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Tiny Fermi surface with an extremely light mass of ternary chalcopyrite CdSnAs; revealed by
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We report the electronic structure of the ternary chalcopyrite CdSnAs, using angle-resolved photoemission
spectroscopy (ARPES) combined with the band-structure calculation. The tiny Fermi surface (FS) with the Fermi
wave number kg = 0.012 A~! was observed, and the carrier density n = 1.2 x 10'7 cm™ was estimated. The
deduced carrier density n indicates the electron density parameter ry = 240, which corresponds to the extremely
low density limit of the three-dimensional (3D) electron gas. On the other hand, the calculated band structure of
CdSnAs, well reproduced the band gap and the effective mass reported by the Hall measurement, the Shubnikov—
de Haas (SdH) oscillation, and the optical measurement, quantitatively. Therefore, the ARPES results indicate
that the carrier density n decreases and there is a large deviation between the band calculation and the ARPES
band structure. These results reveal that the extremely low electron density can be realized near the surface due
to the bulk band-bending effect. Moreover, we found the high Fermi velocity of vg = 2.55 x 10° m/s and the
extremely light mass of m*/my ~ 0.005 comparable to the Dirac materials. This suggests that the effective mass
m*/my is reduced due to the effect of the long-range Coulomb interaction in the extremely low-density limit.
Our findings provide a venue to investigate the physics of the electron correlation in the extremely low-density

electron gas as well as the Wigner crystallization or Anderson localization.
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I. INTRODUCTION

Electron-electron correlation is one of the most funda-
mental concepts in condensed-matter physics. The simplest
correlated electron system is homogeneous three-dimensional
(3D) electron gas, which shows very rich and challenging
physical phenomena despite its simplicity. The electron gas
system is characterized by the electron-density parameter rs,
and the effective mass m*/my depending on r, is modified
by the electron correlation. The electron correlation in the
high-density region (r; < 1) is well established by the random
phase approximation (RPA). In contrast, a unified view has not
been obtained in the intermediate density region (2 < ry < 6)
corresponding to typical metals. The RPA approach reveals
the increase of the effective mass monotonically (m*/mgy >
1), and Hedin’s GW approximation shows that the effective
mass approaches the bare electron mass (m*/mgy ~ 1) with
increasing r, [1]. For the effective-potential expansion (EPX)
method, the screening effect of the Coulomb interaction van-
ishes and the long-range part o< 1/r of the Coulomb potential
is restored, that is, the exchange term and the correlation
term act to compensate each other. The resultant competition
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between the exchange term and the correlation term induces
the effective mass m*/my < 1 [2-4]. In the low-density re-
gion, the prediction of the electron crystal by Wigner has led
to attractive quantum phases such as paired electron crystal
and ferromagnetic liquid at low temperature [5-8]. However,
it is not clear whether the effective mass diverges, approaches
m*/mgy ~ 1, or decreases in the extremely low-density limit
where the Wigner crystal can be realized (r; ~ 100) at low
temperature following the discussion of the intermediate den-
sity region. To solve this issue, it is necessary to observe the
band dispersion and its effective mass in the low-density state
by ARPES measurement. In this context, we focus on the
electronic state near the surface affected by band bending in
the semiconducting materials where the electron density can
be controlled.

In this paper, we show the electronic structure of the
ternary chalcopyrite semiconductor CdSnAs, by means of
ARPES. An extremely small electron pocket with kg =
0.012 A~! was observed at the Brillouin zone (BZ) cen-
ter. We estimated the carrier density n = 1.2 x 107 cm—3,
corresponding to the low-density limit ¢ = 240. The Fermi
velocity of 2.55 x 10° m/s and the effective mass m* /mq ~
0.005 were estimated from the electron band dispersion,
which is strongly modified from those of bulk transport. These
values are remarkably comparable to the graphene with the
Dirac dispersion. Considering the comparison with the bulk
results, the low electron density state is realized near the
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FIG. 1. (a) Crystal structure and (b) Brillouin zone (BZ) of CdSnAs,. The crystal structure of CdSnAs; is visualized using the software
package VESTA [20]. (c), (d) FSs of the 'XZPY plane and the 'XY ¥ plane. The ARPES measurements were performed for the CdSnAs,
(110) plane at hv = 26 eV and the (001) plane at hv = 21.5 eV, respectively. (e) ARPES constant energy contours of the blue box area in
Fig. 1(c) extracted at different binding energies from Er to 350 meV. (f) Band dispersion along the I'-Z direction, which corresponds to the

blue arrow in Fig. 1(c). The data were collected at 7 = 20 K.

surface due to the band-bending effect derived from the space-
charge accumulation. Our data revealed that the effective mass
decreases in the extremely low-density limit at the surface.
This provides the experimental evidence for the behavior
of the effective mass in the low-density region, which was
previously unclear, and it opens up a venue for the electron
correlation study in the electron gas system.

A considerable number of studies have been conducted
on the semiconducting properties of chalcopyrite compounds.
CdSnAs; is a chalcopyrite II-IV-V, type compound with a
space group of /42d. The crystal structure of CdSnAs, resem-
bles the zinc-blende structure and consists of two tetrahedra
of CdAss and SnAsy as shown in Fig. 1(a). CdSnAs, shows
the n-type semiconducting behavior with a narrow gap of
0.22-0.28 eV [9-13]. The effective mass m*/my of CdSnAs,
was estimated to be 0.04-0.06 from the bulk transport mea-
surements such as the Hall coefficient and the SdH oscillation
[10,11,14-16]. The effective mass is light, and a high car-
rier mobility of ~12000 cm?/V s is realized [9]. A recent
theoretical study predicted that a 7% decrease of the lattice
constant induces the 3D topological state of CdSnAs, [17].
Moreover, there has also been growing interest in the electric
performance and the thermoelectric properties of CdSnAs;
because of the high carrier mobility [13,18,19].

II. EXPERIMENTAL SETUPS

Single crystals of chalcopyrite CdSnAs, were grown by us-
ing the Bridgman method. The SdH oscillation measurement
using the same batch of the ARPES measurement exhibits the
carrier concentration n = 3.2 x 10'8 cm™3 with kg = 0.036
A-! (rs = 80) [21]. The ARPES measurements were per-
formed at BL-9A of HiSOR and BL-7U of UVSOR using a
Scienta R4000 analyzer and a MBS Scientific Al analyzer,
respectively. The energy resolution was 15 meV (17 meV) for
circular polarized light (linear polarized light) hv = 26 eV
(21.5 eV) and the angular resolution was 0.3° (0.2°) for

HiSOR BL-9A (UVSOR BL-7U). The base pressure of the
chamber was 2.0 x 10~° Pa. To obtain a clean surface for
the ARPES measurement, the samples were cleaved in situ
at 20 K along the (110) and (001) planes for ARPES mea-
surements. The binding energy was calibrated by using the
Fermi edge of the gold reference. The electronic structure
was calculated by using the WIEN2K package [25] based on
the full-potential linearized augmented plane-wave (FLAPW)
method. The calculated results were obtained in the general-
ized gradient approximation (GGA) for electron correlations,
where we used the exchange-correlation potential [26]. To
obtain the insulating ground state, we used the Tran-Blaha
modified Becke-Johnson (mBJ) exchange potential [27,28].
We used the crystal structure at room temperature as re-
ported in Ref. [29] and set the muffin-tin radii Ryt of 2.5
(Cd), 2.49 (Sn), and 2.39 (As) Bohr and the plane-wave
cutoff of Kpn.x = 7.0/Rymr. In the self-consistent calcula-
tions, we used 125 k-points in the irreducible part of the
BZ. The spin-orbit interaction (SO) was included for all the
calculations.

III. RESULTS AND DISCUSSION

Figures 1(c) and 1(d) show the FSs obtained from the
different cleavages of CdSnAs,; (110) and (001) surfaces. The
tiny FSs were observed at the Brillouin zone (BZ) center
even in the different cleavage. We confirmed that the photon
energies of hv = 26 eV for the (110) plane and 21.5 eV
for the (001) plane correspond to the BZ center from the
photon energy dependence of the normal emission ARPES
along the I'-Z and I'-X lines [21]. Here, the observed FSs
strongly depend on the incident photon energy, indicating that
it is not the 2D surface state but the 3D electronic state.
The evolution of constant energy contour as a function of
binding energy (Ep) is plotted in Fig. 1(e). As we moved Ep
from Ef to 225 meV, the circular-shaped constant energy con-
tour shrinks gradually (electronlike behavior) and disappears.
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FIG. 2. (a) Band-structure calculation with SO+mBJ of
CdSnAs, along the I'-X and I'-Z directions. (b) Band dispersions
along the I'-X and I'-Z directions compared with the band-structure
calculations. The valence bands are shifted down by 180 meV.
(c) ARPES spectrum near Er compared with the band-structure
calculations and energy distribution curve (EDC) at the I point
(k =0+£0.025 A~"). The arrow indicates the shoulder structure
around —110 meV. The ARPES data were obtained from the
(110) plane at hv = 26 eV and the (001) plane at hv = 21.5 eV,
respectively.

Further, moving from Eg = 300 to 350 meV, the constant
energy contour enlarges (holelike behavior). Figure 1(f) shows
the band dispersion along the I'Z direction. Here, we note
that the band dispersion consisting of the tiny FS is not Dirac
dispersion but the electron parabolic dispersion. Our ARPES
data demonstrate that CdSnAs; consists of the spherelike tiny
FS at the BZ center.

Next we turn our attention to theoretical calculations of
CdSnAs; and comparisons with ARPES spectra. Since the
results of the usual GGA calculation do not reproduce the
band gap, we adopt the mBJ exchange-correlation potential
[30]. Figure 2(a) shows the band-structure calculation with
mBJ + SOC for CdSnAs, along the I'X and I'Z directions.
The resultant band dispersion is shifted along the energy scale
to be equal to the Fermi wave number obtained from the SdH
measurement of our sample [21]. Here, we underline that the
shifted band structure explains well the bulk properties of
CdSnAs;. The band structures indicate the direct band gap lo-
cated at the BZ center, and they agree with the previous studies
on the DFT calculation with mBJ [17,31]. The electron band
across Ep originates from the s-orbital I'g states, and the hole
bands are assigned to ['; and ['¢ states according to the nota-
tion of Refs. [17,32,33]. The calculated electron band crosses
Er at the Fermi wave number kg = 0.036 A~! and the bottom
of its band is located at —142 meV. The carrier density and
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FIG. 3. (a) Near-Er band dispersion along I"-Z direction taken at
T = 8 K and hv = 26 eV. The dots and the solid line indicate the
peak position of the momentum distribution curve (MDC) deduced
from the Voigt fitting and its fitted parabolic band dispersion. The
fitted result is compared with the band calculation including mBJ +
SO. The error bars represent the uncertainty of the peak position.
(b) The MDCs of ARPES spectrum of (a). The top panel is the fitted
result of MDC at E = Er + 5 meV. The bottom panel is the energy
dependence of MDC.

w

the effective mass are estimated to be ney = 3.2 x 108 cm™
(rs = 80) and m, /m, = 0.050, respectively. These show the
good correspondence with the previous reports on Hall mea-
surements and SAH oscillations for CdSnAs, [9-11,14-16].
In addition, the band gap between the electron band (I'7)
and the hole band (I'g) is ~ 245 meV, which agrees with
the previously reported values of 220-260 meV [9,11,13,14].
We compare the ARPES spectrum with the calculated bands
in Fig. 2(b). The calculated hole bands of I'; and I'¢ states
around —0.31 eV are shifted down by ~180 meV for com-
parison with the ARPES spectra. The observed hole bands
are basically consistent with the calculated band dispersions
along the I'X and I'Z directions. As shown in Fig. 2(c), the
ARPES intensity near Ef is identified and the Fermi cutoff
was clearly observed in the energy distribution curve (EDC).
Moreover, the shoulder structure at ~ — 110 meV can be seen,
corresponding to the bottom of the electron band. However,
the calculated electron band does not reproduce the ARPES
intensity near Er. Figure 3(a) shows the ARPES spectrum
along the I'-Z direction, corresponding to the blue arrow in
Fig. 1(c). We have fitted the momentum distribution curve
(MDC) at Er by the double Voigt function, which is the
Lorentz function convoluted with the instrumental angle res-
olution. Figure 3(b) shows the fitted result of the MDC at Ef
(top panel). The Fermi wave number of kg = 0.012 A~! is
remarkably small. Moreover, we deduced the electron band
by the Voigt fitting in the same procedure. The fitted results
are depicted as dots and show the parabolic dispersion in
Fig. 3(a). Here, the bottom of the electron band is located at
E = —115 meV. From the band dispersion, we estimated a
Fermi velocity vg ~ 16.8 eV A = 2.55 x 10° m/s. The valid-
ity of the MDC analysis is provided in Supplemental Material
[21]. The Fermi velocity vg of CdSnAs; is surprisingly high
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FIG. 4. (a) Temperature dependence of ARPES spectra along I'-Z direction (top panel). The ARPES spectra divided by FD functions for
each temperature convoluted with the energy resolution (bottom panel). (b) Temperature dependence of angle-integrated spectra along I'-Z

direction.

even without a Dirac dispersion and comparable to Dirac
materials such as a monolayer graphene [34-37], topologi-
cal insulators BiyTes, Bi;Se; [38—40], and Weyl semimetal
CdzAs, [41-45]. Further, we calculated an effective mass
m* = hkg/vg using the estimated kg and vg. This yields an ef-
fective mass of m*/mg ~ 0.005, which is smaller than that of
typical semiconductors by an order of magnitude [21,46,47]
and is comparable to graphene [21,37].

Figure 4(a) shows the temperature dependence of the
ARPES spectra along the I'-Z direction. To confirm the elec-
tronic structure slightly above Er, we have divided the ARPES
spectra by the Fermi-Dirac distribution (FD) function for each
temperature with the energy resolution as shown in the lower
panel of Fig. 4(a). The divided spectra exhibit spectral inten-
sity above EF, indicating that the band crosses Er. In Fig. 4(b),
the temperature dependence of angle-integrated spectra shows
the thermal broadening derived from the FD function.
Since the finite intensity is above Ep in the angle-integrated
spectra, the band crossing at Ef is also confirmed.

Here, we focus on the deviation of the ARPES spectrum
from the calculated band dispersion. The observed kg is al-
most one-third of the band calculation, while the calculated
band dispersion is in good agreement with the effective mass
and the band gap from the previous transport studies. The
smaller FS observed in ARPES suggests the difference from
the SAH oscillation measurements and the reduction of the
carrier concentration from those. This discrepancy is known
to occur in the semiconductors such as InSb, CdTe, and the
topological insulator Bi,Ses [48-50]. This is due to the bulk
band bending originating from the space-charge accumulation
near the surface. The surface depletion layer zg of ~25 nm is
estimated from zﬁ = k€gAV /en as the solution of the Poisson
equation. Here, the dc dielectric permittivity « is 11 [51]. The
energy difference AV of 115 meV is obtained by shifting
the calculated band dispersion to match the observed kg and
the calculated kg. Moreover, the effective mass of m™*/my =
0.005 is remarkably changed from that of m}, /mo = 0.050,
which is contrary to the electron-electron interaction on the

basis of Landau Fermi liquid theory and the electron-boson
interaction. For the 3D electron gas, the r, dependence of the
effective mass m* /mg shows the decrease and then exhibits the
increase for the RPA and the GW approximations [1,52,53].
On the other hand, the effective mass m*/my calculated by
Yasuhara, Ousaka, and Takada monotonically decreases as
a function of rg (m*/my < 1), which originates from the re-
sults of the disappearance of the screening effect and the
recovery of the long-range Coulomb interaction [2,4]. Our
experimental result suggests that the effective mass decreases
(m*/my < 1) in the extremely low-density limit, that is, the
effective mass does not diverge (m* — oo) in the Wigner
crystal region rg > 100. The low-density region ry > 5.25
shows an interesting property of a negative electronic com-
pressibility [54]. The electronic compressibility is defined as
1/k = n*(dj1/3n), where  is the chemical potential. Similar
to the shift of 180 meV for the holelike bands in Figs. 2(a) and
2(b), the energy gap between the hole bands and the electron
bands changes from 454 meV of ARPES to 245 meV of the
band calculation, which can be understood as a decrease of .
The carrier density n, alternatively, increases in going from
the results of ARPES to that of the band calculation. This
would be a result of the negative electronic compressibility
from ARPES to the bulk band calculation in the low-density
region, which was also observed in the other low carrier den-
sity materials such as (Sr;_,La,)3;Ir,O; and WSe, [55,56].
Finally, we mention the width of the MDC at Ef. Since the
width of the MDC at Ef reflects the mean free path [ = 1/ Ak,
we fitted the MDC at Eg by the two Voigt functions, which is
the Lorentz function convoluted with the instrumental angle
resolution [Fig. 3(b)]. The width of the Lorentz function Ak
and the mean free path / at T = 8 K are estimated to be 0.025
A~"and ~40.7 A, respectively. On the basis of the Mott-Ioffe-
Regel (MIR) criterion [57], the system is metallic for kgl > 1
and reaches the MIR limit for kg/ ~ 1. The MIR criterion of
CdSnAs; is kgl ~ 0.49, indicating a strong violation of the
MIR limit not due to the short lifetime T = [/Avg but to the
small kg. Thus, CdSnAs, would be located in the vicinity
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of the Anderson transition between localized and metallic
states.

IV. CONCLUSION

In conclusion, we have studied the electronic structure of
ternary chalcopyrite CdSnAs; using ARPES combined with
the band-structure calculation. The tiny FS consisting of the
electron band was observed in the BZ center, which corre-
sponds to the extremely low-density limit in the 3D electron
gas. The observed electron bands show the enhanced Fermi
velocity vp and the extremely light electron mass m*/my,
which are comparable to the Dirac materials such as graphene,
topological insulators, and Weyl semimetals. Our results sug-
gest that the fascinating electronic state with the light electron
mass is realized in the extremely low electron density limit
at the surface of CdSnAs,. We believe that the findings will
open up new opportunities for the Fermi velocity engineering

using the electron gas as well as the electron correlation in the
low-density limit of the electron gas such as Wigner crystal.
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