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We focus on a particular shortcoming of the local-spin-dendit$D) approximation for the exchange-
correlation energy of a many-electron system: underestimation of the transition pngsatipeessure-induced
structural phase transitions in solids. We have performed self-consistent full-potential LAPW calculations, with
full structure optimization, for three cases—silic¢8i), silica (SiG), and iron(Fe). In agreement with
previous calculations, we find that gradient corrections to LSD over-correct the equilibrium volumes in Si and
SiO,, but correct or slightly under-correct the volume in Fe and the transition pressures in all three materials.
We apply a thermodynamiclike inequalih. Zupanet al, J. Chem. Physl06, 10 184(1997)] to our results
to explain why the generalized gradient approximation expands the equilibrium volume and increases the value
of p; over LSD. In all three cases, gradient corrections to LSD tend to stabilize the low-pressure phase because
of its more inhomogeneous electron dendi§0163-18208)05241-7

l. INTRODUCTION pressure, we use a thermodynamiclike inequ&its? that
determines whether the nonlocal correction drives a process
Kohn-Sham(KS) spin-density functional theohys a tool ~ forward or not.
for accurate first-principles calculations of the ground-state As numerical examples, we have chogahsilicon (Si),
structure of many-electron systef3he only term in this which under pressure transforms from the semiconducting
formally exact method that must be approximated is thediamond to the metalligs-tin structure(as studied theoreti-
exchange-correlation energiiyc[n;,n;]. The local-spin- cally in Refs. 15, 25, and 26(b) silica (SiG,) which trans-
density approximatior® (LSD) for Eyc has been used suc- forms from thea-quartz to the stishovite structufas studied
cessfully for thirty years in solid-state physics, giving rea-theoretically in Refs. 16, 27-31and (c) the metal-metal
sonable but imperfect predictions for lattice parametersiransition of iron(Fe) from the ferromagnetic bcc to the non-
elastic and cohesive properties, etc. Recently, generalizetiagnetic fcc structur€ 3" The experimentally observed
gradient approximatiofs'* (GGA’s) have improved upon phase transitions are from-quartz to coesite and then to
the accuracy of LSD, giving accurate total energies of atomstishovite (with a metastable equilibrium betweenquartz
and atomization energies of moleculésind thus becoming and stishovitg® and from bce Fe to hcp Fé.Nevertheless,
a standard method of quantum chemistry. In solid state phyghese examples are useful for an understanding of the under-
ics, GGA's have been catching on only recently, althoughying physics. We used the LSD parametrization of the
solid state applications were an early motivation forexchange-correlation energy by Perdew and Whaagd the
GGA* most recent parameter-free GGA form by Perdew, Burke,
Theoretical complication and computational effort in- and ErnzerhofPBE),° which is numerically similar to the
crease from LSD to GGA, and the resulting improvement ofGGA of Perdew and WangPW91).’
calculated properties is not uniform for all classes of solid
state problems. GGA d(_)es improye lattice parameters, elastic Il. COMPUTATIONAL DETAILS
constants, and magnetic properties of many métdisand
also improves the transition pressures for some pressure- We calculated the Kohn-Shamtotal energies self-
induced phase transitiod®® In covalent semiconductors, consistently for all crystal phases within the LSBef. 3
where LSD gives unusually accurate lattice constants andnd GGA (Ref. 9 approximations for the exchange-
bulk moduli, GGA sometimes leads to improventérand  correlation energy. TheviEN97 (Ref. 40 program package
sometimes to worseniff ! via over-correction of LSD. that we used employs the solar relativistic full-potential lin-
In this paper we concentrate on one particular shortcomearized augmented plane waileAPW) method. Special at-
ing of LSD, i.e., underestimation of the coexistence or trantention was paid to convergence of the results, especially for
sition pressure for a pressure-induced structural phastie SiQ system for which the LSD energy difference be-
transition in a solid. To explain why gradient-corrected func-tween a-quartz and stishovite is particularly small. For that
tionals expand lattice parameters and increase the transitigrurpose, we carefully checked tkemesh(finally using 6k
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TABLE I. Equilibrium structural properties of each phase, and parameters of the diamgrihtphase
transition of Si, calculated with different approximations Ey: . V is the volume of the primitive unit cell,
which contains 2 atoms in each structure. The energy differea&gdetween the two phases, as well as
their vqumesV{j andV?#, are given at the transition point. For a selection of experimental values, see Ref.
15. (1 GP&0.01 Mbar=0.0680 mRy/bohk)

Phase Expt. LSD PW91 PBE

Diamond V, (a.u) 270.1 266.2 276.0 276.3
B, (GPa 99 97 91 91
B, 4.2 4.0 3.7 3.7

B-tin Vo (a.u) 199.9 208.5 207.0
cla 0.552 0.546 0.551 0.547
B, (GPa 117 106 109
B, 4.3 4.1 4.1
AE, (MRy) 29 43 37
VIV (expt) 0.918 0.938 0.928 0.937
VEIVY (expt) 0.710 0.704 0.706 0.717
p, (GP3 10.5-12.5 6.7 10.6 9.2

8Reference 44.

points in the irreducible wedge of the Brillouin zoneda  is faster for PBE than for PW91, because PBE employs a
quartz and 9 in stishovijeused a large plane-wave cutoff simpler analytic form for the exchange-correlation potential,
(RmiKmax=9.5), and treated even the SpXtates as band which is free from the spurious wiggles in the PW91 poten-
states using the local orbital extension of the LAPWtial. PW91 and PBE are otherwise similar, although PW91
method® For all the phases of the remaining two systems,vas constructed via a real-space cutoff of the exchange-
we used the plane-wave cutd¥,K=9.0. We used 4K correlation hole, while PBE was constructed by imposing
points in Si in the diamond structure and Roints in the  seyeral exact physical constraints on the energy functional.
B-tin structure; for iron we used 286 points in each struc- Thus for the other systems (Si@nd Fe, the only GGA we
ture. , will consider is PBE.

For each crystalline phase, we calculated the total energy | the g.tin structure, a similar trend is observed: gradient
of _the unit cell f(_)r a number O.f. different volumes._ F_or the corrections expand the volume by approximately 4% and
B-tin phase of silicon and the silica phases_, we opt|m|zgd th?educe the bulk modulus on the average by 8%.

c/a ratio for each volume and relaxed all independent inter- In Table | we also report parameters of the diamond to

nal atomic coordinates until the respective forces were less, .. o : ) .
?-tm phase transition of Si. The coexistence pressure is ob-

than 1 mRy/a.u. We fitted the calculated total energies for . ) ; ) .
0.8V,<V<1.2V, to the Murnaghan equation of st&ao ained via the Gibbs common-tangent construction using the
0 B energy versus volume plot for the two phases, im.,

obtain the equilibrium volum&, bulk modulus at equilib- d d (PR
=—(EI~EP)/(VI-VF). The LSD result is significantly

rium By, its pressure derivativB), and ground-state total i X
energyE,. lower than the experimental value, whereas the gradient cor-

The coexistence pressure was finally calculated from &ECtion increases the transition pressure, leading to a value
common tangen{Gibbs construction to the two energy- thatis clo§e to the experimental val(RBE) or even within
versus-volume curves for the diamond agdin phases of the experimental uncertaintPWol).

Si, thea-quartz and stishovite structures of $j@nd the bce Our results are almost identical to those of Filippi, Singh,
and fcc phases of Fe. and Umrigat’ (who also used a full-potential LAPW

method for the structural parameters of Si, and compare
well to the most recent pseudopoteniiBP calculations by
Moll etal’® using the same approximations for the
A. Silicon (Si) exchange-correlation enerdyyc. For the diamond struc-

The calculated structural parameters for Si in the diamondU"®: Moll et al. report Vo=264.2 a.u. an(§0:97 GPa in
LSD, andVy=273.1 a.u. and8;=92 GPa in PW91. These

and p-tin phases are listed in Table I. The reported experi- . X
mental cell volume and bulk modulus correspond to zerdnd our numbers differ by less than 1%. For Bién struc-
pressure and temperatufe=0 K. The diamond-structure ture, they reportvo=197.5 a.u. and3,=115 GPa in LSD,
LSD results are in excellent agreement with experiment, th@ndVo=211.5 a.u. and,=104 GPa in PW91. Again their
error in calculated volume being 1.4% and in bulk modu- results are close to ours. The largest difference can be seen in
lus —2.0%. Gradient correction®ither PW91 or PBEex-  the transition pressure, a very sensitive quantity depending
pand the volume by 3.7% and decrease the bulk modulus byot only on the energy but also on its first derivative with
6.2%, leading to a worsening of the results. The differenceespect to volume. They quoig=8.0 GPa in LSD andg,
between PW91 and PBE values is small and barely notice=12.2 GPa in PW91. Our numbers are 10—15% smaller. The
able for the structural parameters. We note that convergengeason for this small discrepancy could be that in gagn

Ill. RESULTS AND DISCUSSION
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TABLE Il. Equilibrium structural parameters for two Sj@olymorphs, and parameters of the phase
transition between them, calculated with LSD and PBE approximationgfer V is the volume per Si©
formula unit. Symbols, X, y, andz denote free internal coordinates in units of lattice parameters as defined
in Refs. 47 and 4&space grougP3,21). Calculated values d@, andBj are unreliable, due to the small
number of fitted energie& for LSD, 7 for PBH.

Phase Expt. LSD PBE

a-quartz Vy (a.u) 254.8' 244 .4 266.0
cla 1.09¢ 1.104 1.099
B, (GPa 38 35 44
B 62 7.1 3.2
u 0.4697 0.460 0.474
X 0.413%8 0.409 0.413
y 0.266% 0.280 0.261
z 0.1192 0.108 0.123

Stishovite V, (a.u) 157.% 155.4 163.5
c/a 0.63¢ 0.642 0.636
B, (GPa 31FP 303 257
B 2.8-6.6" 4.8 4.9
u 0.308 0.305 0.307
AE, (mRy) —-6.6° 32.7
ViIVg (expt) 0.935
VtStIS/Vg (expt) 0.628
p, (GPa 7.46° 6.2

8Reference 49.
bReference 50.
‘Reference 51.
dDifference between the energy minima of both phases.
®Reference 46.

structure there is an additional degree of freedom,dtee  both approximations deviate from experiment to the same
ratio, which was not optimized by Mokt al, whereas we degree. LSD underestimates the equilibrium volumerof
optimized it and as a consequence obtained a smaller valugiartz by 4%, and GGA over-corrects this, making the equi-
for the transition pressure. librium volume too big by approximately the same amount.
Many pseudopotential studies of Si have been made. Ourhe LSD bulk modulus is very close to the experimental
LSD and PBE results for the diamond structure of Si agreg/ajue, while the GGA bulk modulus is too big by 16%. This
closely with those of Lee and Martffl.our LSD results also s in contrast to the usual behavior, where one finds “softer”
agree reasonably with those of Garat al.™ and Ortiz, crystals(smallerB,) at the larger GGA equilibrium volumes.
who also tested earlier versions of GGA. Yin and Cdfien It should be mentioned that Hamdfinreports the same
reported the LSD tran_sition pressure to fBwin phase to be anomaly.
9.9 GPa, somewhat higher than our LSD value of 6.7 GPa. Our calculated structural parameters compare well with

other theoretical studig§;?’—*! all using pseudopotentials.
B. Silica (SiO,) Those studies report faz-quartz LSD equilibrium volumes

The two phases of silica present the most demandin§®’ SiQ ranging from 246.9 a.uRef. 16 to 260.2 a-&-gl
computational challenge in the present work. These calculdoUr volume is smaller by 1% than the smaller previous
tions required several months of computation time on a dedivalue, and 6.1% from the bigger value. In GGA, Haménn
cated 6-processor Silicon Graphics Power Challenge. Theeports 265.6 a.u. using the PW91 exchange-correlation
unit cell of the high-pressure phase stishovite consists of twétnctional; our volume using the similar PBE approximation
formula units of SiQ, while the low-pressure phasequartz  is only 0.15% bigger. We find similar accord in the calcu-
has three formula units per unit cell. At each volume, twolated structural parameters of stishovit¥ery recent PBE
additional parameters must be optimized in stishovitea( results from Hamarfi show excellent agreement between
ratio and one independent internal coordinatnd five in  his and our calculations. His PBE results are, dequartz,
a-quartz ¢/a ratio and four independent internal coordi- Vo=269.3 a.u., Bo=43 GPa, B;=3.3, and for stishovite,
nates. V=164.7 a.u.,By=249 GPa, B;=5.0.)

We calculated the energy of the unit cell as a function of More interesting is the energy difference between dhe
volume for both phases using LSD and PBE functionalsquartz and stishovite phases. Experimiefftreports a differ-
converging the forces to less than 1 mRy/a.u. We report thence of 0.51 to 0.54 eV per formula unit, wighquartz lying
results in Table II. In predicting the equilibrium volume, lower in energy. Liuet al?® report 0.07 eV and Hamatth
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TABLE lll. Equilibrium structural parameters for two crystal

TRANSITIONS IN SODI. . . 11 269

et al,* whose use of pseudopotentials may have caused this

phases of iron, and parameters of the phase transition betweefiscrepancy. The bulk modulus is severely overestiméted

them.V, is the volume per atom. At ambient conditions, the bcc
ferromagnetic phase is stable.

Phase Expt. LSD PBE

bcc FM V, (a.u) 79.58 70.5 76.6
B, (GP3 172 260 200
B, 5.0 4.6 4.5

fcc NM V, (a.u) 65.1 69.4
B, (GPa 354 297
B, 4.7 4.5
AE; (MRy) —-5.1° 9.22
VPeGVECE (expt) 0.868
VISV (expt) 0.810
p; (GPa 29.4

8Reference 39.
bReference 52.
Difference between the energy minima of both phases.

0.02 eV using pseudopotentials and the LSD approximatio
Hamann’s LSD LAPW calculation favors stishovite, the en-
ergy difference between the minima being0.04 to
—0.06 eV per SiQ We find very similar results, with an

energy difference between the minima of the two phases of

—0.09 eV per formula unit in LSD and-0.51 ¢V in the
GGA approximation(compared to Hamann’'s 0.57 &V

n.

our case by 51%as a consequence of the too-small equilib-
rium volume. Similar results were obtained in the above-
mentioned studies.

Gradient corrections expand the equilibrium volume of
the bcc FM structure by almost 9%, but this volume remains
3.7% smaller than the experimental value. Our GGA volume
is in good agreement with that of Stixruée¢ al*® A GGA
expansion was also observed in Ref. 33, using (Ré¢f. 4
and PW86(Ref. 5 gradient-corrected exchange-correlation
functionals.

The fcc NM results can also be compared to other studies.
Again, our LSD numbers are in excellent agreement with the
results of Stixrudeet al®® (V,=65.1 a.u.B,=340 GPa),
but differ from the pseudopotential values of Zeual>®
(Vp=68.0 a.u.By=334 GPa).

We find a stable fcc NM phase in the LSD approximation,
S0 no(positive transition pressure can be calculated. On the
other hand, GGA favors the more open crystal structure, i.e.,
the bcc FM phase, and thus permits a calculation of the tran-
sition pressure. Our results are reported in Table Ill. We
explain the effect of the gradient correction on the transition
pressure in the next section.

IV. INEQUALITY FOR AVERAGE VALUES
OF DENSITY PARAMETERS

The GGA form for the exchange-correlation energy can

The energy difference between two phases is an essentig&
ingredient to calculate the transition pressure. The LSD en-
ergy difference is negative and thus gives no positive transi-
tion pressure. On the other hand, GGA favors the more open
crystal structure, i.e., the-quartz structure. We find a GGA
transition pressure of 6.2 GPa, which is in good agreeme
with the experiment® and close to Hamann's 7.0 GPa.

cast in the following wayneglecting smalV{ terms:

ESSA[nT,medrn(r)sx<rs>F§8A<rs,5,s>, (1)

NWhereey(ro) = — (3/4m)(97/4)¥r  is the exchange energy
per electron in the homogeneous electron gas with density
n=(4xr3/3)"1. We use atomic unitsi(=e’=m=1).

C. Iron (Fe) The enhancement factd¥yo’(rs,Z,S) is a function of

We calculated the structural parameters of the bcc ferrothree density parameters: the Seitz radiys the relative
magnetic(FM) and fcc nonmagneti€NM) phases of Fe us- SPin polarization{=(n;—n,)/n, and the reduced density
ing the LSD and PBE approximation. We also report thegradient s=|Vn|/2ken=(3/2m)*4Vry,  where ke
transition pressurg, between the two phases. The pressure-:(37'f2|’1)l/3 is the local Fermi wave vector. In the present
induced phase transition can occur only in GGA, since LSDNOTK, we consider only the PBE enhancement fattiote
predicts a wrong ground statécc NM instead of bcc FM  that, in the case of a uniform density 0 everywherg the
phasé@. In practice, iron under pressure transforms to theenhancement factoF%e"(r,¢,s=0) and the exchange-
hcp NM and not to the fcc NM phase. Nevertheless, theseorrelation energfse” in Eq. (1) reduce to the LSD limit.
two phases are so close in enetgge, for example, Fig. 4 of In order to simplify the interpretation, we replace the con-
Ref. 37 that the phase transition between the bcc FM and fcginuous values of the density parametegs ¢, ands in Eq.
NM phase can serve as a model and clearly supports oytl) by their averageérs), (|Z|), and(s),?*~>*which then fix
explanation why GGA functionals increase the transitionthe exchange-correlation energy:
pressure in pressure-induced phase transitions over LSD.

We report our results for the structural parameters in Exc=Nex({rs)Fxc({rs),{|Z]).{(s)). 2
Table I1ll. We found a number of different experimental val-
ues for the volume per atom and the bulk modulus. ExperiThe averaging of these density parameters is not unique, but
mental volumes for bcc FM range from 78.93 alRef. 39  we use the definition in Eq(6) from Ref. 23.
to 79.51 a.u(Ref. 36, and experimental bulk moduli from To understand how the gradient correction modifies LSD
168 GPa(Ref. 35 to 172 GPa&* Our LSD result for the results in our systems, we focus on the difference between
equilibrium volume is 11% smaller than the experimentalthe LSD and GGA total energies. Sing>® is minimal with
value, but compares well with other theoretical calculationgespect to variations af(r), we can usually ignore the small
(LAPW:3*3670.7 a.u., LMTO ASA®*® 70.44 a.u. The only  differences between self-consistent LSD and GGA
calculation that differs significantly from ours is by zZhu densities® so that ECCA—E'SP~ESSA—ESZP. Then the
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TABLE IV. Average density parameters for Si diamond gtin phases, and a test of the inequalidy
for the volume expansion of each and for the reverse phase transition between them. “Infinitesimal” changes
of average parameters are obtained by increasing the volume of the primitive unit cell for each phase from
Vo—5a.u. toVy+5a.u. For the phase transition process, the average values taken are arithmetic means
between two phases, and the difference is obtained as a difference of the density parameters at equilibrium
positions.P is 1.119 for the diamond structure, 1.117 for {Bin structure, and 1.118 for the transition.

Diamond B-tin B-tin—Diamond
(re 0.3416 0.3413 (ro) 0.3415
(s) 0.6396 0.6352 (s) 0.6374
d(rg) 2.193x 107 3.190< 10 * Alrg) 3.0x1074
d(s) 5.387x 104 7.930<10°* A(s) 4.4x10°3

Ineq. (4) 8.4x10°4>3.6x10"* 1.2x10°3>52x10"* Ineq.(4)  6.9x10°3>4.9x10*

gradient correction to the energy per electron for ancess is bond stretching in the, rholecule. In this molecule,
N-electron system with a given density is the GGA bond length is smaller than the LSD bond
A (ESSA_ ELSD) /N~ (1)) length223 contrary to the usual trend.
xc XC X\ s The inequality(4) can be applied not only to processes

X[Fyxc((r){|Z1),(8)) —Fxc({ro . {IZ),0)]. (3 where the changes of the density parameters are infinitesimal
small changes in lattice parameterbut also to processes

here the density parameters change by small finite amounts
(phase transitions We test this inequality for phase transi-
tions to explain the effect of gradient corrections on the co-
existence(or phase transitiognpressure between two crystal
structures. (Although the transition pressurep; is

Now consider some process that leads to infinitesim
changes inrg), (|Z)), and(s). In a typical process such as
stretching of a bond, bot{r ;) and(s) increase. The gradient
correction will favor this process lA <0. Partial differen-
tiation of Eq.(3) yields

d(s) _d(ry) —AE{/AV, we note that the gradient corrections have a
<T)>P2<r ) +Qd(|¢]) (dA<0), (4 much larger relative effect oAE, than onAV,.)
S In Tables 1V, V, and VI, we report average density pa-
where rametergrg) and(s) for all phases, evaluated with the LSD
equilibrium density(and LSD atomic positions Note that
_ 2(rs) dAI(rs) (5) these values do not change qualitatively if a GGA density is

—{s) dAIKs)’ used.(See, for example, Fig. 1 in Ref. 54 for a detailed study
of the difference between the LSD and GGA values of den-
1 aAIK|L]) sity parameterér ), {|¢|), and(s) in the fragmentation of the
~(s) dAIX(s) 6) Hj transition state For Si the average Seitz radigs,) is
smaller in theB-tin structure, indicating a bigger average
In general, gradient corrections favor density contractionglectron density and thus a more compact and also more
(smaller{rs)) as well as density inhomogeneitiarger(s)), uniform crystal phase. In fact th@g-tin structure has a
and Eq.(4) shows that the relative increase of inhomogeneitysmaller value of the reduced density gradiés)t which can
(d(s)/(s)) must be greater than the relative decrease of thée regarded as a measure of the inhomogeneity of the system
density @(rs)/2(rs)) to ensure that gradient corrections (in the sense of how much the system differs on the average
should drive a process forwardNote thatP is close to from the uniform electron gas, whe{s)=0).
unity, andQ is zero for nonmagnetic systejndf the in- Small changes in the density parameters listed in Tables
equality (4) is not fulfilled, then gradient corrections will 1V, V, and VI as a consequence of the rearrangement of the
disfavor the process. An example of such a disfavored proatomic positions have been evaluated around the LSD equi-

TABLE V. Average density parameters for SiQ-quartz and stishovite, and a test of the inequalty
for the volume expansion of each and for the reverse phase transition between them. “Infinitesimal” changes
of average parameters are obtained by increasing the volume perfd@iula unit for each phase from
Vo—5 a.u. toVy+5 a.u.P is 1.130 for thew-quartz structure, 1.128 for the stishovite structure, and 1.129 for
the transition.

a-quartz Stishovite Stishovite a-quartz
(re) 0.4046 0.4035 (ro) 0.4041
(s) 0.6707 0.6631 (s) 0.6669
d(rg) 1.073x 10 * 9.387x 10 * Alrg) 5.637x10°*
d(s) 4.669<10°4 2.000< 103 A(s) 3.848<10°3

Ineq. (4) 7.0x10 4>15x10"% 3.0x10 3>1.3x10"% Ineq.(4)  5.8x10°3>7.9x10°4
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TABLE VI. Average density parameters for Fe bcc FM and fcc NM phases, and a test of the inequality
(4) for the volume expansion of each and for the reverse phase transition between them. “Infinitesimal”
changes of average parameters are obtained by increasing the volume per atom for each ph¥ge from
—5a.u. toVy+5a.u.P is 1.0915 for the bcc structure, 1.0913 for the fcc structure, and 1.0914 for the
transition; the corresponding values @fare 2.0 10" 3, 0, and 1.0% 103,

bcc FM fcc NM fcc NM—bcc FM
(re) 0.2316 0.2315 (re) 0.23155
A2 6.523< 102 (1) 3.262<10°2
(s) 0.5568 0.5559 (s) 0.5564
d(rg) 2.835x 104 3.713x10°* Alrg) 1.200< 10 *
d(|¢l) 7.284x10°3 AL 6.523< 10" 2
d(s) 1.504x 1073 1.789x 1073 A(s) 9.110<10°*
Ineg. (4) 2.7x10°%>6.8x10°*  3.2x10°3>8.7x10"* Ineq.(4)  1.6x10°3>3.5x10°*

librium volume, by increasing and decreasing the volume byculations in two crystal structures for each of three materials.
+5a.u. Inequality(4) is then evaluated for expansion from Our results confirm the accuracy of recent all-electron or
Vp—5a.u. toVy+5a.u. and is confirmed for all crystal pseudopotential studies of these systems.
structures. This implies that the gradient correction to the We find that gradient corrections to LSD correct or
exchange-correlation energy should favor larger equilibriunklightly under-correct the transition pressures in all three ma-
volumes, as it actually doe@ompare calculated LSD and terials, and the equilibrium volume in Fe. However, they
PBE structural parameters in Tables |, II, and.lll over-correct the volume in Si and SiORecent work by
Although the inequality(4) was dgrived 'fpr infinitesi- Fuchset al?! suggests that LSD and GGA errors of lattice
mally small rearrangements of atomic positions, it can b&qsnstants arise from unreliable descriptions of core-valence
successfully applied to finite changes. To do so, we replacg e action. Thus, reliable equilibrium volumes might be at-
(rs), (¢, and(s) by their mean values taken from the initial tainable in GGA with the help of pseudopotentials con-

%n;dl ggggstate, and insert finite changes instead of mf'n'tes'étructed for the free atom at a beyond-GGA I6¥eP’ Lat-

We apply the inequality to the reverse phase transition
from the B-tin to the diamond phase in Si, from stishovite to

tice constants aside, GGA seems to perform better than LSD
Yor bulk solids, consistent with the observation that gradient

a-quartz in SiQ, and from the fcc NM to bee FM phase in corrections improve the valence-valence exchange energy in

Fe. Each reverse transition is one in which inhomogeneit i (Ref. 58 and model S_OI'O@ as W?" QS the valence-
increases and density decreases. The inequality is obeyed f@!€Nce exchange-correlation energy irfSi. _

all three cases, and thus gradient corrections favor the dia- /N the cases studied here, gradient corrections expand
mond phase, the-quartz phase, and the bcc FM phase, re-equilibrium volumes and increase transition pressures from
spectively, resulting in a bigger energy difference betweerPn€ crystal structure to another. We have shown that this is a
the two phases. As a consequence, the transition pressutensequence of their tendency to stabilize systems with more
should increase in the GGA approximation, as indeed it doe#ihomogeneous electron densities, as surmised in previous
(see LSD and GGA phase transition parameters in Tables york t>1°
II, and IIl). Thus, for the cases studied here, the energy gain

due to the increase of inhomogeneity always dominates the

energy loss due to the density expansion during the reverse

phase transition. Typically the inhomogeneity effect also ) . . ,
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