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Fabrication of smooth thin films of topological insulators with true insulating bulk are extremely
important for utilizing their novel properties in quantum and spintronic devices. Here, we report
the growth of crystalline thin films of SmBy, a topological Kondo insulator with true insulating
bulk, by co-sputtering both SmBg and B targets. X-ray diffraction, Raman spectroscopy, and
transmission electron microscopy indicate films that are polycrystalline with a (001) preferred ori-
entation. When cooling down, resistivity p shows an increase around 50 K and saturation below
10K, consistent with the opening of the hybridization gap and surface dominated transport,
respectively. The ratio pk/p300k 1S only about two, much smaller than that of bulk, which indicates
a much larger surface-to-bulk ratio. Point contact spectroscopy using a superconductor tip on
SmBg films shows both a Kondo Fano resonance and Andeev reflection, indicating an insulating
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Kondo lattice with metallic surface states. © 2014 AIP Publishing LLC.
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Topological insulators (TIs) are a class of promising
materials, which have insulating bulk but protected conduct-
ing surfaces due to the combination of spin-orbit interactions
and time-reversal symmetry. The surface states are topologi-
cally non-trivial and robust against non-magnetic backscat-
tering, leading to fascinating physics and potential false-
tolerant quantum computing applications.'> However, the
bulk of most topological insulators found so far, such as
Bi,Se; and Bi,Tes, are not insulating due to lattice vacancies
or self-doping.” Even in highest-quality samples of topologi-
cal insulators, in which the presence of vacancies is negligi-
ble as well as the surface is stable and chemically inert,4 the
Fermi level is at the bottom of the conduction band.” This
makes it difficult to utilize the surface properties of TIs
because a conducting bulk complicates the topological sur-
face transport. The prediction and discovery of SmBg as a
topological insulator®’ is extremely exciting because it has a
truly insulating bulk state. Moreover, it is well known that
SmBg is also a Kondo insulator which means there will be
interesting interplay between correlated physics and topolog-
ical properties. The fundamental step of utilizing these topo-
logical and correlated properties in actual devices requires us
prepare SmBg in thin film form. Here, we report the fabrica-
tion of smooth thin films of nanocrystalline SmBg and show
that their transport behavior indeed indicates that SmBg is a
bulk insulator with topological surface states. Point contact
spectroscopy (PCS) of the films using a superconducting tip
displays both a Kondo Fano resonance and Andreev reflec-
tion, suggesting the existence of both an insulating Kondo
lattice and metallic surface states.
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Upon decreasing the temperature, the resistivity of SmBg
increases like an insulator but saturates at temperatures below
5K.*'® Recent transport measurements show that the resist-
ance of this saturation is thickness-independent for both longi-
tudinal and transverse directions.''™"3 Moreover, weak anti-
localization and linear magnetoresistance have been observed
in single crystal SmBg to support the presence of spin-
momentum locked surface states.'* It has been shown that
doping SmBg with magnetic impurities diminishes this satura-
tion, while non-magnetic impurities do not.'” These facts sug-
gest that the conduction is from the surface state; it is
protected by time-reversal symmetry, and is robust against
non-magnetic scatterings. Quantum oscillations of the surface
states have been observed by torque magnetometry measure-
ments'® and the tracking of the Landau levels in the infinite
magnetic field limit points to —1/2, which indicates a 2D
Dirac electronic state. Neutron®’' and surface sensitive meas-
urements, such as angle resolved photoemission (ARPES)** >’
and scanning tunneling microscopy’’~* (STM), confirm the
formation of the hybridization gap and the existence of the
surface states. One study,” in particular, suggests that the sur-
face states are spin polarized with spin momentum locking
which is a signature of the topological states. Unfortunately,
there are also reports that indicate the resistivity saturation is
due to dangling surface bonds™ or complicated by carbon
impurities.” Preparation of SmBg in thin film geometries with
smooth surfaces can facilitate device patterning, heterostruc-
tures fabrication, and surface sensitive measurements that will
give direct insight on the topological nature of this material
and lay a foundation on building quantum or spintronic devi-
ces on this material. In particular, smooth thin films would
allow fabrication of heterostructures for probing the long-
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sought Majorana fermions by coupling SmB¢ with a conven-
tional superconductor.**

We initially attempted growth of SmBg thin films via
pulsed laser deposition and sputtering using single SmBg tar-
gets, but these growths resulted in grossly boron deficient
films. In order to achieve the correct stoichiometry, we
turned to the combinatorial composition-spread approach by
co-sputtering of SmBg and boron targets.”> By covering a
large range of continuous average composition on a given
spread wafer, this method can be used to ensure that some-
where on the wafer, there is a region with the correct average
stoichiometry. SmB¢ and B targets were co-sputtered at dc
50W and rf 100 W, respectively, in a high-vacuum combina-
torial co-sputtering chamber. Boron is brittle and insulating,
and its deposition rate is much lower than that of the SmBg
target. The base pressure of the deposition chamber is typi-
cally 2 x 10~®Torr. The substrates used were MgO and 3-in.
(001) oriented Si wafers with a 300nm amorphous SiO,
layer. Films on different substrates show consistent behavior.
A physical shadow mask is placed over the wafer during the
deposition to naturally separate the film into 2mm X 2mm
squares. The typical argon pressure was 6.5 mTorr during the
deposition, and the substrate was heated at 800 °C during the
deposition and for 3 h following the deposition in vacuum.
The deposition thickness across the spread varied from 80 to
200 nm.

The composition variation of the Sm,B;_, spreads is
mapped by wavelength dispersive spectroscopy (WDS), with
an error bar of about 1%. Fig. 1(a) plots the composition of
Sm(x) mapped across a typical spread: it runs from about 0.01
directly underneath the B target to about 0.34 underneath the
SmBg target. The desired composition of SmBg (x =0.14) is
obtained in the middle of the spread wafer. X-ray diffraction
(XRD) of the spread is carried out with an area detector
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(Vantec500) using a Bruker D8 Discover with the CuKo line.
Fig. 1(b) shows the X-ray diffraction pattern (integrated in the
chi direction) from the part of the spread film whose composi-
tion is SmBg. A broad ring was seen in the area detector (not
shown), which indicates the highly polycrystalline nature of
the film. The pattern indicates that the film is preferentially
oriented in the (001) direction, but peaks from other orienta-
tions, such as (011) and (021), are also present. Upon scan-
ning XRD across the entire range (0.01 < x <0.34), we
found that the predominant phase in the composition spread is
always SmBg, regardless of x (not shown). This is surprising
because there are reports of several other intermetallic
phases,36’37 such as SmB,4 and Sm,Bs, whose samarium stoi-
chiometry is within the deposition range.

To address this, we performed quantum mechanical
parameterization of the Sm-B system to understand the phase
formation and stability within the AFLOWLIB frame-
work®®? using the standard computational parameters as
specified in Ref. 40. Fig. 2 shows, in blue line, the minimum
formation free energy (Ey) at zero temperature. Based on the
calculations, the low temperature thermodynamics would
indeed dictate that the first precipitating phase should be
SmB,, having the minimum formation energy E; in the entire
composition range, since E; represents the strength of the
system to oppose phase separation. However, due to the
hyper-thermal plasma process of sputtering, the Sm-B feed-
stock solution in the vapor phase starts off with an extremely
large amount of intrinsic entropy (from translational degrees
of freedom of vapor), and as a result, the entropic tempera-
ture Ty of a compound (a measure of the entropy to over-
come the formation energy) emerges as the key factor which
determines the strength of the system to compensate for the
entropy of the feedstock.*”*' Given the locations of phases
in Figure 2, one sees that, from the point of view of the
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FIG. 1. The fabrication and character-
ization of SmBg. (a) Samarium con-
centration x, measured by WDS, as
function of lateral distance. (b)
Integrated X-ray diffraction intensity
with areal detector for the film with
the substrate (in red) and with only
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the substrate (in black). The substrate
is 300nm SiO, on Si wafer. (c) Cross-
sectional TEM image on the interface
between SmBg film and MgO sub-
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strate. (c1) raw image revealing tex-
structures  with amorphous
g areas. (c2) and (c3) are selected areas
after filtering showing SmBg (011)
and (111) planes. (d), Raman spec-
trum of SmBg films on Si/SiO, sub-
strate. The laser wavelength used is
N 532 nm. Three modes Ty, Ey, and A,
from SmBg are clearly seen.
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FIG. 2. Free energy convex hull for B-Sm at zero temperature (solid blue
line). Blue/red crosses indicate stable/unstable phases. Space groups are in
parentheses below the stable compound stoichiometries. The three dashed
curves indicate the entropic temperature envelopes.’®’ Cooling from the
hyper-thermal plasma of sputtering, it is actually SmB¢ with the highest T
which nucleates first.

vapor, the most “accommodating” phase to nucleate is
actually SmBg with its highest relative T, compared to
the other phases. This follows from the fact that during
nucleation, the entropy maximization will limit the flow of
latent heat and therefore chooses the phase most capable of
accepting and transforming entropy (from translational to
configurational). Thus, the non-equilibrium nature of the co-
sputtering process has served as the key enabler which
allowed us to achieve the desired SmBg phase in the present
synthesis method.

To further confirm the existence of SmBg, we performed
cross sectional transmission electron microscopy (TEM) and
Raman spectroscopy on films with x near 0.14. Fig. 1(c)
shows the high resolution cross sectional TEM images of
films on a MgO substrate. Nanocrystalline SmBg grains with
different orientations can be clearly seen. Figs. 1(c2) and
1(c3) show the enlarged images (after filtering) of two
selected grains with (011) and (111) orientations, respec-
tively. The lattice constant determined from the image is
4.14 A which is consistent with that of the reported bulk
value. We also performed Atomic Force Microscopy (AFM)
on our films and the typical rms roughness is less than
1.0 nm for a 20 um by 20 um area (not shown).

Raman spectrum of a SmBg film on Si substrate is done
in a Horiba Jobin Yvon LabRam ARAMIS spectrometer
using a 532 nm wavelength laser. The result is shown in Fig.
1(d). Three modes T»g, Eg, and A}, from SmBg (cubic struc-
ture with the Pm3m symmetry) are seen in addition to the Si
substrate peak at 510cm™~'.** The wavenumbers of these
three peaks are consistent with those from the single crystals.
They are first order Raman modes which involve the dis-
placement of the boron octahedral. The Sm ion is at a site of
inversion symmetry and cannot contribute to first order pho-
non Raman scattering. The fact that the widths of these three
peaks are wider than the Si substrate peak also indicates that
these films are polycrystalline.

Transport and point contact spectroscopy measurements
are done in a Quantum Design Physical Property
Measurement System (PPMS). Sheet resistance is measured
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in four point Van der Pauw configurations. Contacts are made
by a wire bonder using Al wires. Sheet resistance is calculated
by R¢=V n/(I In2). Resistivity is calculated by p=R; t
(thickness of the film). We have carefully extracted different
sections of the spread film with different compositions to
carry out resistivity measurements. The sheet resistance Ry
(Fig. 3, left axis) and resistivity p (Fig. 3, right axis) vs tem-
perature curves are plotted for three different boron concentra-
tion films with thickness about 100nm. We use sheet
resistance here since at low temperatures the measured resist-
ance arises from the surface state as discussed below.
Comparing the three concentrations (x=0.10, 0.14, and
0.22), the room temperature resistivity p(300K) increases
with increasing boron concentration. At 300 K, a typical resis-
tivity for a stoichiometric SmByg film is around 300 uQ cm,
which is similar to that of bulk SmBg crystals.'*'""

For single SmBg crystals, though the proposed topologi-
cal property is yet to be verified, the bulk insulating and sur-
face conductive nature have been established.''™'* Our films
show similar behaviors. As the temperature is decreased, all
three films show increase in the resistivity with a particularly
rapid rise below 50K. This behavior is consistent with the
opening of the hybridization gap between the itinerant 5d
band and localized Sm 4f band as found in bulk SmBg crys-
tals.> ' Below 10K, the sheet resistance displays a saturat-
ing behavior for the film with x > 0.10, but it continues to
increase for the x <0.10 sample. The saturation behavior,
regarded as a mystery for decades, is now widely accepted
as the signature of the emergence of the conducting surface
state. We note that our saturated sheet resistance (Rg~ 50 Q
at 2K) is very close to the reported sheet resistance of single
crystals at low temperatures.'” If the low temperature con-
duction is from the bulk of the film, one would expect a
much larger sheet resistance because the films are three
orders of magnitude thinner than typical crystals. Also if the
conduction is from some trivial surface state, one would
expect a very large sheet resistance due to grain boundary
scattering because our films are nanocrystalline. The fact
that we observe a very similar sheet resistance strongly sup-
ports that this low temperature conduction is from the sur-
face and that this surface conduction is protected against
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FIG. 3. Temperature dependences of sheet resistances (left axis) and resis-
tivities (right axis) for three SmyB;_ films with x=0.10, 0.16, and 0.22,
respectively. The films are about 100 nm thick and resistances are measured
using the Van Der Pauw method.
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conventional grain-boundary scatterings. This agrees with
the predicted nontrivial nature of the surface states in SmBg,
in which the topologically protected surface states exist only
at the interfaces between materials of different topology.
Thus, the similar and robust surface conduction in our poly-
crystalline SmByg films compared to single crystals strongly
supports the topological aspect of the surface states.

The resistivity ratio between 300K and 2K is about 1.7,
which is substantially lower than that found in single crystals,
where the ratio can be as large as 10*. This can be explained
by a much larger surface to bulk conduction ratio for films. It
has indeed been shown that when single crystals are thinned
down from 200 pm to 37.5 um, this ratio p,x/p30ox decreases
from 10" to less than 3000. A detailed study'® has shown that
the ratio has roughly a linear dependence on the thickness.
Given the ratio value of 1.7, an extrapolation of this linear de-
pendence gives a thickness of 242 nm, which is of the order
of our film thickness (~100nm). Of course, this linear rela-
tionship might not be valid down to 100 nm, but this rough
agreement with the linear thickness dependence demonstrates
that our thin films are already in a limit, where the surface
conduction at lowest temperature is comparable to the bulk
conduction at room temperature. Therefore, we attribute the
saturation and the small resistance increase in our films to the
surface conducting state.

The Kondo nature of SmBg can be investigated by
PCS." Fig. 4(a) (the bottom curve) shows a typical PCS
curve of our SmBg films with a PtIr tip, exhibiting an asym-
metric Fano line shape.”>** When a superconducting Nb tip
is used for the contact (the top curve of Fig. 4(a)), inside the
Fano dip and around the Fermi level a clear double peak fea-
ture appears, indicating the emergence of Andreev reflection,
which takes place in a metal-superconductor junction. The
fitting to the Fano line shape (blue curves) gives a Kondo
gap of around 19meV, which is similar to that observed in
single crystals.'* The red curve is the best fit to the Fano line
shape and the Blonder-Tinkham-Klapwijk (BTK) model,*’
which gives A=1.35meV, Z=0.57 (barrier strength), and
I'=1.0meV (broadening term). The gap value is consistent
with that of Nb, and above its T, the spectrum only shows a
Fano line shape with no Andreev enhancement. When the
point contact force is varied, the barrier strength (Z) of the
junction decreases with junction resistance, while clear

signature of the superconducting gap remains, as shown in
Fig. 4(b). The co-occurrence of the Kondo feature and
Andreev reflection in the SmBg-superconductor junction
clearly signifies the Kondo nature and the simultaneous exis-
tence of metallic states at the Fermi level in our films, which,
although polycrystalline, reinforces the theoretical prediction
that SmBg is a topological Kondo insulator. The observation
of Andreev reflection implies that high transparency can be
achieved in the superconductor/SmBy interface.

In summary, we fabricated polycrystalline SmBg films
by combinatorial sputtering. XRD, TEM, and Raman studies
indicate the films are polycrystalline with a (001) preferred
orientation. Transport measurements confirmed the presence
of a conducting surface state for films which results in the
low temperature saturation of the sheet resistance and a small
resistance ratio between 2K and 300 K. PCS using a super-
conducting tip confirmed the co-existence of a Kondo lattice
and a metallic surface state by observation of both the Fano
resonance and Andreev reflection. These results are all con-
sistent with SmBg being a topological Kondo insulator.
Synthesis of SmBg thin films with true bulk insulation is an
important step towards pursuing proximity induced topologi-
cal superconductivity in SmBg and making devices for quan-
tum computing.
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