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Abstract3

Recently, a high-mobility surface conduction channel and in-gap states were identified4

in the correlated small-gap semiconductor FeSi using electrical transport measurements5

and high-resolution tunneling spectroscopy. The mobility of the charge carriers in the6

surface channel is quantitatively reminiscent of topological insulators, but displays a lack7

of sensitivity to the presence of ferromagnetic impurities as studied by means of a series8

of single crystals with slightly different starting compositions. Here, we report measure-9

ments of the specific heat of these crystals. At low temperatures, a shallow maximum10

is observed in the specific heat divided by temperature. This maximum is suppressed11

under magnetic field, characteristic of a Schottky anomaly associated with magnetic im-12

purities. In comparison, the height of this maximum decreases with increasing initial13

iron content.14

1 Introduction15

FeSi is a correlated small-gap semiconductor in which an unusual temperature dependence16

of the electrical and magnetic properties has been attracting scientific interest for several17

decades [1–3]. As illustrated by means of the temperature dependence of the electrical re-18

sistivity shown in Fig. 1(a), FeSi exhibits a crossover around 200 K between a paramagnetic19

metal with strong spin fluctuations at high temperatures, denoted regime I, and a semicon-20

ducting state with reduced magnetic susceptibility featuring an energy gap of about 60 meV,21

denoted regime II [4–8]. For decreasing temperature, the resistivity continues to increase at a22

reduced slope below 100 K, denoted regime III, followed by a saturation on logarithmic scales23

at low temperatures, denoted regime IV [9,10]. The magnetic susceptibility increases by about24

two orders of magnitude in regimes III and IV [11]. While band structure calculations estab-25

lished unambiguously that FeSi is a band insulator at low temperatures [12–14], the unusual26

metallization and paramagnetism at high temperatures was attributed to correlation-induced27

incoherence under increasing temperature [15]. The saturation of the resistivity at low tem-28

peratures was attributed to the emergence of an impurity band, with ferromagnetic impurities29

potentially adding to the complexity of the low-temperature properties [16–18].30
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2 EXPERIMENTAL METHODS

Recently, the emergence of a high-mobility surface conduction channel at low tempera-31

tures was inferred from the electrical transport properties of a series of single crystals of FeSi32

prepared under systematic variation of the initial iron content using the optical floating-zone33

technique [19–23]. This observation was corroborated by means of measurements on thin nee-34

dles grown from tin flux [24] as well as high-resolution tunneling spectroscopy that revealed35

two in-gap states in the low-temperature regime of the samples grown by the floating-zone36

technique [25]. The surface-to-bulk ratios of the charge carrier densities and mobilities ob-37

served in the transport properties compare quantitatively with values observed in topological38

insulators such as Bi2Te3 [19, 20, 26]. Most notably, the surface channel in FeSi appears to39

exhibit a remarkable robustness against the presence of ferromagnetic impurities. An open40

question concerns, in turn, whether this robustness represents a hallmark of FeSi that is also41

reflected in bulk properties.42

2 Experimental Methods43

In this paper, we report a study of the specific heat of the same series of single crystals studied44

in Refs. [19, 20], as prepared by means of the optical floating-zone technique using slightly45

different starting compositions Fe1+xSi [21–23]. The magnetization and electrical transport46

properties of these single crystals were reported in Refs. [19, 20, 25]. In addition, a single47

crystal with an iron deficiency x = −0.005 was studied. Samples cut from the start of the48

single-crystal growth process (close to the initial grain selection) and from the end (close to49

the final quenched zone) were investigated as summarized in Tab. 1. Consistent with the de-50

tection limits of standard techniques for metallurgical characterization, such as powder x-ray51

diffraction or energy-dispersive x-ray spectroscopy, and the tiny variation of the starting com-52

positions, no systematic variations of the composition of the samples after the growth process53

were resolved using these methods. In comparison, studies of the density and nature of struc-54

tural point defects using techniques such as positron annihilation spectroscopy, planned for55

the future, may provide valuable insights, as demonstrated on isostructural Mn1+xSi [27,28].56

Such studies, however, were well beyond the scope of the work presented in this manuscript.57

Sample Starting composition Location in float-zoned ingot

A1 Fe0.99Si start
A2 Fe0.99Si end
AB Fe0.995Si start
B1 FeSi start
B2 FeSi end
C Fe1.01Si start

Table 1: Overview of the samples studied in this paper (see also Refs. [19, 20, 25]).
For each sample, the chemical composition of the polycrystalline rods before float-
zoning and the location from which the sample was cut within the float-zoned single-
crystal ingot are stated.

For the present study, cubes with an edge length of 1 mm were prepared, each with two58

surfaces perpendicular to 〈100〉 and four surfaces perpendicular to 〈110〉. The specific heat59

measurements were carried out in a Quantum Design physical property measurement system60

at temperatures down to 1.9 K and under magnetic fields up to 14 T. The single crystal cubes61

were mounted on the platform of the measurement puck by means of a tiny amount of Apiezon62
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3 EXPERIMENTAL RESULTS

N grease. Prior to mounting each sample, the heat capacity of the grease was measured in63

order to subtract it from the total heat capacity. Precise subtraction proved to be crucial for64

the determination of the heat capacity of the Fe1+xSi samples1. All measurements were carried65

out using a quasi-adiabatic large heat pulse technique, in which heat pulses had a size of 30% of66

the temperature at the start of the pulse [29]. For each specific heat curve, data were measured67

at 80 starting temperatures in a logarithmic spacing, covering the temperature regime from68

1.9 K to 270 K. The heat pulses and concomitant data collection were repeated three times at69

each temperature.70

3 Experimental Results71

A typical temperature dependence of the specific heat of FeSi is shown in Fig. 1(b), for the case72

of sample A1. Both the resistivity shown in Fig. 1(a) and the specific heat shown in Fig. 1(b)73

were measured on samples cut from the same location of the same ingot, referred to as samples74

A1r and A1, respectively. The specific heat as a function of temperature is characteristic of a75

nonmagnetic crystal in which phonon contributions dominate. It approaches the Dulong–76

Petit value of 6R = 49.9 J mol−1K−1 at high temperatures. No anomalies suggestive of phase77

transitions were observed in any of the samples in the temperature and field range investigated.78
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Figure 1: Temperature dependence of the low-temperature properties of FeSi for
samples A1r and A1 in zero magnetic field. (a) Electrical resistivity for current along
〈100〉 on a double-logarithmic scale. Four regimes may be distinguished as a function
of temperature, denoted I through IV; see text for details. Data taken from Refs. [19,
20]. (b) Specific heat. No anomalies suggestive of phase transitions are observed in
the temperature range studied.

For the analysis of our data, we consider the specific heat divided by temperature, C/T , as79

illustrated for sample A1 in Fig. 2(a). A prominent feature concerns a shallow maximum below80

∼10 K, consistent with Ref. [16], where the maximum was attributed to a Schottky anomaly.81

In Ref. [16], an additional maximum was reported in the specific heat at temperatures well82

below 2 K, i.e., below the temperature range investigated in our study. To fit our data we83

use the empirical description suggested in Ref. [16], however, taking into account a single84

Schottky anomaly only. Beyond the conventional terms proportional to T and T3, an additional85

contribution proportional to T5 as well as the Schottky anomaly were included, resulting in86

C = γT + βT3 +δT5 + a1
(T1/T )2 exp(T1/T )
[1+ exp(T1/T )]2

. (1)

1As part of the studies reported here, we noticed that the specific heat presented in the supplemental material of
Ref. [25] is dominated by contributions of the grease and hence erroneous. An erratum will be published separately.
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Figure 2: Specific heat divided by temperature as function of temperature. (a) Data
of sample A1 in zero magnetic field. At low temperatures, a shallow maximum is
observed that is suggestive of a Schottky anomaly. The dashed red line corresponds
to a fit according to Eq. (1). The dashed dark and light gray lines correspond to
the sum of the terms dominating at low and high temperatures, respectively. Inset:
Data on a double-logarithmic scale. (b) Specific heat divided by temperature as a
function of temperature squared. The dashed line represents a linear regression cor-
responding to a phonon contribution as expected in a Debye model. See text for
details. (c) Specific heat divided by temperature of sample A1 under selected mag-
netic fields up to 14 T. With increasing field, the maximum suggestive of a Schottky
anomaly is suppressed. (d) Zero-field data for samples with different initial compo-
sitions. At temperatures above ∼20 K, the data essentially track each other. At low
temperatures, the height of the maximum decreases with increasing iron content in
the starting composition prior to crystal growth.

When fitting the coefficients γ, β , δ, and a1 as well as the Schottky temperature T1 for sample87

A1, the following values are obtained, as summarized in Tab. 2: γA1 = 1.68 mJ mol−1K−2,88

βA1 = 1.45 · 10−2 mJ mol−1K−4, δA1 = 5.67 · 10−6 mJ mol−1K−6, a1,A1 = 54.3 mJ mol−1K−1,89

and T1,A1 = 22.5 K. The corresponding fit is shown as a dashed red line in Fig. 2(a). The90

value of βA1 corresponds to a Debye temperature ΘD,A1 = 645 K. It may be helpful to note91

that when fitting the data without the contribution proportional to T5, values of γ are negative92

and thus not physical. This observation is illustrated in Fig. 2(b) showing a linear fit of C/T as93

a function of T2, where the axis intercept corresponds to γ and the slope to β . The values of94

β inferred without the T5 contribution translate to Debye temperatures of the order of 500 K,95

consistent with values reported for other isostructural transition-metal compounds for which96

the data were analyzed without T5 terms as well [30,31].97

Integration of the term describing the Schottky anomaly yields an estimate for the underly-98

ing entropy. For sample A1, we obtain∆S1,A1 = 37.3 mJ mol−1K−1 ≈ 0.006 R ln 2, correspond-99

ing to about 0.006 two-level centers per formula unit of FeSi. As no data were measured below100

2 K in our study, we cannot exclude the putative presence of a second Schottky anomaly at101
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3 EXPERIMENTAL RESULTS

very low temperatures previously reported in Ref. [16]. Fitting our data, we estimate that such102

an anomaly may yield an entropy not larger than ∆S2,A1 < 0.002 R ln 2. This concentration103

suggests that the two-level centers are located in the bulk of the material. For comparison,104

when assuming that the two-level centers emerge at the surface of the sample and that each105

formula unit may support a single two-level center, a surface layer of a thickness of ∼1 µm106

would be required, i.e., much thicker than typically observed for surface-induced phenomena.107

It is instructive to note that, in contrast to the specimens investigated in our study, the sam-108

ples studied in Ref. [16] were grown from vapor transport. Various materials properties, such109

as the magnetization and the Hall effect reported in Ref. [16], as well as tests we performed110

ourselves on samples of FeSi grown from vapor transport consistently suggest that such sam-111

ples may contain substantial concentrations of magnetic impurities, such as elemental iron. In112

turn, when comparing our results to those reported in Ref. [16], namely γP = 1.1 mJ mol−1K−2,113

βP = 0.91 · 10−2 mJ mol−1K−4, δP = 11 · 10−6 mJ mol−1K−6, a1,P = 9.2 mJ mol−1K−1, T1,P =114

6.8 K, a2,P = 11 mJ mol−1K−1, T2,P = 0.95 K, ∆S1,P = 6.3 mJ mol−1K−1, and ∆S2,P =115

7.9 mJ mol−1K−1, two key differences become apparent. First, compared to our results, β116

is smaller by a factor of 1.6 while δ is larger by a factor of 2. In a fit using Eq. (1), these117

two parameters are connected, where smaller values of β result in larger values of δ and vice118

versa. Since in Ref. [16] specific heat data were measured down to temperatures as low as119

60 mK and presented on a double-logarithmic scale up to 35 K, the behavior at high temper-120

atures may have been accounted for less accurately. Note that βP = 0.91 · 10−2 mJ mol−1K−4
121

corresponds to a Debye temperature Θ∗D,P = 753 K instead of the value ΘD,P = 377 K stated in122

Ref. [16]. Second, the Schottky anomaly at T1 is smaller and shifted to lower temperatures.123

As discussed below, this anomaly is sensitive to the detailed composition of the sample, where124

the values reported in Ref. [16] are consistent with a large iron content.125

As illustrated in Fig. 2(c), under magnetic fields up to 14 T, the maximum at T1 observed126

in our samples decreases in height and the associated entropy release shifts to higher tempera-127

tures. Such a field dependence suggests qualitatively that the maximum is linked to magnetic128

degrees of freedom, consistent, for instance, with magnetic impurities.129

Comparing the specific heat of different samples, as shown in Fig. 2(d) in terms of C/T in130

zero magnetic field, several characteristics appear to be the same for all compositions. First,131

at temperatures above ∼20 K data for all samples studied track each other, indicating essen-132

tially identical contributions due to phonons at high temperatures. This finding suggests that133

the small variations of the starting composition do not affect the crystal structure on a funda-134

mental level. Second, all samples exhibit a shallow maximum at low temperatures, suggestive135

of a Schottky anomaly as discussed above. The height of this anomaly varies systematically136

between samples. Third, for all samples studied, the specific heat is in excellent agreement137

with Eq. (1). The coefficients inferred from these fits are summarized in Tab. 2. Fourth, in138

all samples studied, the specific heat at high temperatures is insensitive to applied magnetic139

fields up to 14 T (not shown).140

The change in height of the Schottky anomaly at T1 represents the most prominent dif-141

ference between samples. As reflected in the evolution of the parameter a1 and the entropy142

release∆S1, the size of the anomaly and therefore the number of two-level centers per formula143

unit decreases with increasing iron content. This decrease contradicts the expectation that an144

increase of the iron content leads to an increase of the density of magnetic impurities and145

hence two-level centers. Instead, the opposite evolution appears to take place in the specific146

heat of the samples of FeSi in our study. Such a counter-intuitive behavior, in combination with147

the field dependence of the maximum, which is suggestive of a magnetic origin, indicates that148

the Schottky anomaly may not be readily connected with a two-level energy scheme arising149

from single iron impurities only. Adding a further aspect, the characteristic temperature T1 re-150

mains essentially unchanged under increasing iron content, i.e., it does not appear to scale in151
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4 CONCLUSIONS

Sample γ β δ a1 T1 ΘD ∆S1

[mJ mol−1K−2] [10−2 mJ mol−1K−4] [10−6mJ mol−1K−6] [mJ mol−1K−1] [K] [K] [mJ mol−1K−1]
A1 1.68 1.45 5.67 54.3 22.5 645 37.3
A2 1.72 1.39 6.02 55.4 21.1 654 38.1
AB 1.39 1.42 5.88 55.9 21.9 649 38.4
B1 0.90 1.58 5.11 50.3 24.2 627 34.5
B2 0.59 1.57 5.27 40.1 23.6 628 27.5
C 0.57 1.57 5.28 30.4 24.0 628 20.9

Table 2: Overview of key parameters inferred from the specific heat of FeSi for the
samples investigated in our study. For each sample, the coefficients γ, β , and δ are
shown together with the coefficient a1 and the characteristic temperature T1 describ-
ing the Schottky anomaly at low temperatures. In addition, the Debye temperature
ΘD calculated from the coefficient β and an estimate of the entropy ∆S1 associated
with the Schottky anomaly are presented.

an obvious way with the initial starting composition. This behavior contrasts the characteristic152

temperature of the onset of the saturation of the resistivity in regime IV [19,20,25].153

In view of the sample dependence of the specific heat reported in this study, the lack of154

an anomaly in specific heat measurements carried out on thin needles grown from tin flux155

reported in Ref. [24] suggests substantial iron excess. Similarly, as discussed above, the rela-156

tively small anomaly reported for samples grown from vapor transport is consistent with iron157

excess, reflected also in the magnetization and Hall effect [16]. Taken together, these results158

motivate further studies on the interplay of impurities with the bulk and transport properties159

in FeSi, made possible by the optical floating-zone technique and the precise control of the160

starting compositions associated with it [23].161

4 Conclusions162

The specific heat of the correlated small-gap semiconductor FeSi was studied for a series of163

single crystals prepared from slightly different starting compositions [19, 20]. All samples164

studied exhibit a shallow maximum in C/T between 2 K and 10 K, reminiscent of a Schottky165

anomaly. Under magnetic field, this anomaly decreases in size, suggestive of a magnetic origin.166

However, as a function of increasing initial iron content, implying an increase of the density167

of magnetic impurities as observed in the magnetization, the height of the anomaly decreases.168

Further studies are needed to clarify if and in which way the specific heat at low temperature169

may be related to the robust high-mobility surface conduction channel [19,20,24].170
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