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1. Sample Growth and Characterization
High-quality single crystals of tetragonal β-FeSe were grown by the
vapor transport method at Karlsruhe Institute of Technology. (1).
A mixture of Fe and Se powders was sealed in an evacuated SiO2
ampoule together with KCl and AlCl3 powders. The ampoule was
heated to 390 °C on one end while the other end was kept at
240 °C. After 28.5 d, single crystals of FeSe with tetragonal mor-
phology were extracted at the cold end. We note that the crystals
grow directly in the tetragonal phase at these temperatures,
resulting in high-quality single crystals free from structural trans-
formations or decomposition reactions. Wavelength-dispersive
X-ray spectroscopy reveals an impurity level below 500 ppm. In
particular, there is no evidence of Cl, Si, K, or Al impurities. X-ray
diffraction confirms the tetragonal structure with lattice constants
a = 3.7707(12) Å and c = 5.521(3) Å. Structural refinement shows
the stoichiometric composition of Fe and Se within the error
[Fe:Se = 0.995(4):1]. The structural z parameter of Se is zSe =
0:26668ð9Þ. No indications for interstitial atoms were found.
The extremely small level of impurities and defects (less than

one impurity per 2,000 Fe atoms) are confirmed by scanning
tunneling microscope (STM) topography (Fig. S1).
Fig. S2B shows the magnetic susceptibility χ of the sample

used for the penetration depth measurements (Fig. 1B), which
is measured by superconducting quantum interference device
magnetometer under zero-field cooling condition with a field
applied parallel to the c axis (H = 1 Oe). The sample size is
approximately 300× 300× 10 μm3. The susceptibility shows
sharp transition with the width (10–90%) of 0.3 K and Tc defined
as the midpoint of the transition as 9.25 K. Fig. S2A shows the
resistive transition of another sample of the same batch (Fig. 1A,
Inset). The temperature at which the resistivity goes to zero is
9.40 K, which is very close to Tc determined by χ.
The high quality of our samples allows quantum oscillations

aboveHirr to be observed (2). The results, together with large RRR
value (Fig. 1A), large magnetoresistance (Fig. 1A, Inset), and ex-
tremely small level of impurities and defects (Fig. S1), demon-
strate that the crystals used in the present study are very clean.

2. Transport Measurements
Thermal conductivity and magnetoresistance were measured on
the same crystal (880× 340× 10 μm3) using the same contacts.
We attached the contacts after cleaving the surface. The thermal
conductivity was measured by the standard steady-state method
in a dilution refrigerator. Hall and Seebeck measurements were
performed on another crystal (850× 1000× 5 μm3).
Above 10 K, the magnetoresistance Δρ=ρ≡ ðρðHÞ− ρÞ=ρ ex-

hibits an Hn (n∼ 2Þ dependence without saturation (Fig. S3A),
which demonstrates the nearly perfect compensation, i.e., an equal
density of electrons and holes, nh = ne. In a compensated metal,
the magnetoresistance is given by Δρ=ρ= ðωe

cτeÞðωh
c τhÞ, where

ωc = eμH=m is the cyclotron frequency for carriers with mass m
and scattering time τ (3). The suffixes e and h denote “electron”
and “hole,” respectively. At T = 10 K we estimate ðωe

cτeÞðωh
c τhÞ≈ 5

at 10 T, indicating the high mobility of charge carriers.
Fig. S3B shows the temperature dependence of the Hall co-

efficient Rh in the zero-field limit. Above 100 K, Rh is close to
zero. Below ∼60 K, Rh is negative and strongly temperature de-
pendent. In a compensated metal, the Hall coefficient is given by
Rh = 1=neeððωe

cτe −ωh
c τhÞ=ðωe

cτe +ωh
c τhÞÞ (3). The strong T de-

pendence of Rh indicates that the electron and hole mobilities are
of the same order (4), which is consistent with the QPI results.
Fig. S3C shows the temperature dependence of the Seebeck

coefficient divided by T, S=T. Below 40 K, S is negative. The
Seebeck coefficient in the single-band case is expected to be
T-linear in the zero-temperature limit and linked to «F by
S=T = ± ðπ2=2Þðk2B=eÞð1=«FÞ. In a multiband system with both
electrons and holes contributing with opposite signs to the
overall Seebeck response, the single-band formula sets an upper
limit to the Femi energy of the dominant band (5). From
S=T ∼ 3:5 μV/K2 at low temperatures above Tc, we estimate the
upper limit of «eF to be ∼10 meV.

3. London Penetration Depth
To determine the absolute value of the in-plane London pene-
tration depth λLð0Þ in a small single crystal reliably, we combined
the high-precision tunnel diode oscillator (TDO) (resonant fre-
quency of f = 13 MHz) and the microwave cavity perturbation
(f = 28 GHz) techniques (6).
For the TDO technique, we can determine the change of the

London penetration depth δλL ≡ λLðTÞ− λLð0Þ by the change of
the resonant frequency δf ≡ f ðTÞ− f ð0Þ, δf =GδλL. The calibra-
tion factorG is determined from the geometry of the sample. We
measured δf down to 100 mK.
For the microwave cavity perturbation technique, we used

a superconducting cavity resonator with high Q factor (Q> 106).
We measured the microwave surface impedance Zs =Rs + iXs in
the Meissner state down to 4.2 K, where Rs and Xs are the
surface resistance and reactance, respectively (Fig. S4A). In the
present frequency range, the complex conductivity σ = σ1 − iσ2 in
the skin-depth regime is given by Zs through the relation

Zs =Rs + iXs =
�

iμ0ω
σ1 − iσ2

�1=2

: [S1]

In the Hagen–Rubens limit, ωτ � 1, where ω is the microwave
frequency and τ is the scattering rate, σ2 is related to λL by
σ2 = 1=μ0ωλ

2
L. In Fig. S4B, the blue circles show σ2ðTÞ=σ2 ð4:2 KÞ,

which represent the normalized superfluid density ρs. The
solid lines represent ρs obtained from δλLðTÞ assuming several
different λLð0Þ values. The best fit is obtained for λLð0Þ≈
400 nm.

4. Quasiparticle Interference
Fig. S5 A–L shows the energy-dependent QPI patterns at 12 T.
Fig. S5 A–C displays the normalized conductance images of
occupied states. To avoid the so-called set-point effect associated
with the spatial variation of the integrated density of states (7),
raw conductance data dI=dV are normalized by I=V , where I and
V are tunneling current and bias voltage, respectively (8). The
nearest-neighbor Fe–Fe distance is larger along the b axis than
along the a axis. Fig. S5 D–F displays Fourier-transformed im-
ages of Fig. S5 A–C. Fig. S5 G–I displays the normalized con-
ductance images of unoccupied states. Fig. S5 J–L displays
Fourier-transformed images of Fig. S5 G–I.
Fig. S6A shows STM topographic image of the dumbbell-

shaped impurity. Fig. S6B shows scanning tunneling spectroscopy
(STS) spectra at the impurity (blue) and at the position far from
the impurity (red). A sharp peak at + 10 meV in the STS
spectrum (blue) arises from the impurity bound state, which
gives rise to the q-independent dispersion shown in Fig. 2 B–E.
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5. Magnetic Torque
The magnetic torque was measured using a piezoresistive
microcantilever technique down to 30 mK and up to 17.8 T. A
small single crystal of approximately 100× 100× 15 μm3 was
mounted on the lever with a tiny amount of Apiezon grease. The
field is slightly tilted away from the c axis. Fig. S7 shows the field
dependence of the torque signal. The irreversibility field Hirr is
defined by the point where the hysteresis loop has closed to

a level of 0.3% (arrows pointing down). We note that Hirr de-
termined by the magnetic torque coincides well with the Hirr
defined by the zero resistivity as shown in Fig. 4 in the main text.
A broad peak effect associated with the order–disorder transi-
tion of the flux-line lattice is observed after subtraction of a
smooth background (arrows pointing up indicate the maximum).
The peak field is seen to be strongly temperature dependent, in
contrast with the Hp line.
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Fig. S1. STM topograph of FeSe at 1.5 K. White bright spots are impurities or defects. Feedback conditions are sample bias voltage Vs =+95 mV and tunneling
current It=10 pA.
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Fig. S2. Superconducting transition of FeSe single crystals. (A) Resistive transition in zero field. (B) Magnetic susceptibility measured under zero-field cooling
condition.
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Fig. S3. Transport properties of FeSe single crystals. (A) Magnetoresistance above 10 K. (B) Temperature dependence of the Hall coefficient RH. (C) Tem-
perature dependence of the Seebeck coefficient divided by T, S=T .
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Fig. S4. Determination of absolute value of the penetration depth. (A) Temperature dependence of the microwave surface resistance Rs and reactance Xs. (B)
Temperature dependence of σ2 in microwave surface impedance measurements (blue circles, right axis) and normalized superfluid density ρs calculated from
δλL in TDO measurements by assuming different values of λLð0Þ (solid lines).
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Fig. S5. Energy-dependent QPI patterns at T = 1:5 K and μ0H= 12 T. Scan area is 45 nm×45 nm. Feedback conditions are Vs = + 50 mV and It = 100 pA. Bias
modulation amplitude for spectroscopy was set to 1 mVrms. (A–C) Normalized conductance, dI/dV(V/I), images of the occupied states at V = −15 mV (A), −30 mV
(B), −50 mV (C). (D–F) Fourier transform of the images shown in A–C. (G–I) Normalized conductance images of the empty states at V = +15 mV (G), +30 mV (H),
+50 mV (I). (J–L) Fourier transform of the images shown in G–I.

Fig. S6. Impurity states revealed by STM. (A) 5 × 5 nm2 STM topographic image of the dumbbell-shaped impurity taken at T = 0:4 K. Feedback conditions are
sample bias voltage Vs = + 95 mV and tunneling current It = 100 pA. (B) Tunneling conductance spectra at T = 0:4 K. Spectra were taken with bias modulation
amplitude 50 μVrms after freezing the tip at Vs =+20 mV and It = 100 pA.
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Fig. S7. Field dependence of the magnetic torque at low temperatures. Each curve is vertically shifted for clarity. Downward (upward) arrows mark the
positions of the irreversibility (peak) field.
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