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Abstracto

In this p@p report a detailed analysis of the temperature-dependent optical
propertie taxially grown cadmium arsenide (CdsAsz), a newly discovered three-

dimensio c semimetal. Fermi level tuning—instigated from Pauli-blocking in the
linear Dirac cop@—and varying Drude response, generate large variations in the mid-
and far-infrared optical properties. We demonstrate thermo-optic shifts larger than
those of @nal [II-V semiconductors. Electron scattering rate, plasma frequency
edge, Ferii | shift, optical conductivity, and electron effective mass analysis of
CdsAs2 thipefilmag are quantified and discussed in detail. Our ab initio density functional
study ang @ mental analysis of epitaxially grown CdzAs: promise applications for
nanophotOhic®@nd nanoelectronic devices, such as reconfigurable metamaterials and
metas oscale thermal emitters, and on-chip directional antennas.

Intro

Dirac semimetals present remarkable potential for high performance optical, electrical
and ther;sl devices. The foremost example is graphene, a two-dimensional (2D) Dirac
semimetal, has drawn tremendous attention since its discovery. Examples of

graphenef s include electro-optic modulators 1.2, field effect transistors (FETSs) 3,
spintroni 2s 4, and tunable metasurfaces 5 ¢. Considerable interest in graphene
applicatio fundamentals has spurred a complementary interest in cadmium
arsenide §(CdzAsz)—a 3D Dirac semimetal. Cd3Asz possesses many of the same
intereﬁelectronic properties as graphene with the additional benefit of
possessi ng light-matter interaction conferred by its three-dimensional (3D)

nature 7. trast to 2D materials which show near-zero thermal expansion, 3D
materials are eXpected to have a larger thermal expansion coefficient (TEC)% 10. The
large the tric power factor 11, high carrier mobility 12, and resistance against

oxidation 13
8, 14-16

larly make Cd3As: a superb candidate for optoelectronic applications 7

From a basic sctentific perspective, Cd3Aszis an excellent playground for studying exotic
and non-trivial topological phases of matter and intriguing condensed matter
phenomena, such as linear quantum magnetoresistance 17 and chiral anomaly 18 19,
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Thermoelectric signatures of the chiral anomaly in Cd3Asz has recently been reported?20.
Additionally, Cd3Asz has recently been exploited to realize a Weyl semimetal state 1618,
To get a Weyl semimetal phase, either time reversal (TR) or inversion symmetry needs
to be lenike graphene, the Dirac points in the Brillouin zone are protected by

the point C4 symmetry for CdzAs;) and cannot be gapped via spin-orbit coupling
(S0Q).

Interestingspueperties of this Dirac material system have been revealed via a variety of
experimeffital techniques such as surface tunneling microscopy (STM) to determine the

Lifshitz ergyl>, angle-resolved photoemission spectroscopy (ARPES) and
transportfmeas@rements to study the linear dispersion?l, and time-resolved optical
pump an rtz (THz) probe spectroscopy to examine the relaxation dynamics of
photoexcitgdgraiticles?2. To date, many tunable optical and thermal properties of Cd3As:
remain u ored. Moreover, characterizing the dynamics of charge carriers subjected
to electromagnetic perturbation is essential for the fundamental physics of optical
excitations 23 or future photonic, optoelectronic, and thermoelectric CdzAs> devices,
knowled thermo-optic coefficient (TOC), TEC, and the carrier transport under
different g temperatures is crucial.

In this e use infrared (IR) spectroscopy to investigate the thermo-optic

properties_of Cd:As; and demonstrate large optical tunability in the mid and far-IR

regions. a Hz spectroscopy are robust techniques for characterizing optical and
electronic erties of Dirac and Weyl semimetals 2529, For example, optical
spectr i f Dirac and Weyl semimetals has been used to study the excited
transient it@uic instability 23 and chiral anomaly 1°. Through IR spectroscopy, we
demons rge thermo-optic tuning of the CdsAsz permittivity. Our modeling of these
result the linear dispersion model for CdsAsz, providing estimates of the

temperature-dependent electron scattering rate, Fermi energy, and plasma frequency of
epitaxiallfFgrown CdsAs: films. The results presented in this paper may excite further
research able optical and electronic response of Dirac and Weyl semimetals and

may ope\®v applications in reconfigurable optoelectronic and nanoscale thermal
devices.

Film g£ characterization

High QMASZ films were grown under ultra-high vacuum by molecular beam
epitaxy ( (111)A-CdTe 4° miscut substrates (film thickness is 500 nm). Details
of the growth gan be found in our previous reports 30 31, CdsAs: films display good
surface morp gy and high mobility as shown in Supplementary Figure S1. Infrared
spectra ecorded using a Fourier Transform Infrared (FTIR, Vertex 70, Bruker)
micro ith a 15X objective (N.A. 0.4) and liquid-nitrogen-cooled mercury-
cadmium telluffde (MCT) photodetector.

Results and discussion
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The reflectivity spectra of an epitaxial (112)CdzAs; thin-film grown on CdTe substrates
are shown in Figure 1 at various temperatures. At long wavelengths, a roll-off of the
reflectivity due to the Drude response of free-carriers is observed. The roll-off becomes
more Hd with increasing temperature, indicating an increasing Drude
response, 4 g increase in plasma frequency with temperature. The effect on the
infrared is indicated by a Kramers-Kronig (KK) consistent contribution to
the pegmittivitedescribing this intraband response: epryge = —wz(:%. To achieve good
fits of the@frared permittivity an additional interband optical response is needed.
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Figure 1. Reflectivity of Cd3As; at different temperatures. Measurements are
s normalized to the reflectivity of gold.

Consider dy-centered tetragonal primitive unit cell of Cd3zAs> 32, shown in Figure

2(a). App st-principle density functional theory (DFT), we obtain crossed linear

electronic Bafds near the I point as shown in Figure 2(a) 3233, giving rise to Dirac

fermioﬂerband absorption is described by an optical conductivity given by
35

Equati 4

H Ointer(W) = eZNWEQ[hw - 2.“] (1)

12h Vf

where 6 | ering-broadened Heaviside function 2>, N, is twice the number of spin-
degenerate (taken to be N,=4 here), v¢ is the Fermi velocity, A is Plank’s constant,
his th«Planck constant, w is the angular frequency, e is the electron charge,
and u is the electrochemical potential (Fermi level, E¢ is interchangeably used). This real-

valued conductivity produces an imaginary component of the permittivity according to

Im{ginter} = iw0inter(w). In turn, this produces a real valued permittivity component
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derived from a Kramers-Kronig transformation 2> Re{eipier (@)} =
—%Pffmwdw’. Taking the intra and interband terms together we fit measured
infrareowy using a permittivity function described in Equation 2, in which €, is
the effect @ ground dielectric constant, w, is the plasma frequency, and I is the

llision f ﬂ .
co |5|02 requency
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Figure&e electronic band structure from DFT calculation with Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional with SOC. The band
structure for Cds;As; with 14;/acd space group and 80 atoms per unit cell. (b)

Fits to the experimental reflectivity curves in Figure 1 via KK consistent data.
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(c) Heaviside step function and broadening effect. Inset shows the Pauli
blocking edge and the interband transition (orange arrow). (d) Optical
Hctivity as a function of wavelength at 80K and 400K.

omplex permittivity into transfer-matrix calculations, we fit the
associated @ reflectance curves with free-parameters: {vf, W wp, I’ }. Results are
plottedn"Fig#Te 2(b). The temperature-dependent broadened Heaviside functions and
associate ical conductivities are shown in Figure 2(c) and 2(d) respectively. The
onset of ipterBand absorption (>2u) shifts to longer wavelengths (lower energy) as
temperatfire in€reases, consistent with previous theoretical calculations of the
temperatu endent chemical potential 27,36, A summary of temperature-dependent

fit parammisted in Table 1 and summarized in Figure 3.
Table 1. Fitted parameters for the acquired temperature-dependent reflectivity data.

Parameter Value at 80K Value at 180K Value at 300K Value at 400K

500 nm 500 nm 500 nm 500 nm

Q
=)
D
[
(%]

1.6x10° m/s 1.7x10° m/s 2.3x10° m/s 2.6x10° m/s

Vs
\w,,\l 19.72 THz 26.76 THz 48.35 THz 57.65 THz
|—
r 3.92 THz 4.11 THz 4.40 THz 4.48 THz
I (130.8 cm™) (137.2cm™y (1469 cm™) (149.5 cm™)
2u 126 meV 124.5 meV 115.6 meV 109 meV
~
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Fig a) Temperature dependent change of the Fermi level. (b) Fermi

vel riations from 80 K to 400 K. (c). Drude weight variations as a
function of temperature. Dashed green line is the x T? proportionality. (d)
Elesron scattering rate changes with temperature. Markers indicate

experimentally obtained data points.

ical potential shown in Figure 3(a) are complemented by an increase
in Fermi velOCity with increasing temperature Figure 3(b). Our derived values for vt

(1.6 );m 105 m/s) are less than those determined from previous ARPES and

STM ts 1537 (9.4 x 105 - 1.3 x 10¢ m/s) but consistent with previous results
derived fgpom optical spectroscopy, and the trend with temperature follows expected
behavior !iven the temperature-dependent chemical potential 27.

The temperatur@-dependent CdzAsz Drude response is plotted in Figure 3(c) in terms
of a Drud t 38,39

Sp = 2m3c?eow, (3)
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where c is the speed of light in vacuum,¢, is the permittivity of free space, and w,is the
plasma frequency. The Drude weight exhibits a quadratic temperature dependence in
good agreement,with previous studies 363839, A small increase in scattering rate with
temper%so observed Figure 3(d) and is qualitatively consistent with expected

behavior j Drude systems 40, 41,
The com ature-dependent permittivities inferred from these fits are plotted

in Figlré™#@™The average TOC (i.e.,, change in permittivity with temperature, Z—;),
from 80 m, is 102 x 10~*/K at a wavelength of 14 um which is larger than the
TOC of traditiagal II1I-V semiconductors 42. A comparison between the TOC of CdzAs;
with a fefg wellfknown semiconductors is provided in the supplementary information
(Supplemen Table S1). These results are compared to temperature-dependent
optical pmties calculated with the independent-particle approach (IPA) based
density f iaffal perturbation theory (DFPT), where the temperature dependence is
captured asi-harmonic approximation (QHA) calculation of the temperature-
dependent latti; parameters. As mentioned above, the linear band structure of CdzAs>
can be obtained using the large unit cell model (80 atoms per unit cell), however, such a
large uniﬂcomputationally intensive for the QHA calculations. We instead use a
small 105 nit cell 32 33 that shows good agreement with the more rigorous
calculatio igure 4 (f)), thanks to the fact that the long-wavelength IR response is
not sensm‘ the short-range arrangement of the Cd vacancies in the crystal
structure. ch set of temperature-dependent lattice parameters we calculate and
plot t of the diagonal elements of the dielectric tensor. The real and
imaginary re plotted in Figure 4(b). The DFT results agree well with the attained
experi ata. Figure 4(c) and Figure 4(d) show the change in real (Ae,) and
imagi parts of the permittivity as obtained via measurements and DFT,
respectively.
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Wavelength-dependent permittivity for small (10 atoms per unit cell) versus

T

Figure 4 s the large thermal expansion coefficient obtained from the QHA
calculatiofis., ed values are an order of magnitude higher than conventional III-V
semicdfid .- Thermal expansion of CdsAs: results from weaker atomic binding
between ES at higher temperatures, which may induce greater polarizability of
the lattice

large (80 atoms per unit cell) unit cells.

DFT-baseus were performed for CdzAsz as an intrinsic semimetal; however, the

experimenga easured chemical potential was approximately 60 meV above the
Dirac node, ating an unintentionally n-type doped CdsAs:. This factor may be
responsiblé” for subtle differences between the physical measurements and DFT
calculations.

The obs arge changes in optical permittivity may be exploited to engineer
reconfig frared photonic elements such as optical antennas and metasurfaces.
As a cam using the results presented here we demonstrate simulations of
reconfigur sorption in a CdsAsz metasurface array results can be found in the
Supplemént formation Figure S3.

Conclusi

In co e have studied the temperature-dependent optical properties of
epitaxially grown three-dimensional Dirac semimetal CdzAs; and demonstrated large IR
thermo-optic shift originating from tuning of the Fermi distributions. The large thermo-
optic shi well with DFT calculations and likely arise from the materials’ large

thermal expansion coefficient. The results demonstrated here suggest the potential for
creating gurable electronic and optical devices based on Dirac and Weyl
materials.

Compt% details: Electronic properties calculations: for the small unit cell
resultswed a unit cell with 4 As atoms and 6 Cd atoms. The primitive cell had a
tetragon re, in which the As atoms occupy corner and face-center positions and
the 6 Cd atomsMform a cube with two vacancies located diagonally on one surface, as
shown in the 1nset of Supplementary Figure S4. The electronic band structures are
calculate g Vienna ab-initio simulation package (VASP) 43 44 with the Perdew-
of (PBE) generalized gradient approximation (GGA) %> exchange-
jonal. The crystal structures were relaxed and the Hellmann-Feynman

correlation

J— o _1
force tolerance was set to 10 %eVA . The kinetic energy cutoff for the wave functions

was set at 680 eV (50 Ry), the energy convergence threshold was set as 1078 eV. The
Monkhorst-Pack k-meshes 46 of 4 X 4 X 4 was used to sample the Brillouin zone. The
convergence for the cutoff energy of the planewave basis and the k-grid density was
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checked. All the DFT calculations included the spin-orbit coupling (SOC) effects. Quasi-
harmonic approximation calculation based on DFT was conducted using the PHONOPY
code 47 tg calcylate the phonon and the thermal expansion properties. We used the
finite Hacement method with the atomic displacement amount 0.03A. The
supercell se calculations are 3 X 3 X 3 (270 atoms).

The statiﬂproperties based on DFPT: The average of the frequency-dependent

dielectmicfmmetion tensor was calculated within the independent-particle approximation

(IPA) 48. Rhe calculations for the static dielectric properties were done using the density
functional péerturbation theory (DFPT). The temperature-dependence originated from
the varyi % e parameters at different temperature from the QHA calculations. For
the dielecthigsffiction calculations, we adopted a fine k-mesh 10 X 10 X 10, and denser
meshes w, d around the Dirac nodes for added resolution for the long wavelength
region.
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Cadmium arsenide (CdsAsz) is a material receiving considerable interest due to its
status as one of the first known examples of a three-dimensional Dirac semimetal. Here,
we quantify thirmo-optic properties of Cds3Asz, demonstrating thermo-optic shifts

larger ditional III-V semiconductors. These experimental results and
accompa Bgheoretical descriptions highlight the potential of Cd3As:z as the basis for
tunable i @ optical devices.
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