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Using the first-principles total-energy pseudopotential method, we study the behavior of wurtzite InN under
hydrostatic pressure by relaxing all the structural parameters at all volumes considered. Our calculations point
to the existence of a second order isostructural phase transition which occurs in the same pressure range as the
wurtzite-NaCl first order phase transformation, and which completely changes the behavior of the structural
parameters at higher pressures. We propose that this phase transition, which still awaits experimental obser-
vation, is induced by second-neighbor interactions between indium atoms and can be considered as a pre-
transitional effect inducing the reconstructive first order transiti&0163-182806)01037-5

In the past few years, the group Il nitrides have beerretically determine th&(V) equation of state of the wurtzite
potential candidates for semiconductor devices, such as shartodification, which hasll its structural parameters, i.e., the
wavelength emitters and detectors, and for high temperaturaxial ratio c/a and the internal parameter, relaxed atall
electronics. However, only recently has the control of thevolumesV, in contrast to our previous papemvhere the
material quality improved sufficiently to allow development structural parameters have been optimized at onkyvalue
of p-n junction devices. In addition, many of their funda- of the lattice constara and then kept constant, independent
mental structural properties are still either not well of the volume(atc/a=1.6375 andu=0.376%. We perform
establishetlor not interpreted, such as, e.g., the recent exthese calculations for the values fcorresponding to the
perimental evidencehat the axial ratiac/a of wurtzite INnN  pressures investigated in the experiments, and also above the
rapidly decreases with increasing hydrostatic pressure, ipressure domain reached in Ref. 3. These calculations also
contrast to thec/a of wurtzite GaN, which remains practi- reveal the evolution of the parameter with pressure in InN
cally unchanged under pressure. The aim of the present pawrtzite, which, so far, has been neither measured nor calcu-
per, which is entirely focused on InN wurtzite, is to verify to lated at any pressure.
which extent the behavior of the measured axial ratio corre- Here we use the density-functional theory, in the local
sponds to energy minima @t=0 K and to try to explain this density approximatioiiLDA) (Ref. § and within the plane-
somewhat unexpected behavior. For this purpose, we theevave pseudopotential scheme in momentum spéoefixed
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ionic configurations, under very much the same conditions as TABLE I. Measured and calculated structural parameters for the

in the previous papet:we employ the norm-conserving ground state of InN wurtzite.

pseudopotentials of Ref. 8, the Ceperley-Alder exchange and

correlatiofl as i VAY  cA) a@d) cla u
parametrized by Perdew and Zunffefhe

kl'_Space summation is Perfor_mlé“"th Se,’f“cor’:_dlr’fto_r Sar:]" This work 59.76 5715 3.475 16445 0.3749

pling) using seven “special points” which, in the Experimert 6220 5718 3544 1613

'\_/'OzﬁhgrSt'TF;]a‘:k rI‘.Otat'c.’tH’ ?‘zrr]res"orr']d to ql'qlz 'tq3) Experimerf ~ 62.06 5703 3.545  1.609
—( 4, ) € noniinearity o € exchange-correlation pO_Experimen‘E 61.77 5.705 3.536 1.613

e e e o Theosicdl 6182 5708 356 1615 o3
trons, since the parallel calculations performed in Ref. 4Theoretfcaﬁ €0.18 5669  3.501  1.619 0.3784
within an all-electron approacti-P-LMTO, or full potential Theoreticd 61.61 5732 3523 1627 0.3770
linear muffin-tin orbital suggested that there is no need forageference 13: X-ray diffraction on sputtered InN films.

these corrections. ~ PReference 14: X-ray diffraction on CVD films deposited from

As a first step, we calculate the total energy for eight Ny,
digfer(?nt volumesV of the unit cell ranging from 48 10 68 cReference 3i(Taken from Fig. 5 of this referengedata from
A’ with a kinetic energy cutoff of 40 Ry, and varying, for iyqustrial-grade material with oxygen impurities and unknown
each volumec/a andu until the Helmann-Feynman forces  gigichiometry.
are smaller than 0.002 mdyn. dReference 15.

As a second step, we perform the self-consistent calculeereference 2.
tions for the eight structures just optimized above, by in-‘Reference 16.
creasing the cutoff to 70 Ry. It turns out that these calcula-
tions (i) quite considerably decrease the equilibrium volumeyajyes ofa andc. Whatever the effect of theddstates may
by approximately 2.5%, bui) lead to an upper limit of the pe, as long as theariation with pressure of therelative
Hellmann-Feynman forces which remains very small:stryctural parameters is concerneafd,,c/cy,...), includ-
merely 0.005 mdyn. The former observation implies that gng the 4d electrons into the frozen core should cauge
high cutoff is necessary to obtain an accuraf¥) equation  most2nd order effects at pressures of the orderdf GPa,
of state, whereas the latter suggests that the structéigal as shown in Fig. 1. The origin of this “insensitivity” is most
andu parameters can be safely optimized already at 40 Ryjikely to be found in the considerable depth of the indiuth 4
This will be instrumental in the third and last step of our |eyel (—20 eV), so that the states are not much affected by
calculations: once the correspondence between the volumgessures in the range of 10 to 20 GPa.
and the pressure is known, as determined by the calculations |n Fig. 1, the vertical bars locate the region of phase co-
with a 70 Ry cutoff, we perform one more series of calcula-existence, on the upstrok®ef. 3: at 12 GPa, the wurtzite
tions, with a kinetic energy cutoff of 40 Ry, to determine |attice is unstable since it starts transforming to the NaCl
more accurately the structural parameters for nine volumestructure, and at 15.5 GPa, the transformation is completed.
corresponding to pressures ranging from zexquilibrium)  Up to that pressure, where the wurtzite phase can be ob-
to approximately 31 GPa; the experiments themselves wergerved, our calculated values afa, and c/c, are within
limited to about 15 GPa. For each of these nine volumes, we0 2 of experiment, and the equation of stat{p)/V, is
impose two rather severe requirements: first, the m@f#ois  reproduced within $10~3, which anyway is the precision of
optimized until its absolute uncertainty is smaller than the x-ray diffraction method which was used in the
+5x104, and secondly the parameter is varied until the experiments. The pressure dependence of i@ ratio is
Helmann-Feynman forces are smaller thani® © dyn. equally well accounted for, with a precision 0k20 3, in-

The optimized calculated structural parameters at equilibeluding its remarkable nonlinear behavior between 10 and
rium are given in Table |. These results are compared withl5.5 GPa, which comes from a decrease in this region of the
experiment'®! and with three other calculations**®  pressure coefficient of thee parameter and an increase of the
which also allowed for relaxation of the structural param-coefficient of thec parameter. The latter is indicative of a
eters. In Ref. 15 the indium dt electrons are frozen and second order pretransitional behavibExperiments done at
treated as core electrons but the nonlinear core corrééion 300 K cannot yield information on the behavior of wurtzite
included. The other two works® treat the 41 as valence InN above 15.5 GPa, since it has totally transformed, but
states. calculations can. Above that pressure, bathndc resume

Comparison with experiment should be done with cauthe expected pressure dependence for a stable structure and
tion: no reliable and precise experimental data exist on th¢hus, so does/a. The discontinuity in theslope of the pa-
lattice parameter of INN at ambient conditions since no x-rayameters locates the second order phase transition line in the
diffraction has been performed on single crystals with convicinity of 16 GPa. This is confirmed by the evolution of the
trolled stoichiometry and puritgsee legend of Tablg.INev-  internal coordinatel, which has not yet been measured, but
ertheless, if we assume the published experimental data to éhich is shown by the present calculations to have also a
representative of the actual values for bulk InN, our value forsharp discontinuity in its pressure coefficient.

a is 1.7% smaller than the smallest experimental value, In order to ascertain that the change in the structural pa-
whereas the explicit inclusion of thed4electrons, in the rameters with pressure is not an artifact of the calculations
latest published work,does not bring any significant im- performed at 40 Ry, and taking account that, as the pressure
provement of the overall agreement with the experimentaincreases, the number of plane waves decreases, so that it
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FIG. 1. Relative variation of the structural parameters of wurtzite InN with pres&@reolumeV, (b) a axis, (c) ¢ axis, (d) axial ratio
c/a, and(e) internal parameteu. V,, a4, Cq, (c/a)q, andug stand for the equilibrium structural parameters . The solid line, and empty
squares are our present calculations whereas the solid black circles are the experimeiiRéfd&@aThe two vertical lines delimit the
region extending from 12 to 15.5 GPa.

might become insufficient for giving accurate structural pa-existence of a discontinuity in th&opeon the lattice param-
rameters at high pressures, we have also calculated the tottlers, or on the axial ratio between 12 and 15.5 GPa. Such a
energy as a function af/a andu for the volume correspond- discontinuity in the slope, might, in addition, have been
ing to one of the higher pressufeiz. 20 GPa by using a smeared out by sluggish kinetics in the transition process in
kinetic energy cutoff of 70 Ry. These calculations corre-the experiments. By contrast with experimental results, the
spond to 3000 plane waves and lead to exactly the samealculations suffer neither from hysteresis, nor from slow
structural parameters as those performed with a kinetic erkinetics and prove this transition to be second order.

ergy cutoff of 40 Ry, which indicates, once again, that the Turning now to the first order wurtzite-NaCl phase tran-
structural parameters can be safely optimized at 40 Ry onlysition which occurs in the same pressure range, we note that,
and which confirms the results shown in Fig. 1. Anyhow, thein 1lI-V or 1I-VI semiconductors, second order processes
fact that our calculations do indeed reproduce the pressummay, on occasion, be associated with the first order phase
behavior of the observed structural parameters below 15.Bansition between the low pressure blende or wurtzite struc-
GPa, validates their accuracy in the higher pressure regioture with fourfold coordination to the high pressure struc-
where experimental data are not available. The transitiotures with higher coordination number, sixfold as a rule. In
around 16 GPa is isostructural between two wurtzite netthat case, this association could involve shear instabilities in
works and clearly is second order since it occurs without anyhe[001] or [110] directions. A good example is the mercury
discontinuity in the lattice parametefsThis point could not  chalcogenide’$ HgSe and HgTe where the first order transi-
have been ascertained from the experimental *datane  tion from the zinc-blende structure to cinnabar is preceded
which are not numerous enoudRig. 1(d)] to exclude the by a strongly nonlinear behavior of the elastic constants,
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leading to their decrease under pressure just prior to the tran-

109.7 T T T T T T
sition. In that case, thEL10] displacement which is associ-

ated with the second order process has the adequate 109.6F

symmetry to induce the zinc-blende-cinnabar transition

which follows from it. o 1095
In the present case, the nonlinear behavior occurs wholly 8

in the pressure regionl0 to 16 GPawhere the wurtzite 2104

lattice is known to be thermodynamically unstable against = 1093

the NaCl structure, and the decreasefd and the increase

of u, indicate that the In and N sublattices slide relative to 1002 | \B\E
each other until they reach a stable position around 16 GPa.
We suggest that the isostructural phase transition occurring 109.1
in wurtzite InN thus might be considered as a pretransitional 0
effect inducing the reconstructive first order transition. Ex-

periments using inelastic scattering of neutrons could con- FIG. 2. Variation of the angler, between N0)-In(1) and NO)-
firm this assertion. On the other hand, the fact that the high’(2) (defined in the tejt with pressure. The two vertical lines
pressure wurtzite structure becomes stable-a6 GPa, i.e., delimit the region extending from 12 to 15.5 GPa.

precisely when the wurtzite-NaCl transition has been com- . . . . .

pleted, should be regarded as a coincidence; the actu gconstructive first order transition ari) could be driven
completion of a reconstructive first order transformation ha y the second-neighbor interactions b_etween indium atoms.
no simple physical meaning: it is highly dependent on ex- uch effectséglrle nat unexpected andz mdeed_, havg been pro-
perimental artifacts, pressure inhomogeneity, shear comp _osed. bef(_)r » In an attempt to explain the diffraction pat-
nents of stress and others. erns in Si and InSb just prior to the high-pressure phase

The next question to ask is whether one particular inter{ransition. But in that case, no direct observation of the ex-

action drives the isostructural transition occurring in InN.peCteOl softening of the lattice was reported. Since then, nei-

For that, we recall that in the wurtzite structure, the nitrogenther experimental nor theoretical studies brought any direct

atom, NO), located on the origin has two kinds of indium ewdencg for this type of behawor. In_ the present paper, we
! . . . : report direct observation of a lattice instability in Irtior

first neighbors: one 1), along thec axis, with the (0,04) to its transition to the high-pressure phase. Such pretransfor-
position in units of lattice vectora, b, andc; the other I1i2) gn-p P ' P

with (2/3,1/3u—1/2) position in the same lattice vectors mational effects are perhaps present as well in other struc-

units. Converting our calculated/a and u into the angle tures with fourfold coordination, prior to the first-order tran-

between NO)-In(1) and NO)-In(2) (Fig. 2), a rapid decrease sition to the high-pressure sixfold coordinated lattice. Their

of this angle is observed in the pressure range of 9 to ls_g\tensny and the structural parameters they affect may be
a

GPa. The decrease of this angle allows a possible interactio ite different, depending on the nature of the constituent
) L 9 : P . . oms, as exemplified by the different behavior of GaN and
between the two indium atoms which could drive the iso-

structural phase transition we have found in InN InN (see Ref. R But in any case such investigations, which
P o " . now become possible, should be extended to other members
In summary, we have performeab initio calculations in

i ) . of the 1I-VI, llI-V, and group IV semiconductors, both by
T e s {0erMe and by hecry. snce ey certanly v brg
pressure. y rep significant clues on the precise mechanisms of this important
variations of all the structural parameters over all the pres- "

. ) . class of phase transitions.
sures used in the experimeritsVe find that a new second-
order isostructural phase transition occurs in the same pres- The authors wish to thank S. Froyen, A. Zunger, and
sure range as the wurtzite-NacCl first order transit{wiz. C.-Y. Yeh for useful discussions, and A. Satta and A. On-
12-15.5 GPp The isostructural transition makes to decreasendera for communicating us their results. The computer re-
(increase sharply the axial rati@/a (the internal parameter sources were provided by the Scientific Committee of IDRIS
u). We propose that this second-order isostructural pliase (Institut du Developpement et des Ressources en Informa-

could be considered as a pretransitional effect inducing thdéque Scientifiqug Orsay, France.
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