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Cadmium arsenide (Cd3As2) hosts massless Dirac electrons in its ambient-condition tetragonal phase. We
report x-ray diffraction and electrical resistivity measurements of Cd3As2 upon cycling pressure beyond the
critical pressure of the tetragonal phase and back to ambient conditions. We find that, at room temperature,
the transition between the low- and high-pressure phases results in large microstrain and reduced crystallite
size, both on rising and falling pressure. This leads to nonreversible electronic properties, including self-doping
associated with defects and a reduction of the electron mobility by an order of magnitude due to increased
scattering. This paper indicates that the structural transformation is sluggish and shows a sizable hysteresis of
over 1 GPa. Therefore, we conclude that the transition is first-order reconstructive, with chemical bonds being
broken and rearranged in the high-pressure phase. Using the diffraction measurements, we demonstrate that
annealing at ∼200 ◦C greatly improves the crystallinity of the high-pressure phase. We show that its Bragg peaks
can be indexed as a primitive orthorhombic lattice with aHP ≈ 8.68 Å, bHP ≈ 17.15 Å, and cHP ≈ 18.58 Å.
The diffraction study indicates that, during the structural transformation, a new phase with another primitive
orthorhombic structure may also be stabilized by deviatoric stress, providing an additional venue for tuning the
unconventional electronic states in Cd3As2.

DOI: 10.1103/PhysRevMaterials.5.024209

I. INTRODUCTION

Electronic states with topological properties have been
observed in several materials in recent years [1]. Among
these, Cd3As2 is particularly important, as it is stable in air
and is easily synthesised via standard methods. The ambient-
condition tetragonal phase of Cd3As2 hosts gapless electronic
states with a linear dispersion relation caused by symmetry-
protected band crossings along �-Z in the Brillouin zone,
as predicted by Wang et al. [2] and subsequently observed
by angle-resolved photoemission spectroscopy and transport
studies [3–6]. The topological protection leads to Fermi arcs
on the surface of Cd3As2 crystals [7] and quantum Hall states
along the edges [8,9]. Recently, topologically protected states
have also been observed in thin films of Cd3As2 [10–12].
Thus, Cd3As2 is currently being explored for technological
applications based on the topological properties, e.g., for opti-
cal switches, electronic devices operating at frequencies in the
terahertz regime, and high-sensitivity photodetectors [13–15].
In addition, Cd3As2 is a prime candidate for applications
based on the large magnetoresistance, room-temperature chi-
ral charge pumping, thermoelectric properties, and possible
topological superconductivity [16–20]. Assessing the stability
of the ambient-condition phase of Cd3As2 and understanding
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conditions from which this phase can be recovered with ul-
trahigh carrier mobilities after applying strain is of paramount
importance for the development of devices based on this topo-
logical semimetal.

The ambient-condition phase of Cd3As2 (phase I) hosting
the topologically protected electronic excitations has a dis-
torted superstructure of the CaF2 type [21]. Since Cd3As2 is
Cd deficient compared with the ideal antifluorite stoichiome-
try, missing two out of eight Cd atoms needed to form a simple
cube around the As, the superstructure can be envisioned as
consisting of distorted Cd6�2 cubes (where � denotes an
empty vertex) that are ordered in a spiraling corkscrew fashion
along an axis parallel to the c direction of the tetragonal crystal
lattice. The latest single-crystal x-ray diffraction (XRD) study
revealed that each corkscrew is surrounded by corkscrews of
the opposite chirality, resulting in the centrosymmetric crystal
structure with the space group I41/acd [21]. As a conse-
quence of the centrosymmetric symmetry, no spin splitting is
allowed at the symmetry-protected band crossings, and a bulk
Dirac point at the Fermi energy along �-Z results, making
the ambient-condition phase of Cd3As2 a three-dimensional
analog of graphene [22]. Breaking various symmetries us-
ing tuning parameters such as temperature or pressure, P,
may drive this system into other nontrivial quantum states
[3,23,24].

With increasing temperature, Cd3As2 undergoes three
consecutive structural phase transitions. It transforms to a

2475-9953/2021/5(2)/024209(12) 024209-1 ©2021 American Physical Society

https://orcid.org/0000-0003-3360-4006
https://orcid.org/0000-0002-2247-7171
https://orcid.org/0000-0002-7707-2382
https://orcid.org/0000-0002-0606-4991
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.5.024209&domain=pdf&date_stamp=2021-02-26
https://doi.org/10.1103/PhysRevMaterials.5.024209
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Zn3As2-type structure (P42/nbc; phase II) at ∼220 ◦C and
to another primitive tetragonal phase of the Zn3P2-type
(P42/nmc; phase III) at ∼470 ◦C before entering the CaF2-
type face-centred cubic (fcc) structure (Fm3̄m; phase IV) at
∼600 ◦C, which remains stable to the melting temperature
[25–27]. Crystal structures of the high-temperature phases
can be viewed as antifluorite superstructures containing 128,
32, and 8 distorted Cd6�2 cubes per conventional unit cell,
respectively, and the transitions between them are related to
changes in distribution of Cd atoms among the tetrahedral
voids [21]. In the high-temperature fcc phase, the Cd ions are
disordered [26], whereas in all the lower-temperature variants,
the Cd atoms form ordered patterns and shift from the ideal
antifluorite positions toward the empty vertices of Cd6�2

cubes. The transition between the Zn3As2- and Zn3P2-type
phases at 470 ◦C has all the signatures of a typical first-order
structural change; it proceeds quickly and with a notable
thermal hysteresis. In contrast, the transition at 220 ◦C from
the Zn3As2-type structure to the ambient-temperature phase
I progresses slowly and shows no distinct hysteresis [26].
Evidence for an intermediate phase with disordered crystal
structure was found at the isomorphic transition in Zn3As2

[26].
At high pressures (P), additional phases of Cd3As2 have

been identified [25,27]. At room temperature, a high-pressure
semiconducting phase V was reported with a trigonal, or-
thorhombic, or monoclinic symmetry [25,28–30] above Pc ≈
2.3 GPa; this phase was mapped out to be stable up to 550 ◦C.
Above 550 ◦C, three more high-pressure phases were detected
but have not yet been characterized. Raman and optical reflec-
tivity measurements indicated the presence of a consecutive
phase at pressures above 9.5 and 8 GPa, respectively [31,32]
where superconductivity was observed [30].

Although the presence of the Cd3As2 phase V at high
pressures has been established, the correlation between the
structural and electronic characteristics is still under debate. In
particular, some studies show that the metal-to-semiconductor
transition coincides with the structural phase transition from
the ambient-condition phase I to the high-pressure phase V
[29], whereas other reports indicate that the onset of semicon-
ducting behavior occurs at much lower pressures (∼1.1 GPa)
compared with the structural phase transition [30]. Fur-
thermore, recent magnetotransport measurements revealed a
sudden shrinkage of the Fermi surface and an anomaly in the
phase factor coincident with an anisotropic compression of
the crystal lattice at P ≈ 1.3 GPa, interpreted as an indication
for opening of a band gap [33]. Those inconsistent findings
motivated us to investigate in detail the pressure-driven evolu-
tion of the crystal structure and transport properties of Cd3As2

between the ambient-condition phase I and the high-pressure
phase V by means of high-resolution powder XRD, electrical
resistivity, and Hall effect measurements.

II. METHODS

A. Experimental details

Needle-shaped single crystals were grown from self-flux
in Cd excess, as described in Ref. [21]. High-purity Cd and
As were loaded into an alumina crucible and sealed inside

a quartz ampoule. The materials were heated to 825 ◦C and
slowly cooled to 425 ◦C before being centrifuged to remove
excess Cd. The single-crystal nature of selected samples was
confirmed with XRD. Stoichiometric composition of repre-
sentative single crystals was confirmed with energy dispersive
x-ray spectroscopy. Our samples show a residual resistiv-
ity ratio of seven, slightly larger than samples in previous
high-pressure studies [29,30,33]. As-grown single crystals
displaying clear facets were used for our electrical transport
study. For powder XRD measurements, crystals were ground
with a slight amount of glycerol to avoid dust.

Electrical resistivity and Hall effect measurements at room
temperature were conducted in piston-cylinder cells with
glycerol as a pressure transmitting medium. The resistance
of a manganin wire was used as a continuous pressure gauge
with in situ calibration on the resistive transitions of bismuth
I-II and II-III [34]. The load on the piston-cylinder cell was
regulated with a home-build hydraulic setup enabling slow
pressure sweeps with virtually constant sweep rate dP/dt (see
inset of Fig. 2). The resistance and Hall effect were measured
using a standard 4-point technique with a Stanford-Research
SIM921 ac resistance bridge. The Hall effect was measured
at fixed pressures in a ±0.2 T electromagnet, giving rise to a
transverse resistance Rt linear in magnetic field B. The Hall
coefficient RH was extracted from the slope of linear fits to
Rt (B). Sample dimensions were measured with an optical
microscope; the uncertainty of the thickness measurement
propagates to a systematic uncertainty of ±15 % in RH .

High-pressure powder XRD measurements were per-
formed in membrane-driven diamond anvil cells (DACs) at
the I15 beamline at Diamond Light Source. X-ray radiation
with wavelength λ = 0.4246(5) Å was used throughout as cal-
ibrated on a LaB6 standard. Pressure was measured using the
ruby florescence method [35]. Diffraction peaks of residual
cadmium flux mixed with Cd3As2 were used as a second pres-
sure marker, thus allowing us to assess errors in the measured
pressure values, as shown in Fig. 1. Three sample loadings
were prepared and are labeled as sample 1, sample 2, and
sample 3. For the first two loadings, glycerol was used as a
pressure medium, whereas sample 3 was immersed in silicon
oil. Temperatures up to 250 ◦C have been accessed with an
external heater for samples 2 and 3. Diffraction patterns were
acquired on a MAR345 image plate detector and integrated
with the DAWN software [36] using the calibration parameters
obtained from the LaB6 standard.

B. Analysis of XRD patterns

Refinements of the diffraction patterns were carried out
with Jana2006 [38]. Profile refinements using the Le Bail
method were used for evaluating the structural parameters and
for performing strain and size analyses. Contributions to the
diffraction peak broadening originating in grain size and mi-
crostrain were separated based on their different dependencies
on the scattering angle θ . To this end, reflections visible in
diffraction patterns in the 2θ range from 6◦ to ∼16◦ were fitted
using Lorentzian and pseudo-Voigt shape functions [39]. The
variations of the Lorentzian and Gaussian half widths with
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FIG. 1. Unit cell volume of Cd (bottom panel) and relative
changes in its lattice parameters (top panel) obtained from Le Bail
refinements of powder XRD patterns recorded on sample 1 at room
temperature and plotted as a function of pressure measured using
ruby fluorescence. Dashed lines are guides to the eye. Solid red line is
the fit to the experimental data points using the Murnaghan equation
of state with K0 = 43 GPa, K ′

0 = 8, and V0 = 43.2 Å3, in agreement
with Ref. [37]. Error bars in the pressure values evaluated based on
the deviations of the fit from the data points do not exceed 0.05 GPa.

Bragg angle θ are described by the equations

HL = X

cosθ
+ Y tanθ + �L(θ ), (1)

and

H2
G = 8ln2

[ P

cos2θ
+ U tan2θ + �2

G(θ )
]
. (2)

In each of Eqs. (1) and (2), the first term accounts for isotropic
Scherrer particle broadening, the second term describes mi-
crostrain broadening related to lattice defects, while the last
term stands for the Lorentzian (�L) and Gaussian (�G) parts
of instrumental broadening. The latter was assessed from
powder XRD pattern of virtually strainfree LaB6 powder with
controlled grain size in the range of tens of micrometers. In
the refinements, only one term describing grain size effect
and one term describing microstrain broadening were used
throughout.

According to the Scherrer formula [40,41], the volume
weighted crystallite size DV is given by

DV = Kλ

βcosθ
, (3)

where K denotes the Scherrer constant and is assumed to be 1,
λ is the wavelength of the radiation used for the XRD study,
while β represents integral breadth of a reflection located at
2θ expected, assuming that the broadening originates solely in
the grain size effect [42]. Therefore, the volume averaged size
of crystallites can be calculated from refined X or P values in
degrees using the formulas

DV,L = 360Kλ

π2X
and DV,G = 180Kλ√

2π3P
, (4)

for Lorentzian and Gaussian-type broadening attributed to the
grain size effect, respectively. The microstrain is given by

ε = β

tanθ
. (5)

Therefore, the respective Lorentzian and Gaussian contribu-
tions are determined as

εL = 3π2Y

1440
and εG =

√
2π3U

720
. (6)

XRD data for the high-pressure phase of Cd3As2 was
also analyzed by combining a Williamson-Hall method [43]
with line profile analysis. To this end, a profile fitting pro-
cedure was adopted in which the measured XRD patterns
were decomposed into individual peaks described using a
pseudo-Voigt or Lorentzian shape function. According to the
Williamson-Hall equation:

βcosθ = Kλ

DV
+ 4εsinθ. (7)

Therefore, the microstrain ε and the volume-weighted crys-
tallite size DV are calculated from the slope and the intercept
of the plot of βcosθ against sinθ obtained after correcting
integral breadths of the diffraction peaks for the instrumental
broadening, assuming K = 1.

Indexing of powder XRD patterns was performed using
McMaille [44] and DICVOL06 [45] computer codes. Profile
decomposition of the measured XRD patterns gave angular
positions and intensities of individual peaks which were used
as an input. Searching for candidate crystal lattices with vol-
umes of up to 6000 Å3 was carried out in all crystal systems
by means of Monte Carlo algorithms [44] or an exhaustive
trial-and-error method with variation of parameters by succes-
sive dichotomy and partitioning of the unit cell volume [45].
Space groups for the resulting sets of lattice parameters were
identified using JANA2006 [38].

III. EXPERIMENTAL RESULTS

We start by presenting continuous resistivity as well as
discrete Hall effect measurements in Sec. IIIA, showing the
hysteresis and nonreversible behavior of the electronic prop-
erties upon pressure cycling of Cd3As2 into phase V and back
to low pressure. Subsequently, we introduce the XRD results
in Sec. IIIB, which demonstrate the reversion to the ambient-
pressure tetragonal phase I and show poor crystallinity after
the pressure cycling. Together, these measurements provide
evidence for a first-order reconstructive phase transition. We
evaluate the compressibility of the low- and high-pressure
phases of Cd3As2 at room temperature. We show that
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annealing of the high-pressure phase at ∼200 ◦C greatly
improves its crystallinity and thus allows us to reveal more de-
tails about its crystal lattice. Finally, we indicate the formation
of a new primitive orthorhombic phase prompted presumably
by deviatoric stress upon releasing pressure through the struc-
tural phase transition in Cd3As2.

A. Electrical transport

As a crosscheck, we first measured the resistance of
Cd3As2 on compression and decompression while staying
within phase I at room temperature. Using a pristine single
crystal, the pressure was first increased to 2 GPa and subse-
quently released back down to 0.5 GPa. As shown by gray
lines in Fig. 2(a), ρ(P) is fully reversible within phase I and
increases gradually with pressure.

Once cycling the pressure through the phase transition into
the Cd3As2 phase V at room temperature, the resistance of
Cd3As2 shows large hysteresis and nonreversible behavior.
Subsequent to the cycling at low pressures, the pressure has
been ramped to 3 GPa and released back down to 0.5 GPa, as
shown by the red data in Fig. 2(a). The transition from phase
I to phase V is clearly seen as a pronounced steplike increase
in the resistance with a sharp onset at Pc↑ = 2.3 GPa. Above
2.6 GPa, the resistance follows again a linear increase with
further increasing pressure. The small linear increase below
Pc↑, the jump at Pc↑, and the steeper linear increase above Pc↑
are in very good agreement with earlier studies [29,30]. Upon
releasing the pressure, the resistance follows this linear regime
to well below Pc↑, indicating a large hysteresis of the phase
transition. Only at Pc↓ = 1 GPa, a large rise and sharp cusp is
observed, indicating a phase transition. Most notably though,
the resistance does not return to the low-pressure value. We
note that the linear behavior observed below Pc↓ after pressure
cycling extrapolates to a value more than double the starting
value, yet we show below in our analysis of the x-ray measure-
ments that this second transition at Pc↓ is associated with the
reverse transition from phase V to phase I. All characteristics
of the pressure-dependent resistance have been reproduced in
three samples from the same batch.

Our Hall effect measurements at room temperature indicate
a large increase in charge carrier concentration in the high-
pressure phase of Cd3As2. The results shown in Fig. 2(b) were
obtained upon stepwise increasing the pressure to 3 GPa and
subsequently releasing it down to 0.5 GPa at room tempera-
ture. While raising the pressure, the Hall coefficient remains
roughly constant at RH = 4.5 × 10−6 m3 C−1, in qualitative
agreement with previous measurements at 2 K [33]. We note
that the systematic difference by a factor of 3 and 10 with
earlier studies by He et al. [6] and Zhang et al. [33], respec-
tively, is probably due to uncertainties in the sample thickness
and/or different levels of doping while the difference between
our room temperature and the previous low-temperature mea-
surements is small [6]. The qualitative agreement continues
at high pressures where, above Pc↑, the Hall coefficient is
reduced to RH = 1.6 m3 C−1. In a simple single-band model,
the drop of RH at Pc↑ corresponds to a threefold increase of
the charge carrier concentration n in the high-pressure phase.
This is similar to the sixfold increase of n observed at 2 K
by Zhang et al. [33]. Together with the increase in resistance
above Pc↑, this suggests an order of magnitude reduction of the
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FIG. 2. (a) Nonreversible room-temperature resistivity ρ/ρ0

where ρ0 = ρ(P = 0) and (b) Hall effect under pressure in Cd3As2.
The initial pressure cycle from ambient pressure to 2 GPa carried out
on a pristine sample is shown in gray. It was followed by the second
pressure cycle to 2.9 GPa and back down to 0.5 GPa, shown in red.
Horizontal arrows indicate the evolution of pressure, vertical arrows
highlight the position of the critical pressure on increasing pressure
(Pc↑) and decreasing pressure (Pc↓). Inset illustrates the pressure
protocol for the two cycles.

carrier mobility in the high-pressure phase, as also observed
by Zhang et al. [33].

The initial value of RH is not recovered after the pressure
cycling. On decreasing pressure, the Hall coefficient remains
roughly constant down to Pc↓, with only a small increase
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FIG. 3. Evolution of the XRD pattern recorded for Cd3As2 at
room temperature in sequence proceeding from top to bottom, i.e.,
pressure raised from 0.25(5) GPa to 6.07(5) GPa. Diffraction patterns
consistent with the ambient-condition phase I are shown in black,
while blue color is used for the XRD data corresponding to the high-
pressure phase V. Diffraction patterns in green contain Bragg peaks
originating in both the low- and high-pressure phases of Cd3As2,
thus implying coexistence of phases I and V at pressures between
2.45(10) and ∼3 GPa. Dashed vertical lines indicate positions of
peaks originating in Cd.

below Pc↓ to RH = 2m3 C−1, a value close to early mea-
surements of polycrystalline samples [46]. The irreversible
behavior in ρ(P) and RH (P) suggests either the transforma-
tion into a phase different than the original ambient-condition
phase I or fundamentally modified electronic behavior like
increased scattering and/or charge carrier doping. To explore
the origin of the nonreversibility in the resistivity and Hall co-
efficient, we performed detailed powder XRD measurements.

B. X-ray diffraction

Our XRD study on a pristine sample of the ambient-
condition phase of Cd3As2 after loading it into the pressure
cell indicate that the powder was well crystalline and single
phased, except for a small contribution of cadmium flux de-
tected as characteristic peaks at 2θ 	 8.8◦, 9.5◦, 10.4◦, and
16.2◦ (see Fig. 3), and used as a second pressure marker
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FIG. 4. Lattice parameters, their ratio, and the conventional unit
cell volume of the ambient-condition phase of Cd3As2 at room tem-
perature plotted as a function of pressure. Error bars are smaller than
the size of the circles. Solid blue line is the fit to the experimental
data points using the Murnaghan equation of state.

(see Fig. 1). To evaluate microstrain and sizes of Cd3As2

crystallites, Le Bail refinements of powder XRD patterns
collected from several different sample spots were carried
out. Excellent fits to the measured XRD data were achieved
using pseudo-Voigt peak profiles with Gaussian contribution
describing broadening due to the average grain size DV =
170(30) nm, and with Lorentzian distribution accounting for
microstrain ε = 0.24(2)%. The rather significant positive mi-
crostrain indicates the presence of local compressive strain
fields. They were likely created when dissipating mechani-
cal energy during grinding single crystals of Cd3As2 into a
fine powder suitable for the powder XRD study. The refined
lattice parameters of the Cd3As2 phase I [a = 12.6303(2) Å,
c = 25.409(1) Å, see Fig. 4] are very close to those reported
in previous studies [21,33,47].

Figure 3 shows the evolution of XRD patterns collected
under pressure at room temperature. With increasing pressure,
the diffraction peaks are gradually shifted to larger diffraction
angles, indicating a pressure-induced shrinkage of the unit
cell. For pressures up to Pc↑, the reflection pattern is consis-
tent with the ambient-condition tetragonal phase I of Cd3As2.
The widths and shapes of all the peaks remain virtually the
same compared with immediately after closing the pressure
cell, indicating an elastic response of the crystal lattice to
the applied stress field and giving no evidence for stress
heterogeneity which would otherwise result in broadening of
diffraction peaks. Lattice parameters derived from Le Bail
refinements of the XRD patterns are shown in Fig. 4. The
pressure-induced changes in the unit cell volume are well
described by the Murnaghan equation of state fit, resulting
in a bulk modulus K0 = 54(1) GPa, the pressure derivative
of the bulk modulus K ′

0 = 2.3(8), and the ambient pressure
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FIG. 5. Powder XRD patterns recorded at room temperature on Cd3As2 before [green dots, P = 0.25(5) GPa] and after the pressure
cycling. During the pressure cycling, the high-pressure phase was either kept at room temperature [sample 1: black dots, P = 0.18(5) GPa] or
was annealed at temperatures up to 240 ◦C and cooled down to room temperature before pressure was released [sample 3: purple dots, P = 0;
sample 2: beige dots, P = 0.6(1) GPa]. Solid red line on top of the XRD data for sample 2 represents Le Bail refinement performed assuming
pseudo-Voigt profiles for diffraction peaks consistent with an orthorhombic lattice with the space group P21212 and the lattice parameters
aIP = 8.026(2) Å, bIP = 4.1145(5) Å, and cIP = 18.988(1) Å. Angular positions of diffraction peaks expected for this orthorhombic lattice
are indicated by short vertical black lines. Solid red lines on top of the XRD patterns for samples 1 and pristine correspond to Le Bail
refinements performed assuming the ambient-condition phase I crystal lattice. Vertical arrows mark peaks attributed to a small amount of the
ambient-condition phase in sample 2. Dashed vertical lines indicate positions of diffraction peaks originating in Cd. Inset (a) shows the (224)
reflection of the tetragonal I41/acd phase I of Cd3As2 before and after the pressure cycling performed at room temperature, normalized to the
maximum intensity. Inset (b) shows enlarged angular range in which a pronounced asymmetric broadening is seen for some Bragg peaks of
the ambient-condition phase of Cd3As2 recovered after the room temperature pressure cycling. Short black lines in (b) indicate positions of
reflections compatible with the crystal structure of the ambient-condition phase.

volume V0 = 4072(1) Å3. The bulk modulus of the ambient-
condition phase of Cd3As2 is smaller than that of copper and
comparable with elemental Cd.

At pressures above ∼2.5 GPa, a clear alteration of the
XRD pattern is observed (see Fig. 3). This includes the loss
of many peaks, e.g., for 2θ � 6◦, and the emergence of new
peaks incompatible with the space group I41/acd of the phase
I, e.g., at 2θ 	 12.5◦, implying a change in the symmetry
of the crystal lattice. The transition progresses slowly, with
intensities of diffraction peaks originating in the low- and
high-pressure phases changing gradually in the pressure range
from ∼2.5 to ∼2.9 GPa and thus signifying a distinct phase
coexistence regime.

The diffraction pattern of the high-pressure phase shown
in Fig. 3 is similar to those reported in [29,30,33], where it
was interpreted as a monoclinic structure. All the diffraction
peaks of the high-pressure phase appear very broad. At the
same time, the small width of reflections originating from
residual Cd flux highlights the high-quality pressure condi-
tions with negligible pressure gradients. Thus, we conclude
that the broadening of the Cd3As2 reflections is intrinsic to the
sample. Since at low 2θ the effect of microstrain on widths of
peaks is insignificant, such a huge broadening even at lowest
diffraction angles indicates that, during the pressure-induced
structural phase transition, the hundreds of nanometer-sized
grains observed in the pristine phase I form much smaller
domains in the high-pressure Cd3As2 phase V, presumably

due to local strains arising from enhanced crystalline defects.
Estimates for the volume-weighted domain size performed
using Eq. (3) based on integral breaths of the first four re-
flections of the high-pressure phase after correcting for the
instrumental broadening gave DV ≈ 16(6) nm, an order of
magnitude smaller than the average size of crystallites of the
low-pressure phase before the transition.

Upon release of pressure to below 1.1 GPa, the high-
pressure phase V of Cd3As2 converts back into the ambient-
condition tetragonal structure. The phase transformation is
complete at P ≈ 0.7 GPa. While the peak positions of the
tetragonal phase I have been recovered, the peak widths and
shapes recorded after the pressure cycling are remarkably dif-
ferent, as shown in Fig. 5. A strong perturbation of the relative
peak intensities is evident especially in the range of 3◦ �
2θ � 7◦. Furthermore, the diffraction peaks of the ambient-
pressure phase recovered after releasing pressure are much
broader compared with the pristine sample. For instance, the
(224) reflection shown in the inset of Fig. 5(a) is broadened
to nearly twice its original full width at half maximum. Size
and strain analyses based on Le Bail refinements of powder
XRD patterns recorded after reducing pressure to 0.2–0.7 GPa
indicated that the broadening of diffraction peaks from the
low-pressure phase of Cd3As2 is dominated by microstrain.
The best fits to the experimental data were achieved as-
suming Gaussian distribution describing the microstrain ε =
0.57(2)% and a small Lorentzian or Gaussian contribution
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FIG. 6. XRD patterns for the high-pressure phase V of Cd3As2 measured on heating from room temperature to 240 ◦C during which the
load was kept constant on the DAC but pressure has increased from 4.18(5) GPa at room temperature to ∼6 GPa at 240 ◦C. Thick solid red
lines represent Le Bail refinement performed assuming pseudo-Voigt profiles for diffraction peaks consistent with an orthorhombic lattice with
the space group P2212 and the lattice parameters aHP = 8.68 Å, bHP = 17.15 Å, and cHP = 18.58 Å. Angular positions of diffraction peaks
expected for this orthorhombic lattice are indicated by short vertical black lines. Dashed vertical lines show positions of diffraction peaks
originating in Cd. Inset shows enlarged angular range with the most intense peak manifold at room temperature (blue dots) and after annealing
at 240 ◦C (black dots) normalized to the maximum intensity. The XRD pattern of the annealed sample revealed five intense Bragg peaks for 2θ

between 8.2◦ and 8.7◦, whereas for the P21/c structure proposed by Zhang et al. [29], only two Bragg reflections are expected in this angular
range.

included to account for broadening due to the average co-
herent crystallite size DV = 140(60) nm similar to that before
the pressure cycling. Noteworthy, a detailed inspection of the
diffraction patterns measured after releasing pressure revealed
that peak broadening is anisotropic and shows a distinct asym-
metry, e.g., (116) and (316) peaks have pronounced tails on
the low angle sides, indicated by arrows in Fig. 5(b). Both the
asymmetry and hkl dependence of peak profiles are typical for
systems with a large degree of microstrain arising from high
concentrations of dislocations and dislocation-type lattice de-
fects [48–51]. In summary, the analysis of the peak widths
provides evidence for large nonuniform strain and reduced
crystallite domain size in the ambient-condition phase I of
Cd3As2 recovered after the pressure cycling.

The high-pressure phase of Cd3As2 can be annealed at
temperatures between ∼150 and 240 ◦C. The evolution of
the XRD patterns collected a few minutes apart during heat-
ing is shown in Fig. 6. Upon increasing the temperature,
the positions of diffraction peaks remain virtually unchanged
due to a cancelation of thermal expansion and further com-
pression as a result of the increasing pressure in the cell
with friction locking the membrane. Most notably, rais-
ing the temperature above ∼150 ◦C leads to a systematic
narrowing of the diffraction peaks within minutes between
measurements. The process of decreasing the peak widths
accelerates with increasing temperature, as expected for a
recrystallization anneal and grain growth [52]. It ends shortly
after the temperature of 200 ◦C is reached. The Williamson-
Hall analyses (not shown) performed on several diffraction
patterns recorded at temperatures between 230 and 240 ◦C

on samples 2 and 3 indicated that, after the annealing, for
both samples the microstrain was not larger than ∼0.06(%),
whereas the volume-weighted domain size increased from
∼16(6) nm before the heat treatment to ∼80(15) nm after the
annealing.

The crystal structure of the high-pressure phase of Cd3As2

remains elusive, but XRD patterns recorded on the annealed
samples reveal more details about the symmetry of the crystal
lattice. The previously suggested monoclinic lattice (P21/c
[29]) is incompatible with the observed XRD patterns for the
high-pressure phase V of Cd3As2 after the annealing. In par-
ticular, for the P21/c structure proposed by Zhang et al. [29],
only two reflections are expected to contribute to the most
intense peak manifold (see Fig. 1(d) in Ref. [29]), whereas
the diffraction patterns of the annealed samples revealed five
intense Bragg peaks in the angular range of 8.2◦ to 8.7◦, as
shown in Fig. 6. Further, two Bragg peaks were detected at
2θ ≈ 8.76◦ and 8.88◦, while no reflections are expected for
the P21/c structure in this angular range. The XRD patterns
measured on samples 2 and 3 after the annealing at tempera-
tures up to 240 ◦C at P = 5(1) GPa were virtually identical.
Bragg reflections detected consistently in those diffraction
patterns were used for the purpose of indexing. Searching
for candidate crystal lattices did not give satisfactory results
for cubic, tetragonal, hexagonal, and trigonal crystal systems
with unit cell volumes of up to 6000 Å3. Among orthorhom-
bic structures, the best indexing solution with the smallest
unit cell volume that accounts for the observed diffraction
peaks has a primitive lattice with aHP ≈ 8.68 Å, bHP ≈
17.15 Å, and cHP ≈ 18.58 Å. We note that such a crystal
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FIG. 7. The pressure dependence of the unit cell volume for the
high-pressure phase V of Cd3As2 (bottom panel) and the pressure-
induced relative changes in its lattice parameters (top panel) recorded
at room temperature. Dashed lines are guides to the eye.

lattice may be considered as a superstructure of the anti-
fluorite structure type made of 96 distorted Cd6�2 cubes,
similarly to the ambient-pressure polymorphs. Searching for
monoclinic cells gave candidate lattices with comparable or
only slightly smaller unit cell volumes (	V/V � 12%). No-
tably, none of the lattices with smaller unit cell volumes
could be interpreted in terms of the antifluorite-type build-
ing blocks. Therefore, we conclude that the structure of the
high-pressure phase of Cd3As2 is likely primitive orthorhom-
bic. Space group tests indicated the chiral P2212 or one of
the lattices without systematic extinctions, i.e., centrosym-
metric Pmmm, noncentrosymmetric chiral P222 or achiral
P2mm, Pm2m, or Pmm2. Indexing of the high-pressure
Cd3As2 phase V assuming the space group P2212 is shown
in Fig. 6.

To evaluate the compressibility of the high-pressure phase
of Cd3As2, sequential Le Bail refinements of powder XRD
patterns collected at room temperature were performed
assuming the orthorhombic crystal lattice. The resulting pres-
sure dependencies of the lattice parameters and the unit cell
volume are shown in Fig. 7. The isothermal compressibility
of the high-pressure phase immediately after the structural
transformation is found to be κT = 0.9(1) × 10−11 Pa, 45 %
smaller than the compressibility of phase I [κT = 1.65(2) ×
10−11 Pa, see Fig. 4], and it decreases further with pressure.
The notable reduction in compressibility can be rationalized
by an increase in the density of Cd3As2 at the structural

transition by ∼4.8(2)% estimated from the lattice parameters
of the low- and high-pressure phases, assuming that the latter
is orthorhombic and consists of 96 distorted Cd6�2 cubes.

Upon lowering pressure below ∼1 GPa, the diffraction
peaks of the annealed high-pressure phase in sample 3 start
to diminish, and finally, the reflection pattern characteristic
for the low-pressure phase of Cd3As2 emerges. As shown in
Fig. 5, the broadening of the diffraction peaks is very sim-
ilar to that observed for sample 1 after the pressure cycling
at room temperature. However, next to the peaks expected
for the ambient-condition phase of Cd3As2, there are also
distinct additional contributions to the diffraction patterns at
2θ ≈ 8.25◦, 8.78◦, 9.89◦, and 11.80◦ that may indicate the
formation of a new phase. While intensities of those extra
peaks vary between different sample spots, their angular po-
sitions remain the same. We note that the additional features
correspond well to the diffraction peaks observed for sample
2 after annealing at temperatures up to 240 ◦C at pressures of
6 GPa and releasing the pressure. Since for sample 2 glycerol
was used as a pressure-transmitting medium causing signif-
icant deviations from hydrostatic conditions in the accessed
T -P regime [53,54], we surmise that deviatoric stress induced
by both the nonhydrostaticity of the pressure medium and
larger size of the high-pressure phase crystallites can stabilize
an intermediate metastable phase of Cd3As2 forming during
the pressure-driven structural phase transition at room tem-
perature.

The diffraction peaks of the intermediate phase of Cd3As2

observed at ambient conditions can be indexed as a primi-
tive orthorhombic structure with the lattice parameters aIP =
8.026(2) Å, bIP = 4.1145(5) Å, and cIP = 18.988(1) Å
and the space group P21212. We note that those lattice
parameters are related to the lattice parameters of the high-
pressure phase: aIP ≈ aHP, bIP ≈ bHP, and cIP ≈ cHP/4,
with the differences of +7.7%, −2.2%, and +3.9%, respec-
tively. Therefore, we suspect that the intermediate phase of
Cd3As2 can be considered as another superstructure of the
antifluorite structure type. Le Bail refinements performed
assuming pseudo-Voigt profiles for Bragg peaks compati-
ble with the orthorhombic lattice indicated a sizable degree
of nonuniform strain ε = 0.16(2)%. The average crystal-
lite size DV = 108(10) nm estimated from the refinements
is comparable with the mean size of coherent domains of
the high-pressure phase after annealing at temperatures of up
to 240 ◦C.

IV. DISCUSSION

Our high-pressure studies show that, for bulk Cd3As2, the
phase I hosting topologically protected electronic states can be
maintained up to 2.4 GPa but cannot be recovered with similar
high mobilities once this level of compression is exceeded.
Recently, Goyal et al. [24] found that the quantum Hall ef-
fect associated with the surface states persists in thin films
of Cd3As2 under strain up to 0.5%. While Goyal et al. use
biaxial strain in the (112) plane, the magnitude of the strain
is equivalent to the modification of the crystal parameters
at 1 GPa in our work using hydrostatic pressure. Hence, we
expect that thin films with strain above ≈ 1% will fall outside
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the stability range of Cd3As2 phase I and will no longer host
quantum Hall effect states.

Our high-resolution powder XRD measurements allow
us to evaluate in detail the changes in the lattice parameters
of the ambient-condition tetragonal phase I of Cd3As2

induced by the applied pressure. While the observed pressure
dependence of the unit cell volume shown in Fig. 4 is similar
to those reported in Refs. [29,33], our XRD data does not give
any indication for a sudden jump in c/a at pressures below
1.5 GPa which Zhang et al . attributed to an additional topo-
logical phase transition [33]. Instead, our XRD study reveals
a smooth decrease of the c/a ratio with applied pressure.
Remarkably, the observed changes in the c/a ratio accord
well with the pressure dependence of the Fermi wave vector
derived from Shubnikov-de Haas oscillation measurements
[33]. Both the axial compression along the c direction and
the unexpected shrinking of the Fermi surface accelerate at
P � 1.7 GPa. First-principles electronic band structure
calculations performed by Zhang et al. [33] indicated that
the shortening of the lattice parameter c should shift the
Dirac nodes toward the center of the Brillouin zone, thus
reducing the Fermi wave vector and providing an explanation
for the gradual increase of resistivity under pressure within
the ambient-condition phase of Cd3As2 (see Fig. 2(a) and
Ref. [29]).

Our high-pressure studies provide a confirmation that the
I–V transition in Cd3As2 is of first-order type. The electrical
resistivity and powder XRD measurements both detect the
phase transition with an onset at ∼2.4 and ∼1.3 GPa on
raising and releasing pressure, respectively. The sizable
hysteresis evidences the first-order nature of the structural
transformation, which shows a significant width of ∼0.2 and
∼0.5 GPa at Pc↑ and ∼0.4 and ∼0.5 GPa at Pc↓ based on
the electrical resistivity and XRD data, respectively. We note
that some discrepancies between the two methods are not
unusual because the former potentially probes a percolative
path, whereas the latter reflects changes in the entire sample
volume. Importantly, the distinct pressure ranges with
coexistence of the low- and high-pressure phases indicate
sluggishness and thus an energy barrier between phases I and
V of Cd3As2. Therefore, we deduce that the transition process
involves drastic changes in the system of chemical bonds and
leads to a major reorganization of the crystal structure.

The observed increase in width of diffraction peaks at the
transition from phase I to phase V indicates that the transfor-
mation causes fragmentation of crystallites into much smaller
domains. Therefore, we attribute the tenfold reduction in mo-
bilities of charge carriers inferred from the electrical transport
study to the combined effects of an increased scattering re-
sulting from the strongly reduced coherent domain size and
the loss of Dirac electrons with high Fermi velocity caused by
changes in the symmetry of the crystal lattice overcompensat-
ing the increase in charge carrier concentration.

He et al. have interpreted the superconductivity observed
above 8 GPa to retain topological character [30]. This identifi-
cation of topological superconductivity was based on presence
of Dirac electrons with topological superconductivity possi-
bly stabilized by a reduction of the crystal symmetry in the
high-pressure phase [55]. However, our identification of the

reconstructive I–V phase transition suggests a fundamental
modification of the structure. While we show that the high-
pressure phase may contain the same Cd6�2 building blocks,
they are very likely distorted and arranged in a different con-
figuration. Hence, the Dirac electrons which are sensitive to
the orbitals at the voids [22] are likely absent in the high-
pressure phase V, and superconductivity in this phase is not of
topological character. At the same time, our high-temperature
annealing experiments highlight a route to study the supercon-
ductivity in this phase in more detail for samples with high
crystallinity.

Recovering the ambient-condition phase I after cycling
pressure at room temperature beyond Pc↑ resulted in a large
degree of microstrain. Estimates from profile refinements us-
ing the Le Bail method gave ε ≈ 0.57(2)%, which is three
orders of magnitude larger than ε values ∼10−6 expected for
nearly strainfree crystals [56] and nearly three times larger
than the microanstrain induced by grinding crystals into a
fine powder with tens of nanometer sized grains. Although
results of the size and strain analyses need to be consid-
ered with caution because of significant peak overlap, the
large positive ε indicates the presence of local compressive
stress fields arising from lattice disorder such as dislocations,
stacking faults, intercalations of atoms, or grain boundaries.
Such defects may give rise to unintentional doping [57,58],
providing a plausible explanation for the observed decrease
in the Hall coefficient for the ambient-condition phase I of
Cd3As2 after the pressure cycling [see Fig. 2(b)]. Thus, we
infer that the unexpected increase in resistivity after returning
to the low-pressure regime below Pc↓ shown in Fig. 2(a)
originates in a largely enhanced scattering that outweighs the
expected increase in carrier mobilities due to the formation
of bulk Dirac points and the gain in the charge carriers from
self-doping. We note that studies on Cd3As2 epilayers re-
vealed a substantial effect of extended defects on electron
mobilities [59]. Moreover, for epitaxial (112) Cd3As2 films,
a systematic decrease in Hall mobilities with the compres-
sive in-plane strain (εs � 0.5%) was observed [24]. Further
studies, including high-resolution transmission electron mi-
croscopy imaging, are needed to address the origin of the
increased scattering in the ambient-condition phase of Cd3As2

retrieved after the room-temperature pressure cycling.

V. CONCLUSIONS

Our high-pressure studies highlight the disruptive na-
ture of the pressure-driven structural phase transition in
Cd3As2. We find large changes in both the electronic and
microstructural characteristics at the room-temperature struc-
tural transformation. The reduction of the carrier mobility
is shown to result from the formation of microstrain and
fragmentation of crystallites into smaller domains caused by
the phase transition. Our transport measurements indicate
that the increased resistance is dominated by the enhanced
scattering outweighing the gain in charge carriers in the
high-pressure phase V. We show that annealing of the high-
pressure phase at temperatures of ∼ 200 ◦C results in a
largely improved crystallinity and thus should enable future
studies aiming at solving the crystal structure and exploring
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MONIKA GAMŻA et al. PHYSICAL REVIEW MATERIALS 5, 024209 (2021)

the electronic properties. Finally, we observe the formation
of a new primitive orthorhombic phase prompted presum-
ably by deviatoric stress upon releasing pressure through the
structural phase transition. Our results highlight the impor-
tance of considering strain and crystallite size when tailoring
electronic properties of Cd3As2 for applications of bulk and
thin films.

Data are available at the University of Bristol data reposi-
tory data.bris [60].
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