential tunneling
conductance spectra (set point: 10 mV, 0.1 nA) at various
temperatures, normalized to the normal conductance spectrum
at 10 K. (b) Temperature-dependent superconducting gap mag-
nitude A (dark squares) and their best fit to BCS gap function (red
curve) for 2 ML Ga films. (c) Three-dimensional plots of
tunneling conductance measured at various magnetic fields at
2.7 K. Spectra measured at 0, 1.2, and 5.0 T are labeled by black
dashes.

107003-2



PRL 114, 107003 (2015)

PHYSICAL REVIEW

week ending

LETTERS 13 MARCH 2015

(a) 500

8
w
%
=

S g
L:--~—~w‘... N

08T 100T
8 10

6
T (K)

S g
] 3 300f —20K
z ¢ 24K
< = 200t —28K
——35K
100 ——40K
50K
ot 20K —— 100K
0 3 9 12 15
B,/(T)
——19K]
© 6 o —-20K
21K
H z N LSk
Mei 1 —e=2.
E E 4 50| Meissner state | K
P - 18 20 22 24 26—-25K
2 2 T(K)
Sy 5
-10f o NE=
1 0 .
3 7 6 10 20 30
T (K) Bi(mT)

FIG. 3 (color online). (a) Ry,.e-T curve at zero magnetic field,
showing T9™¢ = 54 and T%™ = 3.8 K, respectively. The inset
schematically shows the diagram for all transport measurements,
where indium has been used for all electrical contacts. (b) Ry,eei-T
curves for various B, up to 10 T. (c),(d) Magnetoresistance
(©) Ryheer-B1 and (d) Rghee-B) at various temperatures ranging
from 2.0 to 10 K. (e) Temperature dependence of magnetization
measured under a 10 mT magnetic field normal to the sample
surface, showing the Meissner effect. (f) Low-field M(B) at
various temperatures from 1.9 to 2.5 K. Note that the magneti-
zation signal below ~4 mT is too small to be resolved in our
measurement. Inset shows the temperature dependence of
B (T). The excitation current of 5 pA is used for all Rgee-T
and Rg,eo-B measurements throughout this Letter.

function of temperature at zero field, with the logarithmic-
scale Rg.-T curve shown in Fig. S2 [22]. The super-
conductivity transition is immediately evident, with
Tt = 54 K, consistent with our STS measurements
above. Below 3.8 K, the sample shows zero resistance
within our instrumental resolution (%15 nV). Figure 3(b)
shows the Ry as a function of temperature at different
B, . The superconductivity transition gets broader and
shifts to lower temperature as the field B increases, as
expected. In addition, magnetotransport measurements are
carried out at various temperatures between 2.0 and 10.0 K,
with the fields normal [Fig. 3(c)] and parallel [Fig. 3(d)] to
the sample surface, respectively. It is clearly evident that
Rgheer varies differently with B, and Bj. For example,
Ryt (B ) reaches the normal resistance at ~3.26 T (the
upper critical field B,,), substantially smaller than B, =
14.8 T (the critical field) for the parallel field at 2 K.
Nevertheless, both critical fields appear significantly
greater than B, = 5.83 mT for bulk a-Ga [25], which
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FIG. 4 (color online). (a) V(I) characteristics at various
temperatures plotted on a double-logarithmic scale at B =0 T.
Two dashed blue lines indicate the V ~ 1 and V ~ I° curves,
respectively. (b) Plot of the exponent a as a function
of temperature 7, extracted from the power-law fits
in (a). Tgxr =4.4 K is defined as the temperature with
a=3. (¢) [dIn(Rgee)/dT)™*? plotted as a function of
temperature. The solid line depicts the expected BKT-like
transition behavior with Tt = 4.6 K.

may originate primarily from the reduced dimensionality
of 2 ML Ga. The small discrepancy of normal-state
resistance in Figs. 3(c) and 3(d) may be due to degrada-
tion-related aging effect of the sample, because we con-
ducted the out-of-plane field measurements first. The
anisotropy in observed critical fields provides the first
direct evidence of a typical 2D superconductor behavior for
2 ML Ga/GaN(0001). This is further confirmed by
analyzing the temperature dependence of the characteristic
magnetic fields B (7T) and By(T) [26]. Here B, (T) x
1-T/T. and By(T) x (1 —T/T.)"/? are found, highly
suggestive of 2D superconductivity [27] with an estimated
superconducting layer thickness of ~5.5 nm [Fig. S3].
Moreover, diamagnetic measurements in Fig. 3(e) shows
the dc magnetization as a function of temperature during
the zero-field cooling (ZFC) and field cooling (FC) at a
perpendicular magnetic field of B, = 10 mT. An apparent
drop appears slightly below 3.0 K, indicating the Meissner
effect. The M(B,) curves at various temperatures are
shown in Fig. 3(f), all of which exhibit the expected linear
behavior at low fields (< 5 mT). At around B, (the lower
critical field), they deviate from linearity, with temperature-
dependent B,; plotted in the inset of Fig. 3(f). All these
observations provide compelling evidence for the super-
conductivity in 2 ML Ga/GaN(0001).

To shed further light into the nature of the supercon-
ductivity in 2 ML Ga/GaN(0001), Figure 4(a) shows V()
characteristics at various temperatures ranging from
2 to 10 K. A V ~ [* power-law dependence is apparently
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observed (red lines), with the slope equal to the exponent a.
It is found that a reduces with increasing temperature
[Fig. 4(b)], consistent with a BKT-like transition [8].
The exponent a approaches 3 at ~4.4 K, identified
as Tpggr. Furthermore, close to Tpygr the measured
Rgeer depends on temperature via Ry (T) =
Roexp[—b(T/Tgxr — 1)7/?], where R, and b are
material-dependent parameters [8]. This is well illustrated
in Fig. 4(c), yielding Tgxr = 4.6 K, which matches with
the a exponent analysis above. Note that the transition
observed here is not sharp as theoretically expected,
quite similar to previous experimental reports in the
LaAlO;/SrTiO; interface superconducting system [8]
and other quasi-2D superconducting systems, such as
FeSe films on SrTiO; [10] and Pb films on Si(111) [28].
The broad transition might result from the finite size effect
or interface effect, which has been demonstrated to play an
important role in the non-freestanding quasi-2D super-
conducting systems [1-10].

We now comment on the role of the Ag capping layer for
ex situ transport and magnetization measurements. One
may wonder whether the metallic Ag will suppress the
superconductivity of 2 ML Ga films due to proximity
effect [29-32]. Indeed, as demonstrated in Fig. 5, the
proximity induced superconductivity in the Ag layer (blue
dashes) accompanied with the suppressed superconduc-
tivity in Ga films are clearly identified by comparing
dI/dV spectra before (black curve) and after (black and
blue dashes) Ag deposition. Previous study has revealed
that the 7. of a superconductor or normal metal bilayer
system decays exponentially with the thickness ratio of
normal metal and superconductor [29]. In our case, 2 ML
Ga films are only 0.552 nm thick, while the Ag capping
layer is 80 nm thick. Thus, if the Ag layer is in good
contact with Ga films, it would mean an almost complete
suppression of superconductivity in a Ag/Ga bilayer. The
robust superconductivity observed here therefore appears
quite unexpected and surprising. Two possible explana-
tions might be considered. First, the ultrathin Ga films
are not freestanding, but supported by a GaN substrate,
which may help preserve the superconductivity. Second,
the capping Ag layer exists in the form of nanoparticles
with a typical size of ~10 nm, comparable to &,,~
10 nm deduced from B, ~3.26 T by B, = ®y/2x&2,.
Therefore, not all Ga film surface is in direct contact with
Ag. Instead there may be spaces between the Ag nano-
particles and the underlying Ga films. As a consequence,
the proximity effect develops only in a small minority of
regions with Ag contacting the underlying 2 ML Ga films,
leaving most other regions unaffected. These regions may
percolate throughout the whole films and form an infinite
superconducting percolating network, which leads to the
superconducting behaviors detected by transport measure-
ments and BKT-like transition [33]. Further theoretical and
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FIG. 5 (color online). Normalized dI/dV spectra before and
after Ag deposition. Inset shows 2 ML Ga (I) partially covered by
1 ML Ag (I) (1.8 V, 0.05 nA, 25 x 10 nm?). Three spectra are
acquired at pristine Ga films (solid black curve), regions I (black
dashes) and II (blue dashes), respectively.

experimental investigations in this context would be help-
ful to fully resolve this issue.

Finally, we remark on the possible mechanism of
high 7, in 2 ML Ga/GaN(0001) hybrid heterostructure.
One may expect that the dimensionality effect plays a role.
However, previous studies have shown strongly sup-
pressed superconductivity as a superconductor gets thinner
[34,35]. It is therefore unlikely that the observed high 7', of
5.4 K stems solely from the dimensionality effect. In
analogy to recent studies [4,9,10], we suggest that the
superconductivity observed here may originate from
the interface effect between Ga and GaN. The closely
matched lattice constants suggest the possible strong
interface interactions between Ga and GaN. On the
other hand, GaN has a noncentrosymmetric crystal struc-
ture and may exhibit a strong polarization effect [13],
which can enhance superconductivity at the Ga/GaN
interface. In fact, the 2D electron gas, a prerequisite for
superconductivity, is indeed observed in wurtzite heter-
eostructures such as AlGaN/GaN [14], which has been
explained as polarization effect induced interface charge
accumulation.

In summary, 2 ML Ga films with hexagonal atomic
structure have been successfully grown on a GaN(0001)
substrate and demonstrated to be 2D superconductors by
both in situ STM and STS and ex situ electrical magneto-
transport and magnetization measurements. Compared to
the stable a-Ga phase, 7, in 2 ML Ga/GaN(0001) is
considerably enhanced. Our finding may provide a 2D
system for uncovering the nature of interface supercon-
ductivity. All STM images were processed by Nanotec
WSxM software [36].
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