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Controlling electronic properties via band structure engineering is at the heart of modern semiconductor devices.
Here, we extend this concept to semimetals where, using LuSb as a model system, we show that quantum confine-
ment lifts carrier compensation and differentially affects the mobility of the electron and hole-like carriers result-
ing in a strong modification in its large, nonsaturating magnetoresistance behavior. Bonding mismatch at the
heteroepitaxial interface of a semimetal (LuSb) and a semiconductor (GaSb) leads to the emergence of a two-
dimensional, interfacial hole gas. This is accompanied by a charge transfer across the interface that provides
another avenue to modify the electronic structure and magnetotransport properties in the ultrathin limit. Our
work lays out a general strategy of using confined thin-film geometries and heteroepitaxial interfaces to engineer
electronic structure in semimetallic systems, which allows control over their magnetoresistance behavior and

simultaneously provides insights into its origin.

INTRODUCTION

Semimetallic compounds offer an exciting platform to realize exotic
quantum states of matter and novel material properties (1-4). Large,
nonsaturating magnetoresistance is one such example (5-11), where
spin-orbit coupling (5, 6), linearly dispersive states (8), charge com-
pensation (9, 10), and disorder effects (11) have been proposed as
possible mechanisms for its origin. Although electronic structure is
expected to play a key role, demonstration of controlling the magneto-
resistance via electronic structure modification remains elusive, which
might allow us to distinguish between the different proposed scenarios.
To address this outstanding issue, we fabricated epitaxial thin films
of a semimetallic compound LuSb on GaSb substrates with different
film thicknesses. Although LuSb is found to be a compensated semi-
metal in the bulk (12, 13), we establish that dimensional confinement
differentially alters the occupation of electron and hole-like bands
lifting carrier compensation. Loss of carrier compensation along with
an overall reduction in carrier mobility in thinner films markedly
modifies their magnetoresistance behavior establishing the import-
ance of carrier compensation. However, no evidence is found for
the predicted semimetallic to semiconducting phase transition (14)
in dimensionally confined thin films of LuSb, which remain semi-
metallic in the ultrathin limit.
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Heteroepitaxial interfaces offer another potential avenue to con-
trol electronic properties in few atomic layer geometries and can lead
to emergent ground states not realizable in the bulk (15-17). We
show that the nature of the local coordination and chemical bond-
ing at a heterointerface provides a novel route to realize a two-
dimensional (2D) electron/hole gas. In particular, the heterointerface
between a rock-salt (LuSb) and zinc-blende (GaSb) crystal structures
results in the emergence of a 2D hole gas that remains tightly bound
to the interface and is accompanied by a charge transfer across it,
substantially affecting the electronic structure and transport prop-
erties in LuSb in the ultrathin limit.

RESULTS AND DISCUSSION

Growth and transport

Epitaxial thin films of rock-salt LuSb (6.055 A) (18) were synthe-
sized on a nearly lattice-matched GaSb substrates (6.096 A) with a
thin GaSb epitaxial buffer layer using molecular-beam epitaxy (MBE).
The ¢(2 x 6) reconstruction of the Sb-rich GaSb(001) surface imme-
diately changes to a (1 x 1) reconstruction at the beginning of the
deposition of LuSb atomic layers, shown in Fig. 1B. The LuSb atomic
layers remain epitaxial and single phase with [001] out-of-plane
orientation even in the ultrathin limit, as revealed by the 6 to 26
x-ray diffraction scans shown in Fig. 1C. Details about further struc-
tural characterization of these films can be found in (19) (section S1
and fig. S1).

Dimensional confinement is found to significantly modify elec-
trical properties of LuSb, which is a semimetal in the bulk with hole
pockets (B and §) at the zone center and an elliptical electron pocket
at the zone edge (a), as shown in Fig. 1A. While the 40-, 32-, and
20-monolayer (ML)-thick films exhibit metallic behavior, a low
temperature resistivity upturn can be seen in the 12-, 8-, and 6-ML-
thick films (Fig. 1D). At high temperatures, parallel conduction from
the underlying GaSb buffer layers and GaSb substrate strongly in-
fluences temperature dependence of film resistance in the LuSb/GaSb
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Fig. 1. Synthesis and transport properties of LuSb/GaSb (001) thin films. (A) Crystal structure of LuSb and its Fermi surface, calculated using hybrid DFT. (B) Reflection
high-energy electron diffraction (RHEED) images along the [110] and [1-10] azimuths. (C) Out-of-plane 8-26 x-ray diffraction (XRD) scans for epitaxial films of different
thicknesses studied in this work. Substrate peaks are marked by asterisks. XRD scans are offset in intensity (along the y axis) for clarity. (D) Temperature dependence of
resistance in thin films of various thicknesses. Rz is the resistance at the sample temperature below which film resistance is dominated by LuSb layer. Temperatures cor-
responding to Rg are indicated for all film thicknesses. (E) Evolution of magnetoresistance with film thickness. Inset highlights saturating magnetoresistance behavior at
high fields for 8- and 6-ML-thick samples. All data taken at 2 K. (F) Hall resistance measured at 2 K as a function of film thickness. (G) Fast Fourier transform of the quantum
oscillations for the 40-, 32-, and 20-ML-thick films. Corresponding resistance oscillations are shown in the inset. B and & are the hole pockets at the zone center. o and o,
are the frequencies corresponding to the projection of the elliptical electron pockets along the magnetic field direction (k,) and those lying in the plane perpendicular to
it (ky and k,), respectively, as shown in (A). (H) Extracted quantum mobility and carrier lifetime for the a and p pockets for the 40-, 32-, and 20-ML-thick films.

thin films. Charge carriers in GaSb freeze out at low temperatures
resulting in the film resistance being dominated by the LuSb atomic
layers, which is the region of interest in this study [see fig. S2 (19)].
The temperature at which resistance of LuSb atomic layer starts to
dominate depends on the relative resistance of the LuSb atomic layer
in comparison to that of GaSb, which depends on the LuSb film
thickness. To compare temperature dependence of the longitudinal
resistance in thin films with different LuSb layer thicknesses, we
show normalized resistance R,,/Rg in Fig. 1D, where Rz is the resist-
ance below which the film resistance is dominated by the LuSb
atomic layer as is evident from a marked change in slope as a func-
tion of temperature. Rz for different film thicknesses are shown by
corresponding arrows in Fig. 1D. Magnetoresistance in these films
also undergo marked changes both in magnitude and shape with
film thickness (Fig. 1E). While the 40-ML-thick film exhibits a MR
of 120% at 14 T, it drops down to less than 10% in the thinner films.
Furthermore, the 8- and 6-ML-thick films show a saturating behavior
at high field values unlike the thicker films due to strong electron-
electron interaction (EEI) effects [fig. S2 (19)]. Shubnikov de Haas
(SdH) oscillations were observed in the magnetoresistance data, shown
in Fig. 1E, for all the electronic bands (o, B, and 3) for the 40- and
32-ML-thick films, but only for the o and p bands for the 20-ML-
thick film, and were absent in the thinner films, indicating an overall
reduction in mobility with decreasing film thickness (Fig. 1, E and G).
A smooth fifth-order polynomial background was used to extract
SdH oscillations from the magnetoresistance data, shown in Fig. 1G.
Further details of the extraction procedure can be found in (19)
(section S3 and fig. S3). Quantum mobilities for the o and B bands
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were found to decrease by 84 and 77%, respectively, with the de-
crease in film thickness from 40 to 20 ML, shown in Fig. 1H. Details
of the estimation of quantum mobilities are provided in (19) (sec-
tion S3 and fig. S4). The quantum oscillation measurements further
indicate that dimensional confinement induces a change in the elec-
tronic structure of LuSb, differentially affecting the electron and
hole-like bands. The Fermi wave vector (kg) for the hole-like B
pocket was found to have reduced from 0.1504 to 0.1436 Al a
change of ~0.007 A", on reduction of the layer thickness from 40
to 20 ML. However, for the electron-like a pocket, the change in the
Fermi wave vector along the semiminor axis was only from 0.112 to
0.1107A™,an insignificant change of ~0.001 A™". This is also man-
ifested in the Hall measurements where a multi-carrier Hall behavior
in the 40- and 32-ML-thick films changes to a single carrier elec-
tron-like behavior in the thinner films of 20 and 12 ML (Fig. 1F; also
see fig. S3]), as evidenced from the linear Hall data for these films,
up to a magnetic field of 14 T. This can be understood as the pre-
dominance of electron-like carriers over hole-like carriers in thinner
films, consistent with the results from SdH oscillation analysis, indi-
cating that, in thinner films, electron-hole compensation is lifted
with a much larger concentration of electron-like carriers. Howev-
er, unexpectedly in contrast to the thicker films, p-type Hall conduc-
tivity (positive slope of the Hall coefficient) is observed in the 8- and
6-ML-thick films, which is discussed later.

Angle-resolved photoemission spectroscopy
To gain insights into our transport results, we directly map out the
evolution of the electronic structure of LuSb with decreasing film
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thickness by angle-resolved photoemission spectroscopy (ARPES).
The measurements were taken at a photon energy of 60 eV, which
samples a 2D momentum region (ky, k,) of the 3D Brillouin zone
with k; close to the bulk I point (see Fig. 2A). The Fermi surface of
LuSb showing both the hole pockets (B and 3) at the zone centre (I')
and the elliptical electron pocket (0) at the zone edge (X) is shown
in Fig. 2B. In Fig. 2 (C to J), we show the hole and the electron pock-
ets at the I" and the bulk X points (M at the surface Brilluoin zone),
respectively, for different film thicknesses. The occupation of the hole
pockets decreases markedly as the film thickness is reduced, whereas
no apparent change in occupation of the electron pocket is observed
for all but 6-ML-thick film. For the 6-ML-thick film, we observe a

K semimajor

slight reduction in ellipticity (e =z ) of the electron pocket

F,semiminor

with kg semiminor remaining unchanged from the bulk limit. Finite
thickness of our films results in the formation of quantum well states
observed for the hole-like carriers in the 20-, 12-, and 6-ML-thick
samples (Fig. 2, C to F). We, however, do not observe the corre-
sponding quantum well states for the electron pocket (Fig. 2, G to]).
This is most likely due to finite lateral coherence length in our thin
films coupled with the fact that an off-normal geometry with a high
polar angle had to be used in the ARPES measurements of
the electron pocket due to their location at the zone edge (see
Fig. 1A) (20).

We estimated Fermi wave vectors (k) of all the Fermi surface sheets
(0, B, and 8) from the ARPES data, shown in Fig. 2 (C to J), from
where corresponding carrier concentration was estimated noting

that the f and & bands are quasi-spherical <n3D = 3%), while the o.band

3n?

1: gemiminor KF.semimajor .
is elliptical <n3D = %F)) (see Figs. 1A and 2B). Extracted

kgs for different film thicknesses are shown in Fig. 3B (also see fig.

S5). While the 40-ML-thick film, which is in the bulk limit, is a
compensated semimetal with near-equal concentration of electron
(n =322 x 10%° cm™>) and hole-like carriers (p=3.18x 10%%cm™3)
with aratio 5 = 1.01, thinner films are not carrier compensated with
the effect being exacerbated as the film thickness is reduced. For the
6-ML-thick film, we observe two occupied subbands for the & pock-
et and a single subband for the  pocket with an effective hole-like
sheet carrier concentration of 5.97 x 10”cm™ Even considering
finite occupation for only the lowest subband of just the in-plane
electron pockets (i.e., those along k, and k,, with confinement along
k,; see Fig. 1A), we obtain electron-like sheet carrier concentration of
9.58 x 10"*cm ™2 with the ratio 7 ~ 1.6, which is a conservative lower
bound but is still far away from electron-hole compensation. Hence,
the modification in the magnetoresistance behavior in LuSb thin films
can be directly ascribed to the loss of electron-hole compensation in
thinner atomic layers. Furthermore, no band inversion is observed
in our measurements showing that topological aspects of the band
structure are not important for the magnetoresistance in LuSb.

To understand the origins of the thickness-dependent changes
of the electronic structure observed in our thin films, we performed
slab calculations of LuSb using density functional theory (DFT).
Details of the calculations can be found in Materials and Methods
and in (19) (section S4 and figs. S7 to S9). Our calculations predict
lifting of the electron-hole compensation in thinner films due to a
differential reduction in the occupation of the electron and hole-like
carriers with film thickness, in accordance with our experimental obser-
vation. However, the electron pocket (o), at M, is also strongly af-
fected by quantum confinement in our calculations (Fig. 3A),
contrary to the experimental data shown in Fig. 3B. This apparent
discrepancy stems from the additional interfacial effects and the re-
sulting charge transfer into the LuSb atomic layers across the LuSb/
GaSb interface (see Fig. 3C), the presence of which is revealed in our
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Fig. 2. Photoemission spectroscopy of LuSb/GaSb (001) thin films. (A) 3D and surface Brillouin zone of LuSb showing the high-symmetry points. Red and blue lines
show the cut directions along which ARPES measurements are taken for (C) to (F) and (G) to (J), respectively. (B) Fermi surface map of bulk LuSb (72) showing both the
electron and the hole pockets and the ARPES cut directions. Calculated Fermi surface obtained from DFT using screened hybrid functional (HSE06) is shown by black
dotted lines. E-k spectral map at the bulk I" point (top) along M — T — M [red line in (A)] of the surface Brillouin zone for thin films of thickness (C) 40 ML, (D) 20 ML, (E) 12 ML,
and (F) 6 ML and at the bulk X point (bottom) along T — M — T [blue line in (A)] of the surface Brillouin zone for (G) 40-ML-, (H) 20-ML-, (I) 12-ML-, and (J) 6-ML-thick films.

All data taken at 70K and a photon energy of 60 eV.
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Fig. 3. Evolution of Fermi wave vectors (kr) with film thickness. Fermi wave
vectors for both the elliptical electron-like pocket (o) and quasi-spherical hole-like
pockets (B and 8) as a function of film thickness obtained from (A) LuSb slab calculation
without considering charge transfer across the LuSb/GaSb interface, (B) ARPES
measurements, and (C) LuSb slab calculations after adding a charge transfer of 0.25
electrons per 2D surface unit cell (u.c.) into the LuSb atomic layers (see text).

slab calculations when the substrate, GaSb, is also included, as dis-
cussed in the next section.

Role of the interface

While the ARPES and quantum oscillation measurements along
with the LuSb slab calculations establish the loss of electron-hole
compensation in thinner films, dimensional confinement alone is
not sufficient to explain all aspects of our experimental data. First,
our observation of a positive Hall coefficient in the thinner films of
8 and 6 ML is in apparent contradiction to the ARPES and quantum
oscillation measurements that show a larger carrier concentration
of the electron-like carriers compared to hole-like carriers in these
films. Second, evolution of the electron-like o pocket with film
thickness could not be reproduced by slab calculations when only
LuSb atomic layers were considered, as noted earlier.

To understand the origins of these seemingly contradictory be-
haviors, we evaluate the nature of the interface in our thin-film het-
erostructure. A change in sign of the Hall coefficient from negative
to positive values in thinner films could arise if the interface be-
tween LuSb and GaSb hosts a 2D hole gas, which will become in-
creasingly important, and manifest in transport measurements in
the ultrathin limit having a contribution comparable to that of the
bulk film. To explore this scenario, we have fitted the transport data
with a three-component Drude conductivity model

Rux
= o5 = el t+enpUyt + enyplop
Rxx+RX}’ (1)
Gy = _Re Bx [-enut+enpuyt+ enypsp)
. R)Zcx_l_R%V elle h 2D

where the first and the second terms on the right-hand side repre-
sent contributions from the bulk of the film for the electron and
hole-like carriers, respectively. The third term represents contribu-
tion from the interfacial state. n, y1, and ¢ represent carrier concen-
tration, mobility, and film thickness, respectively. G, and G,/B
follow approximately ¢* and #* behaviors, respectively, between
12 and 32 ML and saturate for film thicknesses less than 12 ML, as
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shown in Fig. 4 (B and C). The value to which the conductivity value
saturates represents the contribution of the interfacial charge carriers
from which we obtain an interfacial carrier concentration of nyp =
4.38 x 10" cm™ (~0.8 holes per 2D unit cell) and a mobility of p,p =
1.05 cm?*/Vs. Furthermore, our analysis indicates that the mean free
path and, hence, the mobility of the charge carriers in the bulk of
the film for film thicknesses between 12 and 32 ML are primarily
dominated by interfacial scattering and are thus proportional to the
film thickness t. The 40-ML-thick film deviates from this trend,
suggesting that at this thickness, the film is in the bulk 3D limit,
which is in accordance with the absence of quantum well states in
the ARPES measurements.

The existence of a 2D hole gas at the LuSb/GaSb (001) interface
is revealed in our DFT slab calculations when the substrate GaSb is
included. In Fig. 5A, we show the electronic band structure of the
LuSb/GaSb/LuSb (001) slab. We find two interfacial bands crossing
the Fermi level, mostly composed of s orbital of the Ga atoms at the
interface, corresponding to one band with Ga-s character per inter-
face. These two bands show different dispersions along I' - X; - M
and I — X, — M because the corresponding Ga-Sb bonds at the two
equivalent interfaces are rotated with respect to each other by 90°
due to the symmetry of the zinc blende structure of GaSb. The Fermi-
level crossings of these two bands and the resulting Fermi surface are
shown in Fig. 5 (A and D), respectively, indicating a hole-like be-
havior, which explains experimental observation. The estimated
carrier concentration, based on the Luttinger volume, is 0.7 hole per
2D unit cell area per interface. We note that the estimated Luttinger
volume depends marginally on the functional used in the calcula-
tion and should be considered as a lower bound due to the use of
generalized gradient approximation (GGA) in the slab calculations
(see Materials and Methods). The calculated projected density of states,
shown in (19) (fig. S9), also indicates that these interface bands are
associated with the Ga atoms at the interface. The charge density
distribution (Fig. 5B), corresponding to the square of the single-particle
states at the maximum of the hole band along X, — M (highlighted
by blue circles in Fig. 5A), reveals the 2D character of these two
bands, which are highly localized out of plane yet uniformly distrib-
uted in the plane of the interface. Our calculations also predict dis-
tortion of the Lu atoms at the interface due to bonding mismatch,
shown in Fig. 5E. This is directly observed in the high-angle annular

B C o
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—
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6812 20 3240

Fig. 4. 2D hole gas at the LuSb/GaSb interface. (A) Longitudinal resistance (Ry)
at zero magnetic field and inverse of the slope in the Hall data, shown in Fig. 1F, as
a function of film thickness. (B) Longitudinal conductance (Gy,) and (C) transverse
conductance coefficient (G,,/B), as defined in the text, as a function of film thick-
ness. Saturation values of G, and G,,/B are shown by green dotted lines.
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mum of the hole bands crossing the Fermi level along the X; — M and X, — M directions. (C) Valence charge density distribution of the LuSb/GaSb/LuSb (001) slab along
the direction perpendicular to the interface. (D) Fermi surfaces of the two interface bands associated with the two equivalent interfaces, yet rotated, corresponding to the
structure used in the simulation, shown in (A). (E) A close-up of the HAADF-STEM image in (F) and a ball-and-stick model of the proposed interface showing the atomic
arrangement at the interface. (F) HAADF-STEM image along [110] zone axis. (G) Average atomic positions along a-b, shown in (F), plotted as a function of the distance
from a, calculated by averaging those atomic columns that terminate with a Lu atom at the interface between a-b and a*-b*. Inset shows the evolution of the Lu-Lu in-
teratomic distance as a function of the distance from the interface. Lu-Lu interatomic pairs are numbered away from the interface, as shown. Distortion of the Lu atoms
at the interface is evident from the change in bond angle in the calculations, shown in (E), which results in a reduced Lu-Lu interatomic distance between the first and the
third LuSb monolayers (violet arrow) compared to the third and the fifth monolayers (brown dashed arrow).

dark-field scanning transmission electron microscopy (HAADEF-
STEM) data [see Fig. 5, E to G, and fig. S10 (19)], showing that the
Lu-Lu interatomic distance in the out-of-plane direction is smaller at
the interface, consistent with the predicted atomic layer buckling.
This provides further evidence for the validity of our slab calcula-
tions in understanding the experimental results.

The charge density of this 2D hole gas and associated charge
transfer to the LuSb atomic layers can also be estimated on the basis
of a simple electron counting argument. In Fig. 5C, we show the
valence charge density profile of the LuSb/GaSb/LuSb (001) slab
system. The excess charge on the LuSb layer on the top or at the
bottom of the GaSb layer is defined as the macroscopically averaged
charge density along the heterostructure direction in the LuSb re-
gion (indicated in Fig. 5C) and the corresponding charge density of
charge neutral LuSb bulk. The calculated excess charge density on
the LuSb film amounts to 0.45 electrons per 2D interface unit cell
area. Assuming that an excess charge of 1.5 electrons is expected at
the interface due to the valence mismatch, i.e., in an ionic picture of
GaSb, each Ga layer transfers 3/2 electrons to each of the neighboring
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Sb layers, we obtain that 1.5 — 0.45 = 1.05 electrons per 2D unit cell
area would remain at the interface. Discounting the electrons that
are transferred to the bulk of GaSb, which is only 0.045 electrons per
2D unit cell area per interface according to the results shown in
Fig. 5C, this will amount to ~1 excess electron per 2D unit cell area
per interface. Assuming that this electron partially occupies an in-
terface band, we have about 1 hole per unit cell area in the interface
band. This estimation of 1 hole per 2D unit cell can be considered as
an upper bound value as GaSb bonds have strong covalent character.

The estimated range of 0.7 to 1 hole per 2D unit cell, based on
the DFT calculations, corroborates the experimental value of 0.8
hole per 2D unit cell for the interface conducting channel obtained
from the analysis of the Hall conductivity above. Furthermore, fol-
lowing our theoretical understanding, observation of 0.8 hole per
2D unit cell at the interface implies 0.25 excess electrons transferred
to the LuSb atomic layers. Calculated kg values for the LuSb slabs
after inclusion of the charge transfer across the interface were found
to be in close agreement with those extracted from ARPES, shown
in Fig. 3C. This underscores the importance of the interfacial effects,
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Fig. 6. Ql and EEl effects in ultrathin LuSb/GaSb (001) thin films. Temperature dependence of conductance in (A) 6- and (B) 12-ML-thick films. Logarithmic fits to the con-
ductance are shown in black. (C) Variation of the prefactor A (see Eq. 2), extracted from the fits in (A) and (B), as a function of applied magnetic field. (D) Resistance of a
6-nm-thick film plotted against the perpendicular component of the magnetic field vector for different angle values. The angle is defined in the inset. Arrows indicate that be-
tween poH =+ 1T, magnetoresistance curves obtained at different angular configurations fall on one another establishing the 2D nature of the Ql effect. Differential conduc-
tance AG(B = poH) = G(B) — G(0) as a function of magnetic field and the corresponding HLN fits for (E) 12- and (F) 6-ML-thick films. Temperature dependence of the extracted
dephasing field as a function of temperature for (G) 12- and (H) 6-ML-thick films. In (G), contributions of Bee, Beph, and By to B, are shown in green, violet, and brown, respectively.

in addition to the quantum confinement effects, in understanding
the evolution of the electronic structure with film thickness in hetero-
epitaxial semimetallic thin films.

We note that an alternate explanation for the 2D hole gas at the
LuSb/GaSb (001) interface could be due to band bending and surface
accumulation in the GaSb interfacial layer resulting from the Fermi
level at the GaSb surface being pinned in the valence band. We rule
this out for the following reasons. First, the surface Fermi level pinning
position of uncovered GaSb surfaces is known to lie 0.2 eV above
the valence band (21). Second, both the photoemission results from
metal/GaSb heterostructures and electrical measurements of metal/
GaSb Schottky barriers indicate a surface Fermi level position within
the GaSb bandgap (22-26). Last, the density of such electrostatically
induced 2D hole gases is typically <5 x 10'> holes/cm? (27, 28), which
is two orders of magnitude lower than the hole density observed in
our experiments. Therefore, the 2D hole gas observed in our experi-
ments is of novel origin arising due to bonding mismatch at the in-
terface, which should be a generic feature of such heterointerfaces.

Semimetal to semiconductor transition

The ARPES measurements shown in Fig. 2 clearly reveal that a finite
occupation is maintained for both the electron and hole like bands,
thereby preserving the semimetallic character of LuSb even at the
ultrathin limit of 6 ML. This is at odds with the resistivity upturn at
low temperatures observed in the transport measurements of the
thinner films (Fig. 1D). In Fig. 6 (A and B), we show that the
conductance drops logarithmically with temperature for the 6- and
12-ML-thick films, respectively

AG(T) = %Aln(%) )
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where T is the reference temperature. This can arise from quantum
interference (QI) effects such as weak localization and EEI in the
2D limit (29, 30). To distinguish between the two cases, we examine
the change in slope in the temperature dependence of conductance
as a function of applied magnetic field. QI effects can be readily
suppressed on application of magnetic field, while EEI effects are
more robust due to larger characteristic fields (29, 31). Therefore,
the prefactor A in Eq. 2 obtained at high field values Apgp is solely
due to EET effects Apjgh = Ace, whereas the one at zero field is a com-
bination of both QI (Aqr) and EEI effects (Ace), Alow = Ace +
Aqr. We estimate Aqr to be —0.07 and —0.15 and A, equal to
0.44 and 0.39 for the 12- and 6-ML-thick films, respectively. We
obtain a negative value for Aq for both the 12- and 6-ML-thick
films, consistent with the observation of weak antilocalization
(WAL) behavior in magnetoresistance, shown in Fig. 6 (D to F).
Angular dependence of magnetoresistance confirms the 2D char-
acter of WAL, while further distinguishing it from the effects of
Zeeman splitting on the EEI correction that also results in a dip
in the zero-field magnetoresistance, but is insensitive to the mag-
netic field direction at low fields (29, 31). Having established that
the low field magnetoresistance behavior is dominated by WAL ef-
fect, we investigate the scattering mechanisms in these films using
the Hikami-Larkin-Nagaoka (HLN) theory (32) applicable for a 2D
electronic system, given by

2 B
AGWAL(B)Z az—h[%<‘l’<%+ 0
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where B, and Bso are the characteristic fields corresponding to elec-
tron dephasing and spin-orbit scattering, respectively, and P'(x) is the
digamma function. Fits to the magnetoconductance data are shown in
Fig. 6 (E and F), and extracted temperature dependence of the char-
acteristic dephasing field B, for the 12- and 6-ML films is shown in
Fig. 6 (G and H), respectively. At 2 K, the phase coherence lengths (/)
were found to be 193 and 47 nm and the spin-orbit scattering
lengths (Iso) 11 and 10 nm for the 12- and 6-ML-thick films, respec-
tively (19). Temperature dependences of I, and Iso are shown in fig.
S6A. Temperature dependence of B, can be well-approximated as

By = By+ Bee + Beph = a+bT +cT" 4)

where By, B, and By, are contributions due to impurity, electron-
electron, and electron-phonon scattering, respectively; a, b, and ¢
are constants; and 7 varies between 2 and 4 (33). For the 12-ML-
thick film at low temperatures, electron-electron scattering dominates,
which is quickly overshadowed by contributions from the electron-
phonon scattering at higher temperatures exhibiting a T>* depen-
dence. However, for the 6-ML-thick film, By shows a linear temperature
dependence suggesting the predominance of EEI effects in thinner
films and also much weaker electron-phonon scattering. Our obser-
vation thus explains the origin of resistivity upturn at low tempera-
tures in these films despite the absence of a bulk bandgap.

In summary, we have shown how magnetoresistance behavior
can be modified and charge compensation can be lifted in an other-
wise compensated semimetallic system by dimensionally confining
charge carriers in ultrathin films. This approach has allowed us to
distinguish the underlying mechanism behind the observed magne-
toresistance behavior while establishing the efficacy of few atomic
layer geometries in controlling electronic properties, which can be
readily extended to other semimetallic systems. Although the pres-
ence of surface states at the interface between a rock salt and a zinc
blende crystal structure (34-36) had been speculated in earlier stud-
ies, our experimental and theoretical work established the presence
of a 2D hole gas at this technologically relevant heterointerface (37)
and also elucidated its origin, which significantly affects the elec-
tronic and transport properties in the ultrathin limit. We have
shown that controlling the nature of chemical bonding at the inter-
face offers a novel route to realize 2D hole gas, which is distinct
from a traditional 2D hole gas that arises because of the formation
of accumulation layer near the interface as a result of band bending
in semiconductors. Such emergent interfacial 2D hole or electron
gas is expected to be generic in heterointerfaces with different
bonding configurations and can profoundly influence advanced de-
vice geometries including those currently under investigation for
topological quantum computing (38). No evidence for the lifting of
semimetallicity is found in these thin heteroepitaxial films. Howev-
er, our analysis of QI and EEI effects establishes the inadequacy of
transport measurements alone in understanding either the predicted
semimetallic to semiconducting phase transition or the evolution of
the electronic structure with film thickness. Our work provides a
comprehensive understanding of the electronic structure in ultra-
thin semimetallic systems that will be important in possible device
applications (39) and in the realization of novel physical properties
that are proposed to emerge in the ultrathin limit (2, 4, 40, 41). Our
work also sets the stage for further control over their electronic
properties by applications of biaxial stress and proximity effect in
artificial heterostructures.

Chatterjee et al., Sci. Adv. 2021; 7 : eabe8971 14 April 2021

MATERIALS AND METHODS

Growth

Thin films were grown by MBE in a MOD Gen II growth chamber.
A 5-nm-thick GaSb buffer layer was grown on low n-type doped
GaSb (001) substrates (carriers freeze out at low temperatures; see
fig. S2A) at 450°C under Sby overpressure after desorption of the
native oxide using atomic hydrogen. This is followed by coevapora-
tion of Lu and Sb from calibrated effusion cells with the substrate
temperature at 380°C and the Lu to Sb flux ratio 1:1.10. The atomic
fluxes of Lu and Sb are calibrated by Rutherford backscattering
spectrometry measurements of the elemental areal density of cali-
bration samples on Si. These measurements were used to calibrate
in situ beam flux measurements using an ion gauge. The sample
surfaces were protected with a 5-nm-thick AlOx layer using electron-
beam evaporation before taking them out of the ultrahigh vacuum
(UHV) chamber. For ARPES measurements, conductive n-type Te
doped GaSb (001) substrates were used. Similar growth procedure
was followed in our earlier work, as described in (12).

HAADF-STEM

For the structural analysis using STEM, cross-sectional lamellas
were prepared using a FEI Helios Dual-beam Nanolab 650 focused
gallium ion beam (FIB) system. A 3-um-thick platinum (Pt) layer
was deposited on the surface of the sample as a protective layer.
Thereafter, FIB milling steps down to 2 kV were used to polish the
lamella to approximately 50 nm in thickness. To minimize oxida-
tion of the sample, the lamella was then immediately transferred to
the STEM system. The HAADF-STEM imaging was carried out in a
Thermo Fisher Scientific Talos G2 200X TEM/STEM system using
the Thermo Fisher Scientific Velox software. The lamella was imaged
along the GaSb [110] zone axis. A series acquisition was performed
with a dwell time of 200 ns, and drift corrected frame integration
(DCFI) was used to process the acquired images. Quantification of
distances between atomic peaks in the STEM image was done using
Image] and MATLAB software. Line intensity profiles (widths inte-
grated over 5 pixels) were acquired at the center of the required
atomic columns. Intensity profiles over 10 to 15 columns, having
the same atomic configuration, were averaged to get final atomic
profiles with high signal-to-noise ratio. Gaussian peak fitting was
used to identify peak positions and calculate Lu-Lu or Sb-Sb atomic
distances.

Transport measurements

Following similar procedure described in our previous work (12),
transport measurements were performed on fabricated Hall bar de-
vices using standard ac lock-in technique at low temperatures with the
current flowing along [110] crystallographic direction, where paral-
lel conduction from the substrate and the buffer layers can be ne-
glected at low temperatures (see fig. S2, A to C). The Hall bars were
fabricated using standard optical lithography, followed by an ion
milling procedure using argon ions. The contacts were made using
50-pm gold wire bonded onto gold pads. Low temperature mea-
surements were carried out in a Quantum Design PPMS with a base
temperature of 2 K and a maximum magnetic field of 14 T.

Angle-resolved photoemission spectroscopy

Samples were transferred in a custom-built vacuum suitcase from
the growth chamber at Santa Barbara to the ARPES endstation
10.0.1.2 at the Advanced Light Source in Berkeley. The pressure inside
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the vacuum suitcase was better than 1 x 107'? torr. Tunable syn-
chrotron light in the 20- to 80-eV range was used for the photo-
emission measurements with a Scienta R4000 analyzer. The base
pressure of the analysis chamber was better than 5 x 10™*" torr. Similar
sample transfer and ARPES measurement conditions were followed
in our earlier work, as described in (12).

DFT calculations

First-principles calculations, based on the DFT and projector aug-
mented wave (42) method as implemented in the Vienna ab initio
simulation package (VASP) code (43, 44), were carried out to study
the electronic structure of the LuSb/GaSb (001) interface. For the
exchange and correlation, we used the generalized GGA of Perdew-
Burke-Ernzerhof (45). Test calculations based on the screened
hybrid functional HSE06 (46, 47) were used to overcome the prob-
lem of DFT-GGA in overestimating the overlap of the electron and
hole pockets in LuSb (12, 48) and underestimating the bandgap of
GaSb. The effects of spin-orbit coupling are included in all band
structure calculations. More details on the calculations can be found
in the Supplementary Materials (section S4 and figs. S7 to S9) (19).
The LuSb/GaSb (001) interface was simulated using (i) a slab geome-
try with LuSb/GaSb/LuSb layers with 7.5 layers of Ga-terminated GaSb
sandwiched between two 6-ML-thick LuSb with a ~15-A-thick vac-
uum layer (Fig. 5) and (ii) a LuSb/GaSb (001) superlattice with 17 layers
of LuSb and 7.5 layers of GaSb without any vacuum layer (fig. S9).
In both cases, there are two equivalent LuSb/Ga-terminated inter-
faces, which are rotated by 90° with respect to each other. LuSb (001)
thin films were simulated using periodic slabs with 7, 13, 21, and 41
ML. The odd numbers of layers are chosen to ensure inversion sym-
metry, making it easier to analyze the band structures. These calcu-
lations were performed using the DFT-GGA functional with 12 x
12 x 1 special k-points; HSE06 calculations for these slabs are pro-
hibitively expensive given the size of the supercell and the large num-
ber of k-points required to describe metallic systems. The results are
shown in fig. S8. We note that the electron pocket at I seen in the
bulk (fig. S7) and in the surface band structures (fig. S8) are projec-
tions of the electron pockets at the X3 in the bulk primitive cell
(2 atoms per cell) that is folded to I" point when using the four-atom
tetragonal unit cell of LuSb (001) and the slabs.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/16/eabe8971/DC1
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