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a b s t r a c t   

Samarium hexaboride (SmB6) belongs to a novel class of quantum matter known as topological Kondo 
insulators. By utilizing planar tunneling spectroscopy, signatures of spin excitons that interact with the 
topological surface states have been observed. To uncover additional details about this interaction, the 
effect on the characteristic features by plasma cleaning and ion beam etching processes, employed to clean 
the SmB6 crystal surface, are examined. Additionally, the effect of the plasma oxidation process used to form 
the tunnel barrier is analysed. Comparing the conductance spectra to simulations based on the Blonder- 
Tinkham-Klapwijk model revealed that the junctions with the highest resistances also had the weakest 
barrier strengths. Such seemingly contradictory observations may be explained by considering a barrier 
containing layers of B6O or B3O in addition to B2O3. This suboxide formation appears to be most dominant at 
higher ion beam energies as well as lower plasma oxidation powers. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Samarium hexaboride (SmB6) belongs to an interesting class of 
quantum matter known as topological Kondo insulators. SmB6 is a 
metal at room temperature but, as the temperature is reduced, the 
material enters into a Kondo insulator phase [1,2] as the itinerant 5d 
bands hybridize with the localized 4f bands, opening up a hybridization 
gap. The size of this gap is generically reduced due to strong correla-
tions. Combined with the inherently large spin-orbit coupling of the 
f electrons, this could cause the valence and conduction bands to be 
inverted at high-symmetry points in the momentum space [3]. If such 
band inversion occurs at an odd number of points, the Kondo insulator 
becomes topological, as predicted for SmB6 [4]. As the chemical po-
tential falls within the hybridization gap, the bulk of SmB6 is insulating; 
yet, the surface states’ bands disperse across the gap, allowing for 
surface conduction. 

SmB6 is close to an antiferromagnetic quantum critical point and, 
thus, exhibits strong magnetic fluctuations, as evidenced by the 
observation of spin-exciton excitations [5] as precursors to the an-
tiferromagnetic phase transition [6,7]. These bulk spin-excitons are 
predicted to interact with the conducting surface states [7] and 

signatures of this interaction have been observed in previous 
experiments using planar tunneling spectroscopy (PTS) [8–10]. 

Analogous to a procedure developed by McMillion and Rowell  
[11], information in the second harmonic spectra of SmB6 tunnel 
junctions may help reveal the spectral density of the spin excitons 
and the strength or energy dependence of their interaction with the 
conducting surface states. As the second harmonic signal is gener-
ically weak, it is easily overwhelmed by noises. For this reason, it is 
paramount that the junctions fabricated are of the highest quality 
possible. 

PTS is ideally suited for the study of surface states owing to its 
inherent surface-sensitiveness as well as high energy resolution and 
momentum selectivity [12]. A tunnel junction is comprised of a 
bottom electrode, typically the material of interest, an insulating 
barrier, and a counter-electrode, as shown in the inset of Fig. 1(a). 
The differential conductance, (V)≡dI/dV, for tunneling between a 
material whose density of states (DOS) is a constant near its Fermi 
energy, d (0)c , and the material of interest, d (E)s , is given by the 
convolution of d (E)s with respect to the derivative of the Fermi 
function: 
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where A is the junction area and T is the tunneling matrix element. 
In this work, Pb is utilized as the top electrode as the sharpness of its 
superconducting features is ideal for junction quality diagnostics 

https://doi.org/10.1016/j.jallcom.2021.159841 
0925-8388/© 2021 Elsevier B.V. All rights reserved.   

]]]] 
]]]]]] 

⁎ Corresponding author. 
E-mail address: wkpark@magnet.fsu.edu (W.K. Park). 

1 Present address: Department of Physics, University of California Santa Cruz, Santa 
Cruz, CA 95064, USA. 

Journal of Alloys and Compounds 874 (2021) 159841 

http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2021.159841
https://doi.org/10.1016/j.jallcom.2021.159841
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.159841&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.159841&domain=pdf
mailto:wkpark@magnet.fsu.edu
https://doi.org/10.1016/j.jallcom.2021.159841


and allows for comparison to the Blonder-Tinkham-Klapwijk (BTK) 
model [13]. Additionally, by applying a magnetic field driving the Pb 
normal, the DOS of the conducting surface states of SmB6 is revealed. 

A variety of methods have been tried to create a tunnel barrier on 
SmB6 crystals including depositing a layer of Al and then oxidizing it  
[9]. However, due to inter-diffusion between the deposited Al layer 
and the SmB6 crystal, such attempts were unsuccessful. Thus far, the 

method that is able to reproducibly create the highest-quality 
junctions is self-oxidation of the SmB6 crystals (SmB6-Oxi) using an 
oxygen plasma [8,9]. Other work has also reported results from SmB6 

junctions with a self-oxide barrier formed by thermal oxidation [14]. 
However, detailed conductance features as seen in the plasma- 
oxidized junctions [8] are missing. The conductance spectra of our 
junctions (Fig. 1(a)) are consistent with the theoretically predicted 
DOS of SmB6 (Fig. 1(b)). At low bias voltages, both graphs show the 
characteristic V-shape due to the conducting surface states and 
show a disruption in this V-shape at ±4 mV, likely due to the surface 
states’ interaction with the bulk spin excitons [8,10]. These detailed 
features seen in our PTS have not been observed in scanning tun-
neling [15–17] and point-contact [18] spectroscopic measurements. 
In particular, the conductance curves obtained with scanning tun-
neling microscopes largely resemble the Fano lineshape arising from 
tunneling into a local single Kondo impurity. It remains to be in-
vestigated whether/how the desired global spectroscopic information 
can still be extracted from such local tunneling spectra. 

A second derivative curve obtained by numerically differ-
entiating the first harmonic data of a SmB6/SmB6-Oxi/Pb junction at 
H = 0.1 T is shown in Fig. 1(c), where a large structure is observed in 
the low positive-bias region which could possibly be due to the spin 
excitons. Additionally, this curve shows two positive bias peaks 
around 1 mV and 2.5 mV, likely due to the two distinct slopes shown 
in Fig. 1(a) corresponding to the two Dirac cones observed for the 
(001) surface orientation [8]. To obtain detailed features that cannot 
be resolved from the mathematically differentiated curve, the 
second harmonic must be measured directly from high-quality 
junctions. 

In this work, we investigate the effects of two different methods 
of surface cleaning: plasma cleaning and ion beam etching. For the 
junctions fabricated on top of the plasma-cleaned SmB6 surfaces, the 
effect of the plasma oxidation conditions used to create the in-
sulating barrier is investigated. Junctions processed with either 
cleaning method showed the expected V-shaped conductance and 
spin exciton features. In addition, the junctions processed with a 
higher plasma oxidation power (Ppl-oxi) showed the highest quality 
features. 

2. Experiment 

2.1. SmB6 junction fabrication procedure 

The SmB6 junctions are created on SmB6 crystals grown by both 
flux [19] and floating zone [20] methods. The junction fabrication 
procedure is described in detail elsewhere [8,9] and schematically 
depicted in Fig. 2. As the crystals are relatively small having a thick-
ness of ~0.5 mm and a length of 1–2 mm, they are embedded into an 
epoxy (Stycast®) mold for increased functionality. The crystals are 
polished to sub-nanometer roughness, as verified by the topographic 
profile obtained with an atomic force microscope, by mechanically 
rubbing them against alumina lapping films ranging in particle size 
from 12 to 0.3 µm. Then the crystal surface is cleaned with either an 
argon ion beam or an rf argon plasma in different vacuum chambers. 
The tunnel barrier is formed by exposing the crystal surface to an 
oxygen plasma in the same system as used for the surface cleaning 
generated by dc glow discharge and rf source, respectively. During the 
oxidation process, the surface states of SmB6 reform underneath the 
newly-formed insulating layer [8], where they are protected from any 
disorder such as surface reconstruction [17]. 

After the sample is taken out of the chamber, it is painted with 
acetone-diluted Duco® cement to define the junction area and to 
cover any rough edges that may be present on the sides of the 
crystal. The Pb electrode is then deposited through a shadow mask 
in a thermal evaporator. A moderate deposition rate of 8–10 /s is 

Fig. 1. (a) Influence of spin excitons on the conducting surface states. (a) g(V) of a 
SmB6/SmB6-Oxi/Pb junction at H = 0.1 T. Inset: side view of a SmB6/SmB6-Oxi/Pb 
junction. (b) Theoreticallypredicted spectral density of SmB6. Plots (a) and (b) are 
V-shaped at low bias due to the conducting surface states and show a disruption 
at ± 4 mV likely due to the surface states interaction with the bulk spin excitons. 
(c) Second derivative curve of a high quality SmB6/SmB6-Oxi/Pb junction found from 
numerically differentiating the g(V) curve. The two positive bias peaks around 1 mV 
and 2.5 mV are likely due to the two distinct slopes in plot (a) which correspond to the 
two Dirac cones observed for the (001) surface orientation [8]. 
(a) Adapted from Ref. [8]. (b) Adapted from Ref. [7] 
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used to prevent damages to the tunnel barrier and the thickness of 
the Pb layer is 2500 . 

2.2. Surface cleaning 

Both plasma cleaning and ion beam etching are able to remove 
surface-oxides or residual contaminants. However, ion beam etching 
is a harsher process than plasma cleaning and, thus, is more likely to 
knock off atoms in SmB6 since the argon ions are accelerated toward 
the crystal. Additionally, Sm has a much higher sputter yield than B 
(e.g., 2.13 vs. 0.31for 500 eV of beam energy [21]), so the surface 
layer is likely to consist of B atoms rather than Sm atoms after the 
ion beam etching process. This is consistent with the tunnel barrier 
formed by the optimized plasma oxidation being B2O3, as confirmed 
by x-ray photoemission spectroscopy (XPS) [9]. 

2.3. Junction measurement 

After the junction is fabricated, wires are attached to the sample 
using silver paint. The sample is then placed into a Quantum Design 
Physical Property Measurement System®, where it is cooled down to 
1.75 K. Four-probe conductance measurements are carried out using 
a custom mixing circuit and LabVIEW is used to collect the data. The 
differential quantities in current (dI) and voltage (dV) are measured 
at a fixed frequency (633 Hz) using separate lock-in amplifiers, al-
lowing for the differential conductance to be measured directly. 

2.4. Junction characterization 

Regardless of junction type, the main contributors to the junction 
quality are the tunnel barrier and its interface with the bottom and 
top electrodes. As shown in Fig. 3, for a high quality junction, the 
electrostatic potential of the insulating barrier should be high en-
ough compared to the maximum bias voltage and the two interfaces 
should be sharp [8,9]. Additionally, the ratio of g(V) at zero bias to g 
(V) at the edge of the superconducting gap should be low and the 
junction should show clean conductance spectra resembling the DOS 
of the superconductor (Pb). 

In Fig. 4, the differential conductance of a high-quality junction 
that was fabricated on a surface processed with an ion beam energy 
(EB) of 100 eV is plotted alongside a best-fit curve to the Brinkman- 
Dynes-Rowell (BDR) model for a tunnel barrier [22]. As the thickness 
and mean barrier height affect the symmetrical and asymmetrical 
conductance terms differently, numerical values may be obtained 
from this model. We obtain the thickness of the barrier 10.0 Å, the 
potential barrier height 11.9 eV, and the asymmetry = 0.8 eV, which 
are indicative of a high-quality tunnel barrier. 

For high-quality SmB6 junctions, the conductance spectra at low- 
enough temperatures are expected to reveal asymmetric coherence 
peaks as well as an additional peak at ~5 mV. In previous experi-
ments, these features were attributed to inelastic tunneling pro-
cesses involving the spin excitons [8–10]. 

3. Results 

No noticeable differences in the formation of the tunnel barrier 
have been observed from the crystals grown with flux [19] or 
floating zone [20] methods despite the known Sm deficiency in 
the latter (up to 1%). This is very much expected since the 

Fig. 2. Schematic of the fabrication processes of a SmB6/SmB6-Oxi/Pb tunnel junction. The SmB6 crystal is first polished to sub-nanometer roughness and the surface of SmB6 is 
then cleaned with either an argon ion beam (ion beam etching) or with an argon plasma (plasma cleaning). The insulating barrier is then formed by plasma oxidizing the top layer 
of the SmB6 crystal. Lastly, the sides of the crystal are painted and a Pb electrode is deposited through a shadow mask using a thermal evaporator. The junction area is outlined 
with a red square in the bottom right image. 

Fig. 3. Cartoon of quantum tunneling. The Pb electrode and SmB6 electrode are se-
parated by an insulating barrier I. For high quality junctions, the electrostatic potential 
of the insulating barrier should be high compared to the maximum bias voltage. 
Additionally, the barrier should be uniform over the entire junction area, sharp at both 
interfaces, and free of any impurities that may cause scattering. 
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plasma-oxidized B2O3 is the acting tunnel barrier. In other words, 
our findings reported here are independent of the crystals, so the 
crystal types are not distinguished in this paper. The detailed con-
ductance features do show intriguing discrepancies between stoi-
chiometric and Sm-deficient crystals, as reported elsewhere [10]. 

3.1. SmB6 surface prepared with ion beam etching 

As mentioned in Section 1, by applying a magnetic field above 
the critical field, the Pb electrode will become flat in its DOS near its 

Fermi level, and the conductance spectra of a high-quality junction 
will resemble the DOS of the conducting surface states in SmB6 as 
shown in Fig. 5(a), which is not flat unlike a simple metal. The 
contribution from the background of SmB6 can be canceled by di-
viding out the conductance taken at zero field by the one taken at 
H = 0.1 T. The resulting normalized conductance is expected to re-
semble the DOS of Pb. However, additional features arising from 
inelastic tunneling involving spin exciton excitations are observed  
[8], as shown in Fig. 5(b). 

When the Pb electrode is driven normal (Fig. 5(a)), the char-
acteristic V-shaped conductance is not present for the crystal 
cleaned with EB = 200 eV. With EB = 100 eV, the V-shaped con-
ductance as well as the kinks at ±mV likely due to the spin excitons 
are observed. On the contrary, with EB = 50 eV the V-shaped con-
ductance is observed but the spin exciton features are not. As shown 
in Fig. 5(b), the junctions processed with EB = 50 eV or 200 eV did not 
show clear inelastic tunneling features as no additional conductance 
peak at around 5 mV is observed. This additional peak is clearly seen 
for the high-quality junction produced with EB = 100 eV. 

By normalizing g(V) with the Pb superconducting against g(V) 
normal, the normalized g(V) may be approximated using the BTK 
model [13]. The BTK fitting was done using a code that automatically 
finds the best fit to the data by varying fit parameters such as the 
superconducting gap ( ), smearing factor ( ), and dimensionless 
barrier strength (Z). Although all three parameters are interconnected 
to fit the data, the code works by changing the parameters based on 
their dominant effect and then making small corrections based on 
their recessive effects. The dominant effect of Z is to lower the zero- 
bias conductance. The dominant effect of is to decrease the peak 
height and the dominant effect of is to increase the peak-to-peak 
distance. We note that the adopted BTK model [13] is based on sim-
plest possible transport processes across a normal-metal/insulator/ 
superconductor junction, namely, single Andreev reflection and 
single-step elastic tunneling. As discussed later, other transport pro-
cesses such as hopping and diffusion may also contribute to the 
conductance in some low-quality junctions. In such cases, the ex-
tracted Z values need to be interpreted with this aspect taken into 
account. 

The best fit curves are shown along with the data in Fig. 6 and the 
different parameters used for the BTK simulations are listed in  

Fig. 4. Analysis of the barrier characteristics in a high-quality SmB6/SmB6-Oxi/Pb 
junction. Tunneling conductance taken at 1.75 K of a high-quality SmB6/SmB6-Oxi/Pb 
junction (blue solid line) and the best-fit curve to the Brinkman-Dynes-Rowell (BDR) 
model (red dotted line) [16]. The junction was formed on an ion-beam-etched surface. 
The BDR model was fit to the parabolic background and the extracted barrier para-
meters are: the thickness 10.0 Å, the potential barrier height 11.9 eV, and the 
asymmetry = 0.8 eV, indicative of a high-quality tunnel barrier. This is also evidenced 
by the inset where the same conductance is zoomed at low bias. All features char-
acteristic of a high-quality tunnel junction are observed including the broad peak 
around −21 mV, the asymmetric Pb coherence peaks, and the extra peak around 5 mV 
arising from inelastic tunneling involving spin excitons [8]. 

Fig. 5. Conductance spectra of SmB6/SmB6-Oxi/Pb junctions processed with ion beam etching. The arrows and asterisk mark spin exciton features. (a) The Pb electrode is driven 
normal by magnetic field (H = 0.1 T). (b) The g(V) curves at zero field divided by the g(V) curves at H = 0.1 T. Overall, the junctions produced with the lower ion beam energies (EB) 
are the highest quality and the spin exciton features are most clearly seen in the junction produced with EB = 100 eV. 
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Table 1. Notice how the junction resistance (RJ) increases with EB yet 
the Z value drops to 0.8 when EB = 200 eV. 

3.2. SmB6 surface prepared with plasma cleaning 

The conductance spectra of junctions prepared with the plasma 
cleaning step are shown Fig. 7. Fig. 7(a) shows the conductance 
spectra when the Pb electrode is driven normal by applied magnetic 
field (H = 0.1 T) and Fig. 7(b) shows the differential conductance at 
zero magnetic field divided by the differential conductance at 
H = 0.1 T. The conditions under which each junction was prepared 
are listed in Table 2. The junctions are labeled and ordered alpha-
betically, firstly, by the Ppl-oxi and secondly by the duration of plasma 
oxidation (tpl-oxi) or duration of plasma cleaning (tclean). For example, 
a junction prepared with Ppl-oxi = 3 W and tpl-oxi = 10 s would be listed 
before a junction prepared with Ppl-oxi = 3 W and tpl-oxi = 30 s. All 
junctions were processed with the same plasma cleaning power 
of 30 W. 

In Fig. 7(a), all junctions, except junction C which did not undergo 
any surface cleaning, exhibit V-shaped conductance at low bias. 
Additionally, junction E shows a kink at around + 4 mV and a hump 

at around −2 mV, which are similar to the expected features of spin 
excitons discussed earlier. Junction D also shows hints of the spin 
excitons as there is a change in the linearity, but the features are 
quite smeared. 

Junction E, the junction processed with the highest Ppl-oxi, shows 
the highest quality features in Fig. 7(b) as well. This junction clearly 
shows an additional peak at around 5 mV and asymmetrical co-
herence peaks. On the other hand, junction C shows the lowest 
quality features, suggesting the importance of surface cleaning as 
junction D was processed with the same oxidation conditions yet 
shows relatively high-quality features. 

To investigate how the different process conditions affect the 
parameters, , Z and , the data were fit to the BTK model. The best 
fit curves are shown in Fig. 8 and the parameters used to fit the data 
are shown in Table 2. Although the fit for junction C (Fig. 8) shows 
large deviations from the data, the larger Z value is justified given 
that the zero-bias conductance is so low, and the high smearing is 
justified given that there were no coherence peaks seen. From  
Table 2, notice that when the Ppl-oxi is decreased RJ increases and Z 
decreases. This relation between RJ and Z is a seemingly contra-
dictory behavior, yet it is also observed for the ion beam etched 
junctions. 

4. Discussion 

Junction cleaning is shown to be a crucial step in the junction 
fabrication process. In ion beam etching, EB greatly influenced the 
quality of the features seen. Moreover, plasma cleaning greatly im-
proved the junction quality as well. Compared to junction C, which 
did not undergo any surface cleaning, the junctions that were 
plasma cleaned showed significantly less smearing, and the features 
seen were of higher quality overall. Additionally, Junction E, pro-
duced with the longest duration of plasma cleaning, produced the 
highest quality features. 

For the ion beam etched junctions, the junction cleaned with 
EB = 100 eV displayed the highest quality features as all the expected 
spin exciton features were seen (Fig. 5). Nonetheless, this junction 
has a significant smearing factor ( = 0.40 meV) which could con-
ceal features that would otherwise be detectable in the second 
harmonic. 

Unlike the junctions processed with EB = 50 eV and 100 eV, the 
junction processed with EB = 200 eV did not show V-shaped con-
ductance at low bias. Additionally, this junction displayed the 
highest RJ yet the lowest Z value; a relationship contradictory to the 
BTK theory which defines RJ as depending quadratically on Z [13]. 
The low-quality junctions prepared on the plasma cleaned SmB6 

crystals, namely junction A and B, also possessed the highest RJ yet 
the lowest Z values. 

For high quality junctions, the insulating barrier is most likely 
composed of B2O3 as suggested by band structure calculations 
showing that B2O3 has a large band gap (6–9 eV) [23], which is 
consistent with the high Z values observed. The calculated band gap 
of B2O3 is slightly lower but still in rough agreement with the po-
tential barrier height ( 12 eV) estimated for a high-quality junction 
in Section 2.4. Conversely, to explain the high RJ and low Z values 
observed for the low quality junctions, it is worth considering an 
insulating barrier primarily composed of suboxides, as electrons 
tunneling through different oxide layers would undergo a more 
complicated diffusion/tunneling process. Additionally, previous 
studies utilizing XPS observed the development of B6O and B3O to 
form in layers underneath B2O3 [24]. The presence of these semi-
conducting suboxides [25] would be able to explain the low Z values, 
as semiconductors have a smaller band gap. Additionally, these 
suboxides may penetrate deep into the sample, explaining the 
higher RJ observed. 

Fig. 6. Background-normalized conductance spectra of SmB6/SmB6-Oxi/Pb junctions 
processed with ion beam etching and the best fits to the BTK model. g(V) curves for 
SmB6/SmB6-Oxi/Pb junctions at zero field divided by g(V) at H = 0.1 T (black solid 
lines) and the best fits to the BTK model [12] (red dotted lines). The ion beam energy 
(EB) used for each junction is as indicated. 

Table 1 
Characteristics of the junctions prepared with ion beam etching and best-fit 
parameters for the BTK analysis.      

EB (eV) 50 100 200  

RJ at 1.8 K (Ω)  31 2083 3900 
AJ (mm2)  0.18 NA NA 

(meV)  1.50 1.55 1.45 
Z  10.0 10.0 0.8 

(meV)  0.37 0.40 0.30 

From top to bottom, the table lists the ion beam etching energy (EB) used to clean the 
SmB6 surface, the junction parameters such as the resistance at 1.8 K (RJ) and the 
junction area (AJ) as well as the parameters used for the BTK fits, such as the su-
perconducting gap (∆), the barrier strength (Z), and the smearing parameter (Γ). With 
increase in EB, the resistance increases, yet a large drop in Z is observed when EB = 
200 eV. This observation is contradictory to the resistance and barrier strength 
relation the BTK theory proposes [12].  
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For the junctions prepared on the plasma cleaned SmB6 surfaces, 
junction A and B, prepared with the lowest plasma oxidation power, 
Ppl-oxi, displayed the highest RJ and lowest Z values, possibly due to 
the formation of suboxides. Conversely, junction C, D and E pro-
cessed with the highest Ppl-oxi showed the lowest RJ and highest Z 
values. Notice that a larger tpl-oxi and Ppl-oxi were used in the fabri-
cation of junctions C, D, and E than for junctions A and B. However, 
the improvement in the Z and RJ values observed for C, D, and E can 
be attributed to the increase in Ppl-oxi as changes in tpl-oxi appear to 
increase RJ. Comparing junction A with junction B, which were both 
produced with the same Ppl-oxi, the RJ becomes approximately 8 
times larger for junction B with the increase in tpl-oxi (Table 2). Ad-
ditionally, this change in RJ could not have been due to a change in 
the junction area, AJ, as the area would need to be approximately 8 
times smaller for junction B in order to be the sole cause of the RJ 

increase. However, as the junction area is defined by hand as de-
scribed in Section 2.1, such a large decrease in AJ would not be 
possible. Consequently, the increase in RJ seen for junction B must 

Fig. 7. Conductance spectra of SmB6/SmB6-Oxi/Pb junctions processed with plasma cleaning. (a) The Pb electrode is driven normal by magnetic field (H = 0.1 T). Junction E and D 
produced with the highest power of oxidation, appear to be the highest quality as they show a kink at + 4 mV or a hump at −2 mV likely due to spin excitons. (b) The g(V) curve for 
Pb in the superconducting state normalized against the g(V) curve for Pb in the normal state. The asterisk marks a feature likely due to the emission of spin excitons and is the 
most pronounced in junction E. 

Table 2 
Processing parameters for the junctions prepared with plasma cleaning, their char-
acteristics and best-fit parameters for the BTK analysis.        

Junction A B C D E  

tclean (s) 60 60 NA 60 120 
Ppl-oxi (W) 3 3 5 5 10 
tpl-oxi. (s) 10 30 60 60 60 
RJ at 1.75 K (Ω) 1126 9300 374 373 485 
AJ (mm2) 0.68 NA NA NA NA 
Δ (meV) 1.725 1.66 2.5 1.65 1.325 
Z 1.154 1.69 10 10 10 
Γ (meV) 0.891 0.177 0.946 0.451 0.225 

From top to bottom, the table lists the duration of the plasma cleaning (tclean), the 
power of the plasma oxidation (Ppl-oxi), and the duration of plasma oxidation (tpl-oxi). 
This is followed by the junction parameters such as the junction resistance at 1.8 K (RJ) 
and the junction area (AJ) as well as the parameters used for the BTK fits, such as the 
superconducting gap (∆), the barrier strength (Z), and the smearing parameter (Γ). 
Comparing junctions A and B, fabricated with Ppl-oxi = 3 W, an increase in tpl-oxi results 
in a large increase in RJ. However, when Ppl-oxi is increased to 5 W, and tpl-oxi is in-
creased to 60 s, a decrease in RJ is observed. Similar to the junctions fabricated with 
ion beam etching, the junction with higher RJ also displayed lower Z values which is 
contradictory to the relation the BTK theory proposes [12].  

Fig. 8. Background-normalized conductance spectra of SmB6/SmB6-Oxi/Pb junctions 
processed with plasma cleaning and the best fits to the BTK model. g(V) curves of 
SmB6/SmB6-Oxi/Pb junctions at zero field divided by g(V) at finite field (H = 0.1 T) 
(solid lines) and the best fits to the BTK model [12] (dotted lines). 
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have resulted from the increase in tpl-oxi. Therefore, the improve-
ment in the junction characteristics (higher Z and lower RJ) seen for 
junctions C, D, and E most likely resulted from the increase in Ppl-oxi 

rather than tpl-oxi. 
B6O may be forming on the SmB6 crystals oxidized with lower 

Ppl-oxi due to the initial configuration of the boron atoms, which is 
more similar to the configuration of boron in B6O compared to B2O3. 
Furthermore, studies utilizing XPS observe the formation of B6O on 
boron terminated SmB6 surfaces exposed to residual gases in a va-
cuum [26,27]. Conversely, higher Ppl-oxi may be needed to form B2O3 

in order to disrupt the B6 octahedra due to the rigid, covalently 
bonded nature of the boron bonds [26]. Therefore, the Ppl-oxi and 
how quickly its power dissipates as it penetrates the sample would 
limit the thickness of B2O3 formed. However, as B6O has been ob-
served to form on SmB6 at room temperature [26,27], the thickness 
of B6O is not likely subjected to this same constraint in Ppl-oxi. Al-
though suboxide formation would be less dominant at the higher 
Ppl-oxi, traces of suboxides may still be problematic at lower Ppl-oxi, as 
supported by the non-negligible . 

For the junctions fabricated on the ion beam etched surfaces, the 
junction prepared with the highest EB = 200 eV showed properties 
likely due to suboxide formation. As the plasma cleaned and ion 
beam etched junctions were processed in separate chambers, no 
direct comparison can be made between the powers used during the 
oxidation processes. However, as the 200 eV junction displays 
properties likely due to suboxide formation, the Ppl-oxi, which is 
~1 W for the ion beam etched junctions, may not be large enough to 
disrupt the B6 octahedron and form B2O3. 

The question then remains as to why the junctions processed with 
lower EB, have characteristics expected of a B2O3 tunnel barrier. As the 
power of oxidation remained constant for all junctions, the change in 
junction characteristics must have resulted from chemical changes made 
to the crystal surface during the ion beam etching process. Consistent 
with what was described previously, at low Ppl-oxi, B2O3 would be more 
likely to form on the disrupted octahedra, i.e., B5, B4, B3, etc, and B6O 
would more naturally form on boron octahedra left intact [26]. 

For the EB = 50 eV case, the sputter yield will be the lowest and 
the incoming ions are likely to only etch atoms from the surface 
layer [28]. This may leave a very thin layer of disrupted octahedra 
after the etching process. However, if this layer is too thin, it may be 
discontinuous with a few spare B6 octahedra left intact. Following 

this logic, once oxidized, the barrier may consist primarily of B2O3 

with sparse B6O impurities, resulting in a limited number of micro 
shorts along the interface. If the number of micro shorts is small, Z 
may still be large as shown in Table 2. Additionally, this picture is 
consistent with the conductance spectra shown in Fig. 5(b), which 
may be primarily due to tunneling but with a small contribution 
from the point contacts as the conductance spectra exhibited sharp 
coherence peaks but no spin exciton features are seen. 

For the junction processed with EB = 200 eV, the sputter yield will 
be the highest and layers of the material will be removed at the 
fastest rate [28]. Additionally, at higher EB, both the average distance 
from the surface an incoming ion can penetrate and the uncertainty 
in the ions’ penetration depth increase [28]. Therefore, as a new 
layer is removed from the surface, it may leave behind a mixture of 
disrupted and intact octahedra as shown in Fig. 9. Once oxidized, this 
would result in a thick barrier comprised of both B6O and B2O3. For 
the 100 eV case, the incoming ions may penetrate further into the 
sample than the 50 eV case yet etch from a shallower depth than the 
200 eV case [28]. It is possible for approximately two to three layers 
of the disrupted octahedra to remain after etching (Fig. 9) as this 
thickness would correspond to the thickness of the barrier discussed 
in Section 2.4. 

Due to the weak signal in second harmonic measurements, even 
scarce impurities or suboxides can be detrimental to the resolution 
of features. Depositing an oxide barrier directly may improve junc-
tion quality but preventing interaction with the nearby oxide is a 
concern. For example, previous PTS studies observe the diffusion of 
Al into SmB6 [9] and XPS studies show that depositing MgO on 
CoFeB results in a layer of boron oxides [29]. To prevent interaction 
with the oxide barrier, reducing the temperature of deposition [9], or 
taking advantage of the protection offered by Sm-terminated sur-
faces [30–32] may improve results as they help protect the lower 
layers from reconstruction [30] and do not oxidize as easily as the 
B-terminated surfaces [27]. Alternatively, depositing hexagonal 
boron nitride [33] as the insulating barrier may eliminate accidental 
oxidation, possibility resulting in higher quality junctions. 

5. Conclusion and outlook 

Planar tunnel junctions were prepared on SmB6 single crystals 
using Pb counter-electrodes and the SmB6 surface was oxidized 

Fig. 9. Possible schematic of the SmB6 crystal lattice after ion beam etching (side view). When the ion beam energy, EB = 50 or 100 eV, both the sputter yield and the depth from 
the surface an incoming ion can penetrate would be significantly smaller than for EB = 200 eV [22]. When EB = 50 eV, the depth of the disrupted boron octahedra may be so thin 
that the barrier formed may have a few small discontinuities within the junction area. When EB = 100 eV, a few layers of disrupted boron octahedra may remain after etching, 
which once oxidized may form a high quality continuous barrier. Additionally, at EB = 200 eV the layers left behind as surface layers are removed may consist of a mixture of 
disrupted and intact boron octahedra. This may result in a barrier containing a mixture of B6O and B2O3. 
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using plasma oxidation. The influence of two different surface 
cleaning methods, ion beam etching and plasma cleaning, on the 
junction quality was investigated and both methods were able to 
produce the expected SmB6 features. Simulations based on the 
Blonder-Tinkham-Klapwijk model revealed several junctions with 
lower barrier strength and the data showed that these same junc-
tions typically had higher resistances; an effect contradictory to the 
resistance and barrier strength relation the BTK theory proposes. The 
formation of suboxides may be able to explain the unusual results as 
electrons tunneling through different oxide layers would undergo a 
more complicated diffusion/tunneling process. This suboxide for-
mation seems to be more dominant at higher ion beam energies as 
well as lower plasma oxidation powers. In order for the second 
harmonic data to reveal clear features, the junction quality should 
still be improved. By depositing an alternative material such hex-
agonal boron nitride, problematic suboxide formation or diffusion 
into SmB6 may be avoided. 
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