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Atomistic mechanisms for wurtzite-to-rocksalt structural transformation in cadmium selenide
under pressure
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The pressure-induced structural transformation in cadmium selenide is studied with the isothermal-isobaric
molecular-dynamics method and electronic-structure calculations based on the density-functional theory. The
reversible transformation between the fourfold-coordinated wurtzite structure and the sixfold-coordinated rock-
salt structure is successfully reproduced in the molecular-dynamics simulations, in which atomistic transition
mechanisms including the existence of a metastable state as well as barrier states along the transition paths are
observed. Accurate density-functional calculations confirm these transition paths. It is shown that there are at
least three transition paths, which are characterized by atomic shifts i(0@®4) plane of the wurtzite
structure. The energy barrier for the transformation is found to be about 0.13 eV/pair and is almost indepen-
dent of the paths.
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I. INTRODUCTION though they have given the detailed investigation of the en-
ergetics along the proposed transition path by DFT, there
The pressure-induced phase transformations from thgemain some questions as for the structure of metastable state
fourfold- to the sixfold-coordinated structures in the semi-and the possibility of other transformation paths.
conductor compounds have been extensively studied for the One of the materials for which the WZ-RS transformation
last few decadés for microscopic understanding as well as is of great interest is CdSe. CdSe is an important material for
technological applications. The important point in considertechnological applications such as optical deviSegor
ing the transformation mechanism is that the zinc-blendeanocrystalline CdS¥,'5effects of the crystalline size of the
(ZB) or wurtzite (WZ) structure has to be transformed con- Wz-RS transition pressure have been studied extensively,
tinuously into the rocksalfRS) structure without any bond with the hope to stabilize new structures that are not stable in
breaking in order that the transformation take place with reathe bulk. Understanding the mechanism for the bulk WZ-RS
sonably lower-energy barrier. From this point of view, atransformation is imperative to understand and control the
mechanism has been proposed for the transformation fromanocrystalline transitions. While the WZ-RS transition pres-
the ZB to RS structure’? The pathway and barrier state of sure has been investigated experiment&fy and
the ZB-RS transformation are well understood as confirmegheoretically:®*°no transformation mechanism has been pro-
by the electronic-structure calculations based on densityposed for bulk CdSe so far. In this paper, we investigate the
functional theory (DFT) as well as molecular-dynamics mechanism of the WZ-RS transformation in CdSe using the
(MD) simulations®6 electronic-structure calculations based on the DFT as well as
While the ZB-RS transformation is well established, thethe MD simulations. The DFT calculations are carried out for
transformation mechanism from the WZ to RS structures ishe atomic structures along the transition paths observed by
not well known so far despite many efforts2 Shock com-  the MD simulations to obtain the reliable results for the en-
pression experiments by Sharma and GUma CdS sug-  ergy barrier and the structure of metastable state. We found
gested that the basal planes of hexagon in the WZ structun@at there are at least three structural transformation paths,
are shifted alternately under pressure with a uniaxial straifvhich are characterized by atomic shifts in (08901 plane

perpendicular to both the andc axes, and the system trans- of the WZ structure. Each mechanism has three equivalent
forms into a metastable face-centered-orthorhom{iido) directions and has unique strain.

structure, which is followed by a subsequent transformation
to the RS structure. DFT calculations by Knudsenal®
showed that the metastable structure is not the fco but a
face-centered-tetragondtt) structure. Recently, Limpijum- For the DFT calculations, we use the generalized gradient
nong and Lambrecht® proposed a homogeneous ortho- approximatiof® for the exchange-correlation energy. The ul-
rhombic shear-strain deformation path for the WZ-RS transtrasoft pseudopotentfilis employed for the interaction be-
formation in GaN, which is slightly different from the tween the valence electrons and ions. The electronic wave
previous two mechanisms in the intermediate states. Alfunctions are expanded by the plane-wave basis set with cut-

II. METHOD OF CALCULATION
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We perform isothermal-isobaric MD simulatioffs?®
starting with 6< 6 X 6 orthorhombic unit cell§8 atoms/unit
cell) of CdSe in the wurtzite structure. The thermostat and
barostat time constants are chosen to be 205 and 2050 fs,
respectively. A typical MD schedule is as follows: beginning
with CdSe in the WZ structure at a temperature of 300 K and
a pressure of 0.5 GPa, the pressure is raised in steps of
0.5 GPa at a rate of 1 GPa per 1000 time stdpsme step
is 2 fg). At each pressure the system is thermallized for 5000
time steps. This procedure is carried out until the desired
maximum pressure is reached. Metastable and completely
transformed structures are identified by plateaus in the varia-
tion of the atomic coordination as a function of time. Al-
FIG. 1. Energy-volume relation for crystalline CdSe calculatedthoLJgh the rate at which the pressure is increased is rather

by DFT. The solid circles correspond to the wurtzite structure, andi9h @nd may affect the transformation pressure, the trans-
the open circles correspond to the rocksalt structure. From thes@rmation paths observed in MD simulations are confirmed
curves, the transition pressure is estimated to be about 2.5 GPRY the DFT calculations, and thus the conclusions of the
being in agreement with the experime(iefs. 16 and 1j7 paper are independent of the rate.
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off energies for the wave functions and the charge density Ill. RESULTS AND DISCUSSIONS

being 13 and 80 Ry, respectively. Figure 1 shows the energy- i L .
volume relation for the crystalline CdSe calculated by DFT, e first explain simpler two structural transformation
From a common-tangent construction the transition pressuf@@ths from the WZ to RS structures observed in our MD

is estimated to be 2.5 GPa, which is in good agreement witfiimulations, which are summarized in Fig. 2. We consider a
experimental value1” The lattice constants and the bulk W?Z cell as an orthorhombic structure with lattice parameters

— A . . .
modulus are also in accordance with the experim&al & b (=V3a), andc as shown in Fig. @). One mechanism we
and other theoretickh1924values. have obtained is consistent with the previously proposed

For the MD simulations, we use the interatomic potentialMechanisms;*2which include the deformation of the ortho-
scheme consisting of two- and three-body tefA?S. The  rhombic structure accompanied with the transformation into

two-body terms represent steric repulsion, Coulombic forcegh® RS structure consisting of two mutually orthogonal
charge-dipole, and van der Waals interactions. The threeStrains. If the ratiod/a andc/a become equal to unity and
body terms account for bond bending and stretching. In théhe atomic positions are shifted appropriately, the WZ struc-
present work, we use this scheme with the parameters opffUre can be _transformed into the RS structure as shown in
mized to reproduce a selected experimental data for CdSEI9- Af). This RS structure is hereafter referred as RS-I.
Our fitting database includes crystalline lattice constants, coAccording to this transition mechanism, the crystallographic
hesive energies, elastic constants, melting temperature, afientations of the WZ structure are related to those of the
structural transition pressures. RS-1 structure a§1010]\7II[100]gs.,, [0100],I[010]rs.)s

(b)

FIG. 2. (Color) Summary of the structural
transformation from the wurtzite to the rocksalt
structures in CdSe observed in our MD simula-
tions. Each figure shows atomic configuration in
the orthorhombic unit cell of CdSe. The magenta
and blue spheres show the positions of Cd and Se
atoms, respectively.
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TABLE I. The ratiosb/a andc/a of the lattice parameters and the atomic coordinates in the orthorhombic
cells for the WZ, RS-I, RS-II, and HS structures. The orthorhombic lattice vectors are takeraic bk

a,=ay, andaz=cz

wz RS- RS-II HS
P6smc Fm 3m Fm 3m P6s/mmc
b/a 3 1 2 V3
cla 1.63 1 2 1.23
Cd (x,y,2) (0,0,0 (0,0,0 (0,0,0 (0,0,0
(2/2,1/2,0 (2/2,1/2,0 (1/2,1,0 (1/2,1/2,0
(1/3,0,1/2 (1/2,0,1/2 (1/4,1/2,1/2 (1/3,0,1/2
(5/6,1/2,1/2 (1,1/2,1/2 (3/4,1/2,1/2 (5/6,1/2,1/2
Se(x,Y,2) (0,0,3/8 (0,0,1/2 (0,0,1/2 (0,0,1/2
(2/2,1/2,3/8 (1/2,1/2,1/2 (1/2,1,1/2 (1/2,1/2,1/2
(1/3,0,7/8 (1/2,0,) (1/4,172,1 (1/3,0,2
(5/6,1/2,7/8 1,1/2,1 (3/4,1/2,1 (5/6,1/2,1

and[0001),y,1I[001]rs.; The internal coordinates of atoms as tion from the WZ to the RS structure. As shown in Figd2

well as the ratiod/a andc/a of the orthorhombic cells of their intermediate structure consists of stacked flat honey-

the WZ and RS-l structures are listed in Table I. comb lattices in the direction, which we refer as HS. Note
Another way of deformation of the orthorhombic struc- that the DFT calculatiodshave shown that the same inter-

ture with two mutually orthogonal strains to transform the mediate phase exists in MgO, which, however, has no stable

WZ to the RS structures corresponds to another transitioMVZ structure. The symmetry is represented by space group

path observed in our MD simulations. In this mechanism,P6s/mmc, and the atomic coordinates and lattice parameters

atoms in the(lOIO) plane in the WZ structure shift their (b/a andc/a) are listed in Table I. The transformation from
positions along the[0100 direction, andb/a and c/a WZ to HS is straightforward in the sense that the hexagonal

become 2 and 2, respectively. The final RS structure, here-Pasal planes of cation and anion in the WZ structure are
after referred as RS-I, is shown in Fig(iR The crystallo- shifted alternatively along the axis to form a flat plane.

; : : ; B Iso, the enthalpy of the HS phase in CdSe is calculated by
graphic orientations in the Wz and RS-l structures areISFT to be about 0.1 eV/pair measured from the WZ phase,
related as[1010}wz/I[110rs., [0100wzII[110]rs., @nd  \yhich is lower than the energy barriers for the transition

[0001)/I[001]gs.- The internal coordinates of atoms as paths linearly interpolating the atomic coordinates in WZ and
well as the ratiob/a andc/a of the orthorhombic cell of the RS as shown in Fig. 3. We have thus investigated the transi-
RS-l structures are also listed in Table I. tion from WZ to RS with the DFT in two parts: from WZ

To study the energetics of these transition paths accuo HS and from HS to RS. To discuss these transformations
rately, we have minimized the enthalpy using DFT at a giverwith the linearly interpolated transition paths, we specify WZ
pressure with respect to the orthorhombic lattice vectors at and RS asy=0 and 1, respectively, and the HS structure is
given atomic configuration along a chosen path. We havépecified asp=0.5. The coordinates in a intervening struc-
investigated the path from WZ to RS-I and that from WZ toture are defined a§=(1-27)f\y,;+2nf,s; for 0<7=<0.5
RS-Il by linearly interpolating the atomic coordinates in between the WZ and HS phases afd2(1-7)rys;+ (27
these structures. The coordinatestbfatom in a intervening —1)rrs; for 0.5<7=<1 between the HS and RS phases,
structure between WZ and two RS phases are givem, by where rhs; are the atomic coordinates in the HS structure.
=(1-n)rwzi+ 7rsj(0=< »=<1), wherery,;; andrgs; are the  The red-solid triangles plotted for€97=<0.5 in Fig. 3 dis-
atomic coordinates in the WZ and RS structures, respectivelglay the enthalpy change along the path from WZ to HS. The
(see Table)l, and the enthalpy is minimized for eaghNote  barrier state occurs at aroung=0.35 and is shown in Fig.
that such defined path from WZ to RS-l is equivalent to that2(c). The yellow-open and red-solid triangles plotted for
proposed for GaN in Ref. 9. The yellow-open and red-solid0.5< =<1 in Fig. 3 show the enthalpy change along the
circles in Fig. 3 show the enthalpy change along the pathpaths from HS to RS-l and from HS to RS-Il, respectively.
from WZ to RS-l and from WZ to RS-Il, respectively, cal- We see that the energy barriers for these paths are lower than
culated at the pressure of 2.5 GPa, which is the WZ-RS trarthose for the paths linearly interpolating the WZ and RS
sition pressure. It is found that the energy barrier for the patlstructures shown by the circles, while they are higher than
from WZ to RS-l is lower than that from WZ to RS-l and that between WZ and HS. These barrier states are displayed
that there is no metastable structure along these paths. Tl Figs. 2e) and 2h). It is found that the HS phase appears
barrier states occur a=0.5 and 0.563 for the paths from as a metastable state, which suggests that the system may be
WZ to RS- and from WZ to RS-II, respectively, as shown in trapped in this structure as was observed in our MD simula-
Figs. 2b) and 2g). tions. Since the energy barrier for the path from HS to RS-II

In our MD simulations, a fivefold-coordinated structure is lower than that from HS to RS-I, it is concluded that the
has been observed as a transition state during the transformaost favorable path is from WZ to RS-l through the HS
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FIG. 3. (Color) Enthalpy as a function of atomic configuration ~ Next, we discuss another transition mechanism from WZ
7. The wurtzite(WZ) and rocksalt(RS) structures correspond to to RS found in our MD simulations, which involves a shear
7=0 and 1, respectively. The yellow-open and red-solid symbolgleformation of unit cells in th¢0001) plane(the a-b plang
show the enthalpy changes calculated along the transformatioaf the WZ phase with compression in tledirection. This
paths from WZ to RS-l and from WZ to RS-ll, respectively. The transformation takes place with nine orthorhombic cells in
circles correspond to the paths linearly interpolating the atomic cothe WZ structure. The RS structure obtained through this
ordinates in the WZ and RS structures. For the lines shown bynechanism has different crystallographic orientations from
triangles, the enthalpy of the honeycomb-stacke8) structure is  those in RS-l and RS-Il, and is referred to as RS-lll. As
shown by»=0.5. stated above, the two structural transformation paths from
structure. We however note that both paths from WZ to RSWZ 0 RS'I ?‘”d from WZ to RS-l are characte_rlzed by
%tomm shifts in thea-b plane of the WZ structure. Figures 5

may take place in real materials because the difference in th . ) o
eneyrgy ba?riers IiS rather sm:lgdnLO o1 el\J//pair I ! and 6 show the changes of atomic configuration in dHe

Figure 4 shows the enthalpy change as a function of preg@ne for the transition from WZ to RS-I and from WZ to
sure for the path from WZ to RS-l through HS. With in- RS-II, respect|vel_y. The small arrows drgwn in the WZ struc-
creasing the pressure, the RS phase becomes more stablelUfies show the directions to which the internal atomic coor-
is found that the barrier state is at around0.8 between HS ~ dinates are shifted. The transformation from WZ to RS-l is
and RS-Il when the pressure is less than 3, while it occurs atharacterized by the atomic shift to th£010] direction as
aroundz=0.3 between WZ and HS for higher pressures. It isshown in Fig. 5, while the atomic shifts to tfi@10Q direc-
also found that the HS state is metastable for the pressur¢ion take place in the transformation from WZ to RS-1l as
less than four. shown in Fig. 6. The mechanism of the transformation from

T[OIOO]
—»—>[1010]

FIG. 5. (Color) The mechanism of the struc-
tural transformation from WZ to RS-I. The mag-
neta and blue spheres show the positions of Cd
and Se atoms, respectively. The small arrows in
the WZ structure show the directions to which the
internal atomic coordinates are shifted.
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4[0100]
*>[1010]
\ e FIG. 6. (Color) The mechanism of the struc-
- ( tural transformation from WZ to RS-Il. The mag-
B ) . neta and blue spheres show the positions of Cd

and Se atoms, respectively. The small arrows in
the WZ structure show the directions to which the
internal atomic coordinates are shifted.

SERGRSIRK,
RS-II

WZ to RS-l is displayed in Fig. 7. In this transformation, from WZ to fct, atoms in the basal planes@®? and ¢/8
the atoms on thé€1100) plane of the WZ structure move shift along theb axis so that theix coordinates become 0.5
their positions alternatively along th@010 direction; the ~ [S€e Fig. 28)]. Our DFT estimate of the energy barrier of this

- , transition is as high as 0.18 eV/pair, and we found that the
positions OT atqms on th(all-OO) planes denoted bﬁz) fct phase is neither the metastable nor the barrier states in the
and (3,3) in Fig. 7 are shifted to th¢0010 and [0010] case of CdSe.

directions, respectively, while those on the planes denoted by
(1,1) are unchanged along this direction. Accompanied

with these shifts of the atomic positions, tmeTOO) planes IV. SUMMARY

are shifted along th[alTOO] direction to become equidistant o )
between the planes in the RS phase. The crystallographic We have proposed atomistic mechanisms for the structural
orientations in the WZ and RS-IlI structures are related asgransformation from the wurtzite to rocksalt phases in CdSe

[0010)z!I[110lgs.;y and [0001)yyz/I[001]rs.;y- The energy bgsed on the observations in our_MD s!mu]ations. The maiq
barrier calculated by DFT for this transformation is aboutdifference between these mechanisms lies in the ways atomic

0.13 eV/pair, which is as high as those for transitions fromPositions shift parallel to thg000]) plane in the WZ
WZ to RS-l and from WZ to RS-II. structure. One mechanism involves shifts of the atomic po-

DFT calculations by Knudsoet al8 suggested that the fct  Sitions along thg100Q direction, while the other along the
structure is metastable in CdS. To transform the structurgl010] direction. We note that these mechanisms have three

FIG. 7. (Color) The mechanism of the struc-
tural transformation from WZ to RS-Ill. The
magneta and blue spheres show the positions of
Cd and Se atoms, respectively. The small arrows
in the WZ structure show the directions to which
the internal atomic coordinates are shifted.
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