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Abstract

We study the magnetic susceptibility, electrical resistivity, Hall effect and heat capacity of single

crystals of SmxB6 for x = 1, 0.94, 0.8, and 0.75. Remarkably, the overall properties of the crystals

do not qualitatively depend on the density of vacancies. The topological surface states are seen at

low temperatures in the electrical transport properties as the bulk conductivity freezes out. Even a

large number of Sm vacancies does not close the hybridization gap. The linear term in the specific

heat γ, of unclear origin, remains large but decreases gradually with x. The shoulder in the density

of states, brought by the hybridized 4f states and observed in the susceptibility and the specific

heat, does not move but decreases its height with decreasing x. The specific heat also displays a

weak Schottky anomaly at about 1.5 K for all x, except for the x = 0.75 sample. This Schottky

anomaly is only slightly field-dependent and of unknown origin.

PACS numbers: 72.15.Qm, 75.20.Hr
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I. INTRODUCTION

Many divalent hexaboride compounds, either with rare-earth metal (Sm or Eu) or

alkaline-earth metal (Ca, Sr or Ba), show intriguing physical behavior at low temperatures

despite their rather simple cubic CsCl-type crystal structure, in part due to the presence

of a certain amount of native defects, usually ascribed to boron or cation vacancies. This

disorder is enhanced since the cation is weakly bound at the center of an oversized ”cage“

consisting of 48 boron atoms and can be displaced easily from its equilibrium position.

The boron framework, on the other hand, is rigid leading to high melting points and low

coefficients of thermal expansion. All this makes for extraordinary behavior observed in

these compounds. Samarium hexaboride, SmB6, is a mixed–valent semiconductor, where

the Sm ions are present as both Sm2+ (4f 6 ) and Sm3+ (4f 55d), with all the Sm sites being

crystallographically equivalent.

Early experimental and theoretical work established SmB6 as a Kondo insulator.1–4 The

high–temperature correlated metallic behavior in this compound changes to an insulating

one below approximately 40 K due to the opening of energy gap ∆K ≈ 15–20 meV. This gap

is brought about by the hybridization between the localized Sm 4f states and the weakly

correlated, mainly Sm 5d states. A diverging resistance as the temperature tends to zero is

expected for a Kondo insulator, but, instead, the resistance flattens below approximately 5

K. The concept of a topological insulator (TI),5 i.e. a material that has an insulating bulk

with non–trivial topological protected surface states, was invoked as a plausible explanation

for the low–temperature resistance saturation of SmB6.
6–14

Most of the recent experimental research on SmB6 focused on its TI properties con-

clusively showing that metallic surface conduction is the cause of the leveling–off of the

low–temperature resistivity. Among many other, this research includes heat transport,16

angle-resolved photoemission spectroscopy (ARPES),17–20 tunneling microscopy,21–24 neu-

tron scattering,25 and novel electrical transport measurements.26–28 Nevertheless, results of

specific heat,29 optical conductivity,30 NMR relaxation,31 and quantum oscillations32 mea-

surements indicate bulk origin of SmB6 behavior at low temperatures. Currently there is no

physical picture that could explain all these results.

The role of defects and of the concomitant disorder in the properties of samarium hex-

aboride, even though studied for several decades, remains as well an open question.33–36
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Systematic control of the stoichiometry for SmB6 crystals is not easy. Rare–earth elements

are difficult to purify and samarium vaporization during growth, especially in a floating zone

technique, may give rise to compositional variations.36 These factors, in addition to the ten-

dency for disorder in hexaborides, might alter considerably the physical properties of SmB6.

On the other hand, control over doping would offer a direct way to relate low–temperature

transport behavior to the bulk properties in this compound. Cation vacancies are of par-

ticular interest as they not only change carrier concentration but also may affect the Sm

average valence. Therefore, studies of non–stoichiometric crystals could probe bulk proper-

ties of SmB6 (in–gap states) and their impact on the topological aspects. So far published

reports on the properties of non–stoichiometric SmB6 contain contradictory results. Some

reports claim a strong decrease of the resistivity on doping,34,37 which is not supported by

other groups.38,39 It is important to note that SmB6 crystals studied in Refs. 34 and 37 were

grown using the floating zone method whereas flux grown crystals were used in Refs. 38 and

39. Interestingly, Raman scattering results suggest that 1% of Sm vacancies in any crys-

tal can suppress the hybridization gap40 and, therefore, modify significantly the properties

of cation–deficient SmB6. Thus, measurements on non–stoichiometric SmB6 single crystals

could contribute to our understanding of the physics behind the low–temperature behavior

of this system.

In the present paper we study electrical transport, magnetic properties and heat capacity

of stoichiometric and non–stoichiometric SmB6 single crystals in order to establish how

disorder affects these properties. The remainder of the paper is as follows. The experimental

procedure is described in Section II. Results of measurements are reported and discussed in

Section III and conclusions are drawn in Section IV.

II. EXPERIMENT

Single crystals of SmxB6 were grown using an Al flux technique. Different starting com-

positions of Sm and B have been used to cover the x range from 0.6 to 1. We have used

Energy Dispersive X–ray Spectroscopy (EDS) to estimate the Sm content in the samples

(see Supplementary Material).41 We find that the nominal concentration of vacancies in

single crystals of SmxB6 is close to the actual composition, except for the sample with the

highest nominal amount of vacancies (x=0.6). This is supported by our single–crystal X–ray
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diffraction measurements which show that the lattice parameters of SmxB6 crystals nearly

saturate with decreasing x. In the following, we use the estimated from EDS values of x.

We have measured at least two samples of each composition: an as-grown and a polished

single crystal. In each case the samples have been rinsed in HCl:H2O (1:10) for 60 seconds

before measurements. Approximate dimensions of measured crystals along the cubic axes

were 0.2 × 0.4 × 1.0 mm3. Contact leads (25 or 10 µm gold or platinum wire, see inset

in Fig. 2) were spot-welded to the samples. Low frequency transport measurements were

carried out in helium cryostats with a six probe method. The resistivity and Hall effect

were measured as a function of magnetic field, from -2 T up to 2 T, at all experimental

points, from 0.34 K up to 340 K. Hall resistivity varies linearly with magnetic field in the

applied range. We have found that transport properties vary significantly with preparation

of the sample’s surface, in agreement with previous studies. Details on this point are given

in the Supplementary Material.41 Here, we focused on results obtained for single crystalline

samples with no prior polishing.

The magnetization measurements in the temperature range from 2 to 340 K and in

magnetic fields of up to 5 T were made using the same geometry as in electrical transport

with a commercial SQUID magnetometer.

Our heat capacity measurements were performed in a Quantum Design physical proper-

ties measurement system (PPMS) with a He-3 insert, in applied field of 0, 1 and 5 T. A

small amount of Apiezon N grease, whose contribution to the heat capacity was subtracted

a posteriori, was used to hold the crystal in place on a sapphire platform and to assure

good thermal contact between the crystal and the platform. The PPMS measures the heat

capacity at high vacuum using the relaxation method. We have used the very same crystals

in electrical transport, specific heat and magnetic measurements. This way, we expect to

avoid composition uncertainty errors when comparing results of different experiments.

III. RESULTS AND DISCUSSION

The variation of the static magnetic susceptibility χ(T ) with temperature for vacancy–

doped SmB6 crystals is shown in Fig. 1. These measurements were carried out at 1000 Oe.

The susceptibility of all samples follows a dome–shaped curve centered at about 50 K as

already reported.42 The maximum arises from the peak in the density of states above the hy-
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FIG. 1. (Color online) Magnetic susceptibility vs T for SmxB6 single crystals, measured using a

SQUID magnetometer. In the inset we plot the fraction of Sm2+ and Sm3+ ions for crystals with

different content of vacancies.

bridization gap and is well understood. The character changes below 15 K, where an upturn

of χ(T ) is observed, although naively one would expect a flat temperature independent Van

Vleck susceptibility due to transitions across the gap. In earlier days this low–temperature

increase of χ(T ) was attributed to the presence of paramagnetic impurities43 and later to

in-gap magnetic exciton-like bound states.44–47 These in–gap bound states correspond to

the 16 meV peak observed in inelastic neutron scattering (INS) spectra.48 They emerge at

about ∼ 20 K, i.e. at a temperature much larger than 4 K at which the low T resistivity

plateau arises, and are hence not related to the topological surface states. The temperature

dependence of the intensity of the INS peak scales with the contribution of the in–gap state

to the susceptibility49,50 and with the intensity of the Raman transition.51

To interpret quantitatively the χ(T ) variation, contributions from the Sm2+ and Sm3+

ions configurations have to be taken into account. At low T the ground state is a quantum

linear superposition of the two configuration, while at high T (e.g. room temperature) a

description adding the contributions of the two states without interference works quite well.
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FIG. 2. (Color online) Resistivity of SmxB6 for as-grown single crystals vs. temperature. The

lower inset shows the bulk resistivity vs. inverse temperature for the same crystals. The upper

inset is the actual image of the transport geometry used in measurements.

The inset of Fig. 1 shows the fractions of Sm2+ and Sm3+ ions in the crystals studied, es-

timated from the measured susceptibility at 300 K. The relative content of Sm3+ (4f 55d1 )

decreases slightly from 0.58 at x=1 to 0.55 for x=0.75. This is surprising since a Sm va-

cancy needs the 5d electrons of two Sm3+ ions to fill all the bonding orbitals. Thus, the

limiting value of 3+ is expected for the Sm valency upon vacancy doping. On the other

hand, this observation agrees with the electrical transport properties of the SmxB6 system,

discussed below, which show the resistivity increase and the carrier concentration decrease

as the vacancy content becomes larger. Since the mixed–valence value stays nearly constant

in SmxB6 crystals, it fits the criteria for the formation of the low–temperature resistance

plateau, as has been proposed from high–pressure studies on SmB6.
52

The temperature variation of the electrical resistivity in as-grown SmxB6 single crystals

is shown in Fig. 2. We found that the electronic transport properties are similar for all the

SmxB6 compounds we have studied. Previous studies of high quality SmB6 single crystals

have shown the evolution of this system from a semi-metallic state at room temperatures to
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FIG. 3. (Color online) Hall coefficient RH vs T for SmxB6 single crystals. In the inset we plot the

absolute value of RH vs 1/T for the same samples. The dashed lines show |RH | ∝ exp(EA/kBT )

variation.

a Kondo correlated insulating state and finally to a very low carrier density metallic state

at low temperatures. It is now generally accepted that for T . 5 K, the transport in SmB6

takes place through surface states (SS) as the bulk resistance Rb is much higher than the

surface resistance Rs. With increasing temperature (4 . T . 10 K), Rb becomes comparable

to that of the SSs, and the conduction proceeds through both the bulk of the crystal and

the surface channels. Beyond 10 K and up to approximately 40 K, surface states are still

seen in ARPES experiments but the bulk resistance over this temperature range is much

smaller than that of the surface states and the latter have no effect on electrical transport.

At temperatures higher than the Kondo temperature, electrical conduction is through the

bulk with carriers (electrons and holes) arising from the X-points of the Brillouin zone.

The resistivity of SmxB6 shows similar behavior. It increases sharply at T ≈ 40 K

and, below T . 5 K, starts to level out. However, we do not observe a saturation of

the resistivity down to 0.34 K, similarly to the sample with x=1. For T > 40 K, on the

one hand, Samarium vacancies introduce additional holes increasing the conductivity, but,
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on the other hand, they also generate scattering centers which decrease the conductivity

due to the disruption of the coherence in the hybridization. The two competing effects

yield an increase of the resistivity with x. To estimate the bulk resistivity, we use the

relation 1/R = (1/Rb + 1/Rs), where R is the total resistance.28 Assuming that the surface

conductivity is independent of temperature and the simple geometry used (see the upper

inset in Fig. 2), we obtain for the bulk resistivity values which are plotted in the lower

inset of Fig. 2 as a function of the inverse temperature 1/T . All samples show a thermally

activated behavior ρb ∝ exp(EA/kBT ), with an almost identical activation energy of 3.9

meV (corresponding to the hybridization gap), from 30 K down to 4 K. The bulk resistivity

rises by more than 5 orders of magnitude before it starts to saturate below 4 K. This point

corresponds to the transition from bulk–dominated to surface–dominated regime in which

other methods like inverted resistance measurements are needed to separate the bulk and

surface resistivities.39 This method yields at low T a mysterious high bulk resistivity plateau,

which possibly arises from extended defect conduction.39

The value of the saturation resistivity at low T , mostly brought by the topological surface

states, increases with doping. A possible explanation for this increase is that the disruption

of the hybridization by the vacancies introduces a partial smearing of the hybridization gap of

the bulk. As a consequence, the surface states acquire a line width and the spin-momentum

locking weakens, although the existence of the states still appears to be protected.53,54 This

would allow a certain degree of resistive scattering which grows with x.

Figure 3 shows the temperature variation of the Hall coefficient RH in SmxB6 single

crystals assuming three-dimensional transport. At high T , RH reveals activated behavior in

all samples in the temperature range 5 K . T . 50 K. The activation energy depends on

the temperature–range, which is consistent with previous Hall resistivity measurements for

SmB6.
1,55,58 For 15 K . T . 50 K, we find EA ≈ 11 meV, and for 5 K . T . 13 K, EA ≈ 3.4

meV. The latter one is quite close to the value of the transport gap obtained from the bulk

resistivity data. Similar values for the energy gap have been reported from spectroscopy

and tunneling experiments.12,18,59–63 Note that for stoichiometric SmB6 the resistivity also

presents two activation energies separated by a kink around 20 K, the temperature where

the in–gap exciton states emerge. Again, as for RH , the activation energy for lower T is

smaller than the one for higher T .15,55–57

The measured Hall effect saturates below approximately 3 K, even though the resistivity
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FIG. 4. (Color online) Hall mobility vs T for SmxB6 single crystals.

in this region is still slowly rising in our samples. Electron localization at the Fermi level,

brought about by scattering off disordered Sm–vacancies,33 could be responsible for such a

behavior. The low-temperature conductivity proceeds then through hopping. This is consis-

tent with a decrease of the low temperature conductivity with increased number of vacancies

as observed. However, the low-temperature Hall mobility, displayed in Fig. 4, shows values

which are too high for a hopping activated conduction. The mobility was obtained assuming

carriers in a single band, which is justified for sufficiently large x. A two–channel (bulk and

surface) conduction model, in which the bulk carrier density decreases exponentially with

temperature,10 could be used but it is difficult to quantify the surface carrier density and

mobility at this stage. There is also the possibility of in–gap states participating in electrical

conduction. A significant 3D conduction at finite frequencies, originating within the Kondo

gap, has been recently reported in insulating bulk of SmB6.
30 This contribution is many

orders of magnitude larger than any known impurity band conduction. Therefore, it is quite

feasible that there is a residual bulk conduction in SmxB6 system after the surface states set

in.
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Remarkably, neither the energy gap of SmxB6 crystals seen in the Hall effect, nor the

transport gap obtained from the resistivity data, are affected by disorder brought about

by vacancies. These observations apparently contradict recent Raman scattering results

showing that Sm vacancies of only 1% can effectively close the gap.40 However, Raman and

dc transport measurements differ significantly in their sensitivity to the band structure. On

the other hand, it was found by photo-electron spectroscopy that the intrinsic gap coming

from hybridization between 4f and 5d states is robust against substitution of Sm for Eu in

Sm1−xEuxB6 crystals up to x < 0.5.64 Our results are in line with these findings.

We turn now to the high–temperature Hall effect. RH changes its sign from negative to

positive for T & 50 K in all SmxB6 samples studied. We find that the positive Hall effect

roughly follows temperature dependent paramagnetic susceptibility in the 180 . T . 350 K

range. In this region, localized spins on Sm ions are only weakly coupled to the d conduction

electrons. We expect carrier density not to vary with temperature but the anomalous skew

scattering may affect considerably the Hall coefficient therein. As the temperature is lowered,

correlations between localized f electrons and conduction electrons are growing stronger. The

ordinary contribution to the Hall effect is no longer constant and starts to dominate for T .

100 K.

The Hall effect for mixed–valence compounds is usually written as the sum of a nor-

mal (ordinary) contribution, Ro(T ), related to the band-structure, and an anomalous con-

tribution arising from skew scattering of the conduction electrons off the orbital f mo-

ment, Rs(T ) = Cρ(T )χ(T ), with C being a constant and χ the susceptibility:65 RH(T ) =

Ro(T ) + Rs(T ) = Ro(T ) + Cρ(T )χ(T ). We use this relation to interpret our data. A plot

of RH versus ρχ for SmxB6 samples, shown in Fig. 5, indeed exhibits a linear behavior in

the temperature range 180 . T . 350 K. This implies that both Hall coefficients (ordinary

and anomalous) are independent of T in this region. The ordinate intercept (= Ro, see

the upper inset of Fig. 5) yields negative values for all samples. The calculated electron

concentrations (= 1/eRo), using the one–band approximation, are plotted in the lower inset

of Fig. 5 vs x. They vary linearly with the number of vacancies in the SmxB6 crystals. Cubic

SmB6 has one Sm ion per unit cell with a valence of about 2.6, and the Sm atom density

is 1.42×1022 cm−3. This would give rise to an approximate density of 9×1021 electrons per

cubic cm taking into account that the boron network requires two electrons to form a closed

shell configuration. Our calculated number for x = 1 is 7×1021 cm−3, close to the expected
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FIG. 5. (Color online) Hall coefficient vs ρχ for SmxB6 single crystals in the 180 . T . 350 K
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value.

Next we examine the heat capacity results. The behavior of the specific heat (Cp) is

alike for all SmxB6 samples, similarly to the magnetic and electrical transport properties.

Figure 6 shows the molar heat capacity, divided by T , for T ≤ 50 K. Below approximately

10 K, Cp/T shows the typical almost flat behavior, as observed earlier for SmB6.
29 The large

anomaly, centered at about 35 K in all samples, does not depend on the applied magnetic

field, as shown for the x=0.94 sample in the inset of Fig. 6. This feature arises from the

hybridization of the 4f states in the density of states. It decreases with decreasing x, but is

not proportional to x, since it also contains the phonon contribution.14

The heat capacity below 10 K, plotted in Fig. 7, shows a particularly rich field and tem-

perature dependence, both for the stoichiometric and non–stoichiometric compounds. The

linear in T contribution, Cel = γT , is predominant as can be judged from the rather flat

behavior of Cp/T in this region. In addition, a Schottky–like anomaly between 1 and 4 K

(centered at about 1.5 K) is clearly visible for all samples but the Sm0.75B6 one, and an

increase of Cp/T for T . 0.8 K is observed. Because of all these concomitant contributions,
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it is difficult to determine precisely the electronic specific heat coefficient, γ, for each sam-

ple. As a rough estimation, we assume that γ cannot be larger than the ordinate values

corresponding to the dashed lines drawn in Fig. 7. We plot these values vs x in the inset of

Fig. 7. It appears that γ increases significantly upon increasing the order of the structure,

reaching the remarkably large value of about 17 mJ/molK2 for stoichiometric SmB6.
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The reported values for electronic specific heat coefficient in SmB6 span a quite large

interval from 1 to 25 mJ/molK2.14,35 The temperature dependences of Cp/T and the values

of γ can vary between samples but what is puzzling is the origin of this contribution. A low–

temperature linear in T term is not expected in the specific heat for an insulator and would

be negligible for a thin conductive surface. However, it is always seen in SmB6 and has been

shown to be a bulk property.29 This questions the nature of low–temperature metal–like

properties of SmB6. Our results are in line with previous results. In addition, we find that

the existence of a linear contribution to Cp is robust against vacancy doping.

Figure 8 shows the variation of Cp/T with the applied magnetic field B, for all samples

studied. The Schottky–like anomaly, centered at about 1.5 K, depends only weakly on B.

The lower–temperature rise, that could be attributed to hyperfine interactions, seems to

move towards higher T on increasing B. As already noted, Sm0.75B6 is the only composition

that does not show clearly the Schottky–like anomaly at 1.5 K; yet it shows the same

field–dependent feature at lower temperatures. The ground state of Sm3+ has the cubic Γ8

symmetry.66 With a very small tetragonal or trigonal distortion of the cube the Γ8 quartet

would split into two doublets. One could speculate that such a splitting could be the origin

of a Schottky–like anomaly with weak field-dependence.

Finally, we plot the excess heat capacity, ∆C = Cp−Cel, which is obtained by subtracting
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the estimated Cel from Cp in Fig. 9. It is clear that the maximum of ∆C at about 2

K becomes smaller as the content of vacancies in SmxB6 gets larger. For x =0.75, this

anomaly is hardly seen. The application of a magnetic field has minor effect on the excess

heat capacity.

IV. CONCLUSIONS

As shown by our studies, the overall behavior of the electrical transport, magnetic prop-

erties and heat capacity is qualitatively alike in stoichiometric and non–stoichiometric SmB6

single crystals. It would mean that the correlated, possibly topologically nontrivial state of

SmB6 is only slightly affected by disorder brought about by vacancy doping.

We find that the surface states in SmxB6 are less conductive for x < 1, likely as a

consequence of impurity scattering in the bulk. The surface states arise from the topological

property of the bulk in TIs. Impurities broaden the bulk states, like in any other solid. Since

the surface states connect between the valence and conduction bands of the bulk, the line–

width in the bulk is transmitted into the surface states. Although the bulk becomes metallic

at low T for lower x, as shown in Ref. 39 with Corbino disk measurements, the existence

of surface states appears not to be affected. Moderate disorder does in general not change

the main topological Z2 invariants as observed in Bi alloys68. Hence the insulator stays
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topological if without disorder it was topological. The other Z2 invariants may, however,

change with disorder. The line–width of the topological surface states is then associated

with small angle forward scattering, but not with back scattering. One could speculate

that the topological protection is still in place. In fact, the resistivity plateaux displayed

in Fig. 2 occur at higher temperatures and show smaller saturation values when compared

to the bulk plateaux in Ref. 39. Our results deviate somewhat from the Corbino–geometry

resistivity measurements for vacancy–doped SmB6,
39 possibly due to Al contamination in

x=1 sample and not accurate bulk resistivity estimation in the low–T surface–dominated

regime. Nevertheless, the observed trend is similar showing that the physical mechanism

behind observed electrical transport behavior seems to be unaffected by substantially less

samarium in SmxB6 single crystals.

We also find experimentally that the anomalous Hall effect, a characteristic feature of

mixed–valent and Kondo systems,67 is most likely responsible for the change of the Hall

coefficient sign for T & 50 K. As the temperature is lowered, strong electron correlations

lead to hybridization of 4f states with the itinerant electrons and the energy gap opens at

the Fermi level. The carrier concentration decreases and the ordinary contribution to the

Hall effect becomes dominant masking anomalous contribution.

Our low–temperature electron transport results show some features related to bulk con-

ductivity, possibly through in–gap states. Additionally, heat capacity measurements reveal a

very large low–temperature fermionic heat capacity with a γ coefficient that is 17 mJ/molK2

in SmB6. It becomes smaller with increasing doping, but is observed up to x=0.75. This

contribution seems to be of bulk origin as well. Together, all these observations imply that

SmB6 may not be a perfect topological insulator and both, topological surface states and

metallic bulk states, could be simultaneously present at low temperatures.
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