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Superconductivity in FeSe has recently attracted a great deal of attention because it emerges out of an
electronic nematic state of elusive character. Here we study both the electronic normal state and the super-
conducting gap structure using heat-capacity measurements on high-quality single crystals. The specific-heat
curve, from 0.4 K to 7. = 9.1K, is found to be consistent with a recent gap determination using Bogoliubov
quasiparticle interference [P. O. Sprau et al., Science 357, 75 (2017)]; however, only if nodes are introduced on
either the electron or the hole Fermi-surface sheets. Our analysis, which is consistent with quantum-oscillation
measurements, relies on the presence of one hole and one electron band only, and thus the fate of the theoretically

predicted second electron pocket remains mysterious.

DOI: 10.1103/PhysRevB.99.035157

I. INTRODUCTION

In cuprate and iron pnictide superconductors, there are
strong indications that pairing is magnetically mediated, i.e.,
by the exchange of spin fluctuations [1-3]. A key ingredient
to identify the pairing mechanism is to study the momen-
tum dependence of the superconducting gap, A (k). In both
materials, A (k) changes sign between k and k' =k + Q,
where Q denotes the momentum at which the spin fluctuation—
mediated pairing interaction is peaked. Whereas, in cuprates,
the sign change occurs for Q = (7, ), leading to a d,2_,»
state, Q connects hole and electron Fermi-surface sheets in
pnictides, giving rise to an s=+ state [1-3].

Unlike in pnictides, long-range magnetism is absent in
FeSe, although strong magnetic fluctuations exist at low
temperature [4]. Here, superconductivity emerges from a ne-
matic state that breaks the C4 symmetry below 7, =~ 90K.
Nematicity manifests itself as a dramatic orbital-dependent
shrinking of the Fermi surface [5] in the presence of strong
orbital-selective spin fluctuations [6]. Orbital selectivity could
also be relevant for superconductivity as first pointed out
by Agterberg et al. for Sr, RuO4 [7], i.e., Cooper pairing
predominantly binds electrons that share the same orbital
character, leading to a highly anisotropic, possibly even nodal
order parameter.

Experimentally and theoretically, there is an emerging
consensus for extremely anisotropic gaps in FeSe. Using
low-temperature Bogoliubov quasiparticle interference and
scanning tunneling microscopy (BQPI/STM), Sprau et al. [8]
found that A (k) is highly anisotropic, but nodeless, on both
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electron and hole pockets with Apax/Amin 2 15, more or
less consistent with heat-capacity data [9]. The Fermi surface
averaged gaps on the electron and hole pockets are of nearly
equal magnitude but opposite in sign, i.e., (Ay)r = 1.5 meV
and (A.)y = —1.2 meV [8]. Angle-resolved photoemission
spectroscopy (ARPES) measurements [10—13] confirm the
strong gap anisotropy but are inconclusive about the exis-
tence of line nodes due to the slightly higher temperature
(T > 1.8 K) of the measurements. Both ARPES [11,13]
and BQPI/STM [8], however, agree that A (K) is maximal
(minimal) on the portions of the Fermi surface where the d,,
(dy; and d,,) orbital weight is dominant. These results were
explained theoretically either by invoking orbital-selective
correlations [8,14], pairing in the presence of nematic or-
bital ordering [15], or nematic pairing from orbital selective
spin fluctuations [16]. On the other hand, thermal-transport
[17,18], penetration-depth [19,20], and heat-capacity studies
[21-24] all reported essentially a strong two-band behavior
with § = Ll ~ 3 10,
(Ae(k))k

In this paper, we report a detailed thermodynamic study
of seven different batches of FeSe single crystals, grown by
chemical vapor transport (CVT), as a function of temperature
and magnetic field. We argue that the Sommerfeld coefficient
y, within the nematic phase is consistent with a Fermi surface
that consists of only one hole and one electron band in
agreement with recent ARPES measurements [25], instead of
the three pockets expected theoretically [14-16]. Excellent
agreement of our specific heat can be obtained using the
anisotropic gaps derived from the BQPI/STM data [8,26];
however, only if one of the pockets exhibits line nodes. This
nodal behavior is supported by the field dependence of the
mixed-state heat capacity. Further, it is found to be surpris-
ingly robust against disorder. Finally, similar to BaFe; As;
[27], we find an anomalous linear temperature-dependent

©2019 American Physical Society
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FIG. 1. (a) Resistivity of samples 1 and 2. The inset shows a magnification of the low-temperature region. The dashed line is a linear
extrapolation of the normal-state resistivity to 7 = 0. (b) Heat capacity of samples 1 and 2. (c) Comparison of the magnetic susceptibility of

sample 1 to that of BaFe, As, reproduced from Ref. [27]. In (b) and (c), the insets show data around 75 = 91 K on an enlarged scale.

susceptibility from T > Tg to 700 K, a feature that appears
to be a hallmark of the undoped Fe-based superconductors.

II. SAMPLE CHARACTERIZATION

Figures 1(a)-1(b) show the temperature dependence of the
resistivity and specific heat of samples 1 and 2, which are
characteristic of our best crystals. The quite large residual
resistivity ratio, RRR = ”;3(8%) ~ 200, in comparison to pre-
vious studies [8,9,18,22,28,29], is an indication of a high
crystal quality. A clear steplike anomaly related to nematicity
is observed at Ty = 91 K.

Figure 2(a) demonstrates that the low-temperature elec-
tronic heat capacity C.(T")/ T of samples 1 and 2 is practically
identical to that of two other single crystals, all grown under
similar conditions. We find a sharp superconducting transition
at . ~ 9.1 K, with a width of 0.7 K and AC./y,T. =
1.75 indicative of weak-to-moderate coupling. Details about
the sample preparation and the lattice subtraction are given
in Appendices A and B, respectively. Superconductivity is al-
most fully suppressed for H = 14 T, revealing a temperature-
independent C,/T for T < 12 K [see Fig. 2(a)] indicative
of a nematic Landau Fermi liquid despite the nearly linear
resistivity [see Fig. 1(a)]. The Sommerfeld coefficient y, =
=+ amounts reproducibly to 6.9 £0.1mJ mol~! K2 within
the nematic normal state. We note that y, is almost equal
to that of BaFe; As, deep inside the spin-density-wave phase
[30].

III. EVIDENCE FOR NODAL EXCITATIONS

A simple inspection of the data shown in Fig. 2(a) suggests
that both electron and hole gaps are comparable in magnitude,
since the typical low-temperature humplike feature of super-
conductors with both small and large gaps, as found, e.g., in
MgB, [31] and KFe; As, [32] (see Appendix C), is missing

in the FeSe data. This is consistent with the gaps derived
from both BQPI/STM and ARPES [8,12,13] but not with
the strong two-band character inferred from both penetration-
depth [19] and thermal-conductivity measurements [18]. For
T < 2K, C,/T decreases linearly with temperature [see inset
of Fig. 2(a)] and extrapolates at T = 0 to a negligibly small
residual density of states 0 < yp < 0.2mJ mol~! K2 which
amounts to less than 3% of y,. This linear behavior represents
clear evidence for the existence of line nodes in our FeSe
crystals. Our data are substantially different from all previous
specific-heat measurements. In particular, an excess specific
heat was observed for T <4 K in Refs. [9,22,24,29,33],
which was interpreted as a signature of a tiny energy gap. In
Appendix D, we show that a more likely explanation involves
a Schottky anomaly from paramagnetic impurities. Besides,
the 1 K anomaly, reported by Chen et al. [9], is only observed
in two of our crystals measured under special conditions and
therefore may not represent an intrinsic feature of FeSe.

IV. MIXED-STATE SPECIFIC HEAT

Further evidence for the existence of nodes can be ob-
tained by examining the field dependence of y (T, H) =
C.(T,H)/T at low temperature in the mixed state depicted
in Fig. 2(b). Indeed, Volovik [34-37] showed that y (T, H)

is proportional to y,+/H far from the upper critical field

H.,i.e., for % < HiQ, in nodal superconductors due to the
Doppler shift experienced by the delocalized quasiparticles
with momentum near the nodal directions. As illustrated in the

inset of Fig. 2(b), this is effectively the case, e.g., for samples

1 and 5 for % < 0.15,/ Hid, indicative of nodal gaps. On the

other hand, for H/H_, > 0.4 [Fig. 2(b)], we find that y (T, H)
follows a quasilinear field dependence, which is anomalous
for an orbitally limited nodal superconductor. As mentioned
in Ref. [23], this is most likely related to sizable paramagnetic
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FIG. 2. (a) Low-temperature C.(7T") of samples 1, 2, 3, and 4
in 0 and 14 T. The dashed line represents an entropy—conserving
construction that yields 7, =~ 9.1 K. The inset shows the low-
temperature data on an enlarged scale, revealing a linear C,/T for
T < 2 K indicative of line nodes (solid line). (b) Mixed-state heat
capacity y (T, H) of samples 1 and 5 at T = 0.6 K. The inset shows
y(T, H) as a function of H'/? in the low-field region.

effects [23,38,39], since the Pauli limiting field, H, = %’ is
estimated to be of the order of 18 T in FeSe.

V. COMPARISON WITH
QUASIPARTICLE-INTERFERENCE MEASUREMENTS

In the following, we make a direct comparison of our
heat-capacity measurements with that calculated using the
BQPI/STM measurements. We use the data of sample 2 with
a near-zero value of ;. In Fig. 3(a), we reproduce the angular
dependence of A, .(¢) inferred from the BQPI/STM experi-
ments (solid symbols) [8] together with our fits (solid lines)
using the leading angular harmonic approximation [1,15], as
done in Ref. [9]. The resulting heat capacity, computed within
the two-band «-model [31], is compared to our measurements

in Figs. 3(b)-3(c) (red lines). Here, we impose equal density
of states on both bands as inferred from our analysis of
the quantum-oscillation data (see Appendix E), so that in
principle there are no fit parameters. C./T derived from the
BQPI/STM gap structure reproduces our data very well, but
only down to 7'/ T, =~ 0.3. Below this temperature, the calcu-
lation underestimates the specific heat, reflecting the existence
of low-lying nodal excitations in our crystals [see Fig. 3(c)].
To improve the agreement at low temperature, we modify our
fitof Ay .(¢) to allow for the possibility of line nodes on either
the hole or the electron band, as displayed in Figs. 3(d) and
3(g) (red areas), respectively. In both cases, the calculations
shown, respectively, in Figs. 3(e)-3(f) and 3(h)-3(i), are now
in excellent agreement with our measurements over the entire
temperature range. This provides another strong indication for
the existence of line nodes in FeSe. This is also consistent with
the recent calculations of Benfatto et al.[16], which predict
nodes only on the electron pocket. Finally, the possibility
of line nodes on both bands appears to be ruled out [see
Figs. 3(j)-3(1)] since the calculation now overestimates the
measured specific heat for 7/ T, < 0.3.

VI. EFFECT OF DISORDER

Next, we discuss the role of disorder on the gap struc-
ture by comparing C.(T) of several single crystals grown
under different conditions (see Appendix A). Although no
discernible changes in composition could be resolved using
x-ray diffraction, significant differences are observed in our
specific-heat measurements (see Fig. 4). First, a substantial
reduction of T, of about 7% and 14% is found for samples
5 and 6, respectively, indicating that disorder is sizably pair-
breaking. This is in line with the observation that scattering by
Fe vacancies [40] and twin boundaries [26] produces in-gap
bound states in FeSe. Similarly, the normalized specific-heat
anomaly, VA"—%, is reduced significantly from 1.73 in sample 1
to 1.26 in sample 6, indicating that (A ) are also reduced
by defect scattering. The linear C./T at low temperature
is quite robust and persists in all samples in spite of the
significant reduction of both 7, and VA—g (see inset of Fig. 4).
This result is quite surprising, because significant interband
scattering is expected to produce sizable gapless excitations
for a sign-changing order parameter [41,42].

VII. NEMATIC FERMI SURFACE AND CORRELATIONS

The exact electronic structure in the nematic state of FeSe
is still highly disputed. Theoretically, one expects to have one
hole and two electron bands [8,14—16], but ARPES spectra,
however, have been interpreted as providing evidence for
either one or two electron bands [5,6,12,25,43]. Clearly, the
present heat-capacity simulations need only two bands to
accurately describe C.(T) for T < T, which is consistent
with the BQPI/STM data [8] and one of the ARPES mea-
surements [13]. Further, the absence of a sizable y, excludes
the possibility of an additional electron band, either gapless
or with a very small gap, with any sizable weight [44]. Our
analysis of the quantum-oscillation data [45], which yields
¥, of 5.7 and 9.4 mJ mol~! K2 in two- and three-band mod-
els, respectively (see Appendix E), also appears to favor a
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FIG. 3. (a) Angle-resolved nodeless hole and electron superconducting gaps, A, .(¢), reported by BQPI/STM [8] (green and blue symbols,
respectively). ¢ is measured with respect to the a orthorhombic axis. (d), (g), (j) Nodal gap structures used for heat-capacity calculations. Solid
lines are fits within the leading angular harmonic approximation. (b), (e), (h), (k) Comparison of the heat capacity (red line) calculated using
the gap structures shown in panels (a), (d), (g), (j), respectively, to the measured C,(T") of sample 2. (c), (f), (i), (1) show the respective low-
temperature part on an enlarged scale. The green and blue lines are the individual hole and electron heat-capacity contributions, respectively.

two-band scenario, since the inferred y,, value is closer to the surface is fully determined, lead to comparable deviations of
measured one. The two-band value is just 17% smaller than about 11 and 13%, respectively.

our direct measurement. For comparison, similar calculations In Refs. [8,14], it is argued that the second electron band
in BaFe, As, and KFe; As, [32,46], for which the Fermi is not observed because it may be quite incoherent as a
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FIG. 4. (a) C.(T) of samples 1, 2, 5, and 6 with different amounts
of disorder. The inset shows the low-temperature part in normalized
units on an enlarged scale.

result of strong local correlations. However, in AFe; As, (A =
K, Rb, Cs) in which the d bands are closer to half-filling
with strongly enhanced correlations [47,48], one finds (i)
quite heavy but still coherent bands with m* > 20m, (m,
is the bare electron mass) [49], (ii) a Sommerfeld coeffi-
cient exceeding 100mJmol~' K2, and (iii) a remarkable
coherence-incoherence crossover [50,51] indicative of strong
orbital-selective correlations [47,50-52]. In FeSe, we find no
evidence for such a crossover in the magnetic susceptibility
[see Fig. 1(c)] although the resistivity exhibits a broad max-
imum around 400 K [53]. Instead, the susceptibility of FeSe
increases linearly from 7' > Tj to at least 700 K with the same
slope as BaFe; As; [27]. Thus, the scenario of a completely
incoherent second electron band appears rather unlikely and a

better understanding of the nematic state is required to explain
the missing electron pocket.

VIII. CONCLUSIONS

In conclusion, we have reported a detailed study of the
thermodynamic properties of FeSe single crystals. We consis-
tently find a linear electronic specific heat C,/T for T < T,
indicative of the bulk existence of line nodes. This nodal
behavior is found to be quite robust and remarkably persists
in samples with significantly depressed 7. Our results are
consistent with a two-band scenario, i.e., a Fermi surface that
consists of one hole and one electron pocket only. The fate
of the theoretically predicted second electron band remains
unclear and must be related to the elusive nature of the
nematic state.
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APPENDIX A: EXPERIMENTAL METHODS

FeSe single crystals were grown by CVT [54,55]. Fe and
Se powders were mixed in the proportions given in Table I
and sealed in a fused silica ampoule together with a eutectic
mixture of KCI and AICI;. Table I also indicates the source
(Ty) and sink (7,) temperatures of the two-zone furnace. In
the last three columns, we indicate the mass, composition, and
T, of the individual single crystals taken from each batch and
studied in this paper.

Wavelength dispersive x-ray spectroscopy typically reveals
an impurity level below 500 ppm. There is no evidence for
contamination by Cl, Si, K, or Al impurities. The composition
was determined by structural refinement of single-crystal x-

TABLE I. The first six columns summarize the nominal composition and the growth conditions for seven different batches. In the last three
columns, we indicate the mass, composition, and T, of the single crystal taken from each batch and studied in this paper.

Batch Nominal composition Growth conditions Characterization
Fe mass (g) Fe:Se molar ratio KCI : AICl; mass (g) 7) (°C) T, (°C) Duration (days) Sample mass (mg) Composition T, (K)

#1 4.3 1.1:1.0 10.4 383 340 32 2.13 - 9.1
#2 1.1 1.1:1.0 7.99 390 330 35 4.29 Feg 993(3) 5S¢ 9.1
#3 4.3 1.1:1.0 10.4 401 349 33 1.18 Feg.9964)S€ 9.1
#4 4.3 1.1:1.0 10.4 391 295 27 1.2 Fe.999(3)Se 9.1
#5 2.46 1.1:1.0 19.8 447 299 28 5.43 - 8.45
#6 2.01 1.2:1.0 5.7 390 240 22 6.62 Fep997Se 8.24
#7 1.68 1.2:1.0 11.4 380 164 32 4.11 - 7.78
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FIG. 5. Temperature dependence of the specific heat of the seven
single crystals discussed in this paper in O T (closed symbols) and
14 T (open symbols) for H || c. For clarity, curves are vertically
shifted from each other by 20 mJ mol~! K=2. Red curves represent
fits to the 14 T data using Eq. (B1). The inset shows the resulting
electronic heat capacity for H = 14 T.

ray diffraction data (four-circle and image plate) of a small
piece of each crystal with an uncertainty of about 1% in
composition (see Table I). No indications for interstitial atoms
were found. X-ray powder diffraction confirms the absence
of second phases, particularly of unreacted o-Fe and Fe; Ses.
The extremely small level of impurities and defects (less
than one impurity per 2000 Fe atoms) are confirmed by
STM topography [56]. T, was determined via specific-heat
measurements.

Electrical contacts with typical resistances of around 2 €2
were made using silver paste, and the sample resistance was
measured by a four-point method. Magnetization measure-
ments were carried out in a Physical Property Measurement
System (PPMS) using the vibrating sample magnetometer
unit from Quantum Design Inc. Specific heat was measured
with the PPMS using the thermal-relaxation method [57] for
field-sweep measurements and the dual-slope method [58,59]
for temperature-sweep measurements.

APPENDIX B: DERIVATION OF THE LATTICE SPECIFIC
HEAT

Figure 5 shows the low-temperature specific heat of the
seven single crystals discussed in this paper, in O and 14 T
for H || c. We find that superconductivity is fully suppressed,
at least down to 0.4 K, in a field of 14 T. Thus, a reliable
phonon background can be obtained by least-square fitting the
14 T-data between 14 and 0.8 K (red lines in Fig. 5) to

C(T,H = 14T) = y,T + BsT> + BsT> + B;T’, (Bl)

where Co(T) = ¥, T and Ci(T) = B3T> + BsT?> + B;T”
represent the electronic and the field-independent lattice con-
tributions, respectively. Here y, is the Sommerfeld coeffi-
cient and Ci,(T) is expressed within the harmonic-lattice
approximation, where Bj is the prefactor of the T3 term from
Debye theory [60]. The inferred values of y, and B,, with
n = {3,5,7}, are given in Table II and compared to values
from previous published results which were all derived from
data measured in 9 T, i.e., in a field where superconductivity is
not fully suppressed, 7. (9 T) ~3.8 K. As argued in Ref. [61],
this could lead to significant errors in the determination of
the lattice heat capacity and can partly explain the differences
shown in Table II.

The resulting electronic contributions C.(T, H) =
C(T, H) — Ci(T) for H = 0 and 14 T, which fulfill entropy
conservation, are shown in Figs. 7 and 5 (inset), respectively.
In our case, we confirm that y, is both field and sample
independent.

APPENDIX C: COMPARISON TO OTHER MULTIBAND
SUPERCONDUCTORS

In Fig. 6, we compare the electronic specific heat of FeSe
to that of the well-known strong multiband superconductors
KFe; As; [32] and MgB, [31], which exhibit a value of the
ratio of the large to the small gap § = % (where (...)
denotes the average over the Fermi surface) of about 8.6 and
3.7, respectively. These values are similar to § ~ 10 and 3 re-
ported by heat-transport [ 18] and penetration-depth [19] mea-
surements for FeSe, respectively. We find that the prominent
steep increase of C,/T at low temperature observed for both
KFe; As, and MgB, (see arrows in Fig. 6), which typically
occurs when kg7 becomes of the order of the smaller gap
Ag(T), is absent in FeSe. Instead, the curve appears single
gapped for FeSe and C,/ T gradually increases, indicating that
the two gaps are actually comparable in magnitude, contrary

TABLE II. The first line indicates the fit parameters obtained by fitting our 14 T data (shown in Fig. 5) to Eq. (B1). The values indicated
next to £ represent the sample-to-sample deviation, not the statistical error. The following lines are literature results obtained from curves
measured in H = 9 T for which superconductivity is not fully suppressed.

Composition T. (K) y mImol ' K2) Bs;(mJmol !K™*) Bs(mJmol™'K=%  B;(mJmol ! K~?%) Method, [Ref.]
FeooouaSe  9.1-7.78 6.9(+0.1) 0.38 £ 0.01 (59+14)x10™* (=29+1.1) x 10°° CVT, this work
Fe, 012)Se 8.5 5.43 0.463 —2.82x 10 - Solid-state, [33,62]
Fe, 037Se 8.11 5.73 0.421 - - KCl : AICL; flux, [21]
- 8.2 5.82 0.4624 —2.6 x 107 - CVT, [9]
Feo.o0(1)Se 8.4 6.5 0.365 1.94 x 10~* - CVT, [22,63,64]
Fe1 g05Se 8.7 6.86 0.37 0.001 —5.72 % 107° CVT, [24,65]
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FIG. 6. Comparison of C.(T) of FeSe to that of multiband
superconductors MgB, and KFe, As, taken from Refs. [31,32]. The
arrow indicates the hump related to the small gaps Ag(7), i.e., where
As(T) ~ kgT.

to both penetration-depth [19] and thermal-conductivity [18]
measurements. However, our results agree quite well with
the average values (Ap);y = 1.5meV and (A.);y = 1.2 meV
inferred from both BQPI/STM and ARPES measurements for
the hole and electron bands, respectively [8,12].

APPENDIX D: COMPARISON TO PUBLISHED RESULTS

In Fig. 7, we compare C,(T) from the literature to our
data. We find that there exist sizable differences between our
measurements and those of several different groups, despite
comparable values of 7,. A large excess heat capacity, with
respect to our data, is notably observed for T < 2 K in
polycrystals obtained by solid-state synthesis [33] shown in
gray in Figs. 7(d)-7(e). These samples, with Fe; g1(2)Se, are
not single phase and were found to contain «-Fe, Fe; Seg and
5-FeSe [33,62]. Contamination by either Fe; Seg or «-FeSe
could explain the different values of y,, and B3 with respect to
that of CVT-grown samples (see Table IT). However, the hump
below 2 K [gray curves in Figs. 7(d)-7(e)] likely arises from
paramagnetic impurities (e.g., Fe). This extra contribution
persists but progressively vanishes in the higher-T. crystals
of Jiao et al. [22] and Sun et al.[24] but remains absent from
our data, as illustrated in Figs. 7(c) and 7(b), respectively.
Similar paramagnetic contributions were also observed in
Ba;_,KFe; As, around 2-3 K and were represented by a
field-dependent approximation to a Schottky function [61].

In zero field, the Schottky contribution of noninteracting
impurities ideally vanishes for any T > 0. However, for
interacting paramagnetic centers, the heat capacity exhibits a
characteristic maximum at Ty, ~ 0.4260s., where 0., mea-
sures the internal interaction field between impurities in zero

magnetic field. In Figs. 7(b)-7(c), we show an estimation of
the Schottky contribution for the crystals of Jiao e al. [22] and
Sun et al.[24], respectively, using

0 2 eBSTCh

Sch

C h(T,n)=n( ) —5»
scl T (eHSTCh + 1)2

(D1

where 7 is the concentration of impurities. We used Ogc, =
3 K and n = 350 ppm (n = 100 ppm) for the sample of
Jiao et al. [22] (Sun et al.[24]). The resulting difference
C.(T) — Cscn(T, n) matches quite nicely our data for sample
5 as shown in Fig. 7(f). Thus, the hump around 2 K, which
was initially interpreted as the signature of a small supercon-
ducting energy gap in Refs. [22,24], is probably due to several
hundreds ppm of paramagnetic impurities. This amount is in
good agreement with the value of 300 ppm «-Fe inferred from
magnetization measurements [22,63].

Figure 7(a) shows a comparison of the heat capacity of
sample 1 with that of Sato et al. [23] obtained by the quasiadi-
abatic heat-pulse method. Both crystals exhibit similar values
of T, and AC,/T, but the curves strongly differ for T < 8 K.
Here, the difference might be related to a lack of adiabaticity
of the method used in Ref. [23] inherent to the smallness of
the FeSe crystals and the very small value of the Sommerfeld
coefficient.

In Figure 7(e), we compare the specific heat of sample 7
to that of Chen et al. [9]. Similarly, we observe a steplike
anomaly around 1 K (see inset) which was interpreted in
Ref. [9] as an antiferromagnetic phase transition in FeSe
below T.. This is shown in Fig. 8(a) on an enlarged view.
We observe a similar anomaly for sample 2, which exhibits
a much larger 7, value, but only when the measurement is
performed upon slow cooling from 20 K to 0.4 K. However,
for faster cooling rates, this anomaly completely disappears.
Although the origin of this anomaly remains unexplained, our
results suggest that this anomaly may not represent an intrinsic
property of FeSe single crystals.

In Fig. 8(b), we show the mixed-state specific heat of
FeSe reported by Sun ef al. [24]. An initial steep increase
of C/T is observed up to H ~ 1 T followed by a quasi
field-independent specific heat for 1 < H < 4 T. For larger
fields, C/T increases continuously to H.,. In Ref. [24], it is
argued that this three-stage behavior is related to the existence
of three energy gaps. This result is quite different from our
data in sample 1 [light green curve in Fig. 8(b)], which shows
a smooth increase of C/T to H,,. However, it qualitatively
agrees with the erroneous heat capacity of sample 1 (dark
green curve in Fig. 8(b)) obtained when the field dependence
of the addenda, shown in Fig. 8(c) (dark yellow), is not taken
into account.

APPENDIX E: ANALYSIS OF QUANTUM-OSCILLATION
DATA

In Tables IIT and IV, we summarize the results of quantum-
oscillation measurements from Ref. [45] obtained in continu-
ous magnetic fields (H < 35 T). Similar results were obtained
in Refs. [67-69] in pulsed fields (H < 80 T). We show
hereafter that these data can be analyzed within two different
scenarios: a two- and a three-band model.
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FIG. 7. Comparison of published C.(T) [samples grown by solid-state reaction (gray) [33], KCIl : AICl; flux (dark yellow) [21], and
chemical vapor transport (red) [9,22-24,66]], to our samples with similar 7, values. The inset shows data below 3 K on an enlarged scale.
The dotted line is an entropy-conserving construction to determine 7, in our samples. The continuous red lines shown in (b) and (c) are
Schottky contributions Cse, (T, n) calculated with Eq. (D1) for the samples of Sun et al. [24] and Jiao et al. [22], respectively. The difference
C.(T) — Cscn(T, n) for both samples is compared in (f) to C,(T') of sample 5 and Lin er al. [21].

1. Two-band model (one hole and one electron bands)

In this case, o and y (8 and ) represent the extremal orbits
of an electron (hole) corrugated Fermi-surface sheet. Since
m& # m! and mf # m?, the minimal tight-binding model that

accounts for two orbits with different cyclotron masses is

given by
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FIG. 8. (a) Comparison of the low temperature C,/T of samples 2 and 7 to that of Chen et al. [9]. The 1 K anomaly is only observed in
our samples for measurements performed upon slow cooling. (b) Comparison of the mixed-state heat capacity reported by Sun et al. [24] (red
curve) to that of sample 1 (light green curve). The dark green curve shows the erroneous heat capacity of sample 1 obtained when the field
dependence of the addenda is not taken into account. (c) Field dependence of the addenda (dark yellow curve) and sample (light green curve)
contributions to the total heat capacity (dark blue curve). We find that the addenda in our setup have a strong field dependence in low fields.

with >0 and 7, > 0. Since kr < Z, %

» 5 We can Taylor
expand the cosines, which leads to

kK
e(k)=—4t+acos(kzc)+? = 4+ L (1475 cos (k.0)),
x ny

(E2)

= g2, 22 = b2 and a = —2(t, + 25¢). In the

2my > 2my

following, we can neglect 4¢ since it produces only a constant
energy shift. In this approximation, the orbit area A is given
by

where

Ao N/ Mxny (6 — acos (kzc)>' (E3)

K2 1 4+ 5 cos (k,c)

. . 2 .
Using the definition of m, = ;’—HM and the Onsager relation

€
_ h
F = mA, Weget

M,
me=————f (E4)
1 4+ ncos (k;c)
and
Fe Jmxmy (€p — acos (k.c) , (E5)
he 1+ ncos (k;c)

under the condition that € > «. Values of Iy, n, o,
e for each sheet are obtained by replacing the experimental
values of m, and F in Egs. (E4) and (ES) (see Table III). With
these parameters, the Sommerfeld coefficient y, of each band
can be calculated using

272
=7 k3N (0), (E6)
where
1 m,em
NO) = — |2 E7
© 2rhteV 1 —n? E7)

is the density of states (per spin orientation). Finally, the
number of carriers is given by

L
n=— | (eFﬂ(l Vi —n2)>. (E8)
mhc\V1—n n

As shown in Table III, we find that the carrier compensation
is fulfilled within 1% error in this two-band model while the
Sommerfeld coefficient amounts to 5.7 mJmol~! K~2. This
value is smaller than our direct heat-capacity measurement by
only about 17%. This scenario is compatible with the recent
ARPES study of Watson et al. on detwinned single crystals,
in which only one electron band was observed. [25]

TABLE III. The first four columns summarize the quantum-oscillation data from Ref. [45]. The next columns indicate the band-structure
parameters inferred from our analysis within a two-band model. m, is the bare electron mass. The value of k, is arbitrarily chosen.

Quantum oscillation

Two-band model

Orbit Carrier type F (kT) ’VZ—: k. n o (meV) e e€r (meV) n (carrier/Fe) y (mJ mol™' K~2)
o 0.06 1.92 0
electron 0.58 2.76 3.03 6.39 0.00802 2.6
y 0.57 7.22 z
B 0.20 4.31 0
hole —0.01 6.64 4.27 12.02 0.00812 2.98
0.68 4.22 z
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TABLE IV. The first four columns summarize the quantum-oscillation data from Ref. [45]. The next columns indicate the band-structure
parameters inferred from our analysis within a three-band model. m, is the bare electron mass. The value of k, is arbitrarily chosen.

Quantum oscillation data

Three-band model

Orbit Carrier type F (kT) % k, n o (meV) 7T er (meV) n(carrier/Fe) y(mJmol~! K-2)
o electron 0.06 1.92 - - - 1.92 3.62 0.00206 1.34
y electron 0.57 7.22 - - - 7.22 9.14 0.0196 5.04
B 0.20 431 0
hole —0.01 6.64 4.27 12.02 0.00812 2.98
1) 0.68 4.22 z
2. Three-band model (one hole and two electron bands) and
In this scenario, 8 and § are the extremal orbits of the hole LTy
. y
corrugated sheet, whereas « and y represent the frequencies n= WEF- (E10)

of two distinct 2D uncorrugated electron sheets. The results
of the two-band model are unchanged for the hole pocket.
However, for each electron sheet, the density of states and the
carrier densities are given by the following expressions:

My,

NO) = Y———
© 2wk’

(E9)

3

As shown in Table IV, we obtain a Sommerfeld coefficient
of about 9.36 mJ mol~! K—2 within this three-band model,
which is larger than our direct measurement by a factor 1.35.
Also, the carrier compensation is clearly not fulfilled in this
scenario.
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