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Jahn-Teller transition in TiF 3 investigated using density-functional theory
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We use first-principles density-functional theory to calculate the electronic and magnetic properties of TiF3

using the full-potential-linearized augmented-plane-wave method. The local density approximation~LDA !
predicts a fully saturated ferromagnetic metal and finds degenerate energy minima for high- and low-symmetry
structures. The experimentally observed Jahn-Teller phase transition atTc5370 K cannot be driven by the
electron-phonon interaction alone, which is usually described accurately by the LDA. Electron correlations
beyond the LDA are essential to lift the degeneracy of the singly occupied Tit2g orbital. Although the on-site
Coulomb correlations are important, the direction of thet2g-level splitting is determined by dipole-dipole
interactions. The LDA1U functional predicts an aniferromagnetic insulator with an orbitally ordered ground
state. The input parametersU58.1 eV andJ50.9 eV for the Ti 3d orbital were found by varying the total
charge on the TiF6

22 ion using the molecularNRLMOL code. We estimate the Heisenberg exchange constant for
spin 1/2 on a cubic lattice to be approximately 24 K. The symmetry lowering energy in LDA1U is about 900
K per TiF3 formula unit.

DOI: 10.1103/PhysRevB.69.115102 PACS number~s!: 71.15.Mb, 62.20.2x, 71.30.1h, 64.60.2i
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I. INTRODUCTION

There is an ongoing interest in phase transitions
perovskite-based materials. AboveTc'370 K the trifluoride
TiF3 has the cubic framework perovskite structureAMX3,
with no A cations present. Each Ti is at the center of a cor
sharing fluorine octahedraMX6. At low temperatures the
structure becomes rhombohedral. This symmetry lower
can to a first approximation be characterized by a titling
the rigid MX6 octahedra about the threefold axis. The nom
nal valance of the titanium ion is 31, with one 3d electron
occupying the triply degeneratet2g orbital in the high-
temperature phase. One may expect a Jahn-Teller instab
in TiF3. Indeed in the distorted structure titanium has aD3d

local environment, in which thet2g orbitals are split into an
a1g and a doubleteg orbital. The trigonal distortions hav
been intensively discussed in the context of othert2g com-
pounds, like FeO~Ref. 1! and LaTiO3 ~Ref. 2!.

We use density-functional theory~DFT! to investigate the
cubic to rhombohedral structural phase transition which
been established by x-ray diffraction.3,4 Many trifluoride
MF3 compounds (M5Al, Cr, Fe, Ga, In, Ti, V! exhibit this
structural phase transition.3–6 It is believed that the observe
transition in TiF3 is of a ferroelastic nature.3 In most of those
materials except for TiF3 and MnF3 there are no partly filled
d shells. The driving mechanism for the ferroelastic tran
tions can be pictured as the formation of dipole moments
fluorine atoms due to the asymmetric distribution of thep
electron density in the distorted structure. The long-ran
dipole-dipole interaction favors a distorted structure with a
tipolar arrangement of dipoles.7 The local density approxi-
mation~LDA ! captures both the long- and short-range int
actions on the same footing and predicts a distorted struc
to have a minimum energy in AlF3.8

In the present studies we choose the TiF3 system with a
partly filed t2g shell. The Jahn-Teller energy lowering due
the lifting of thet2g orbital degeneracy in the distorted stru
0163-1829/2004/69~11!/115102~7!/$22.50 69 1151
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ture should add up to the long-range dipole formation ene
Unexpectedly, we find the total energies of the high- a
low-temperature phases to be identical within the errors
calculations. The failure of the LDA to explain this pha
transition is due to the fact that transition-metald electrons
are not adequately described by the LDA. Although t
dipole-dipole long-range interaction favors the distort
structure, however, the electron kinetic energy of thet2g one-
third-filled band is increased due the diminishing of the ho
ping integral~t! between neighboring Ti atoms due to oct
hedra tilting. The two effects mutually cancel each oth
resulting in degenerate minima of the potential energy s
face.

It was realized some time ago that the LDA tends to u
derestimate the Coulomb repulsion of electrons occupy
different orbitals of the samed shell.9 In particular, this leads
to equal occupations of different orbitals of the same ma
fold and prevents stabilization of the orbitally ordered so
tions. The LDA1U functional, however, generates a
orbital-dependent potential which favors solutions with b
ken orbital degeneracy. LDA1U calculations indicate tha
the low-temperature phase has a by about 900 K lower
ergy per TiF3 than the high-temperature phase. One of
roles of the Coulomb interaction is to suppresses the elec
kinetic energy of the partly filledt2g bands. The bandwidth
narrowing in the distorted structure effectively reduces
restoring force to rotate the octahedra which facilitate sta
lization of the distorted structure. The electronic ground st
is orbitally ordered in the low-temperature phase with o
electron occupying theag orbital oriented along the rhombo
hedral direction forming a Heisenberg spin-1/2 latti
coupled antiferromagnetically to its neighbors via a super
change mechanism.

In this work we use the molecularNRLMOL code10 to cal-
culateU by varying the occupation number of the Tid orbital
of the TiF6

22 ion. These calculations are significantly le
computationally demanding compared to the super
approaches,9,11,12 and since only the first neighboring fluo
©2004 The American Physical Society02-1
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rines mostly contribute to the screening, a good estimate
parametersU and J can be readily achieved in the calcul
tions.

The Hund interaction and electron kinetic energy are
alistically described with the LDA. The TiF3 compound is
predicted to be a ferromagnetic metal with a fully satura
magnetic moment of 1mB per formula unit. The exchang
Hund energy is large and the Stoner criterium is satisfi
The electron-phonon interaction lifts the on-site degener
of the t2g orbitals and for a sufficiently strong coupling a ga
in the spectrum can open. We estimate the electron-pho
coupling ('2 meV/deg) to be insignificant to open the g
and to drive the phase transition in TiF3. Although the on-
site Coulomb correlations are important, the direction of
t2g-level splitting is determined by the long-range dipo
dipole interaction.7 Many successes and failures of the LD
in transition-metal oxide compounds have been summari
for example, in the review article in Ref. 13.

II. METHOD OF CALCULATION

The purpose of this paper is to elucidate the electro
structure of TiF3 and explain the structural phase transiti
using the DFT method. This is done using the full-potenti
linearized augmented-plane-wave~FP-LAPW! method14

with local orbital extensions15 in the WIEN2k
implementation.16 The LDA Perdew-Wang17 exchange-
correlation potential was used. Well-converged basis sets
Brillouin zone sampling were employed. The crystal stru
ture was reported by Kennedy and Vogt.4 It is cubic at high
temperature with a unit cell volume 58.8 (Å3). A rhombohe-
drally distorted structure of the space groupR3c can be char-
acterized by three parameters:~1! volume 56.5 (Å3), ~2! the
octahedra tiltf513°, and~3! a c/a51.0315 ratio, which
measures the distortion along the rhombohedral direct
There are two titanium and six fluorine atoms in the rho
bohedral unit cell. The fluorine ions are sitting in the 6e sites
@(x,2x11/2,1/4),etc.#, and d5x20.75 is the deviation
from cubic positions. The octahedra tilting angle is related
d by tan(f)52A2d. The calculations forboth the high- and
low-symmetry phases were performed using two form
units per unit cell and the samek-point mesh, with 292 spe
cial k points in the irreducible Brillouin zone. A tetrahedro
method was used for integration over the Brillouin zone.

III. LDA RESULTS

We first calculate the cubic phase by fixingf50 and
c/a51 in the rhombohedral structure of the space gro
R3c. The LDA finds a ferromagnetic ground-state soluti
with a fully saturated magnetic moment of 1mB per Ti. The
volume optimization is shown in Fig. 1. The equilibriu
volume V0558.6 Å3 is in excellent agreement with th
experiment.4 The bulk modulus of 111 GPa is extracted
fitting a Murnaghan18 equation of state. Thec/a ratio was
fixed to the experimental value 1.0315 atT510 K and the
two parameters are relaxed to find the minimum of the lo
symmetry structure. The energy minimization with respec
the volume for the fixedc/a51.0315 andf510° is shown
11510
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in Fig. 1 and yieldsVm556.2 Å3.
Further optimization with respect to the tilt angle for

fixed minimum volumeVm and the samec/a ratio did not
significantly alter the ground-state energy. The optimal
angle isf0510.5°. The Ti-F bond is the most rigid bond i
the structure, and therefore it is convenient to plot the ene
versus the Ti-F bond length. A parabola fit to the ene
variation shown in Fig. 2 is excellent and yields a spri
constant of the single bondK513.9 eV/Å. The Ti-F bond
lengthd in the R3c crystal structure is

d25ah
2@1/121d21~c/a!2/24#, ~1!

whereah5aA2 is the hexagonala lattice constant. Knowing
the spring constant for the bond stretching and equilibri
volume V0 the bulk modules can be estimated asB
5K/(6V1/3)'96 GPa.

The total energy differences of the high- and lowT
phases are beyond the accuracy of calculations. Despite

FIG. 1. Calculated total energy of ferromagnetic high-T phase
(f50, c/a51—dashed line! and low-T phase (f510°, c/a
51.0315—solid line! as a function of volume.

FIG. 2. Calculated total energy of the ferromagnetic lowT
phase as a function of tilt angle and fixed volume (Vm) and c/a
51.0315 ratio. The optimal Ti-F distance is 1.947 Å and the spr
constant is 13.9 eV/Å2.
2-2



am
th
tio

d
n
T
r-
er
h

se

i
ow

the

ler
-
oss
en
he
es
ors

the

ns
nd

itly
tely
nce
n-

c
if-

ue
and

Å
d

n-
nt

he

he
d
-

-u

lin

gle
t

JAHN-TELLER TRANSITION IN TiF3 INVESTIGATED . . . PHYSICAL REVIEW B69, 115102 ~2004!
excellent agreement with the experimental structural par
eters, the LDA total energy analysis does not explain
high temperature of the observed structural phase transi

The densities of states are shown in Fig. 3. Thet2g band
lies at the Fermi level and it is one-third filled. The Hun
energy dominates the kinetic energy such that the Sto
criterion is satisfied and the material becomes magnetic.
band structure of the Tit2g electrons can easily be unde
stood with a nearest-neighbor two-center Slater-Kost20

model. The orbitalsuab& have hopping matrix elements wit
themselves along thea and b directions with amplitudet
5(ddp). The tight-binding fit in the high-temperature pha
with t50.25 eV is shown in Fig. 4.

In the low-temperature phase the Ti-F-Ti bond angle
smaller than 180°, which reduces the hopping and narr

FIG. 3. Density of states of the ferromagnetic solution for t
high-T phase. Thet2g and eg bands are split by the crystal fiel
energy '2 eV. The t2g bandwidth is about 2 eV, which corre
sponds to hopping parametert50.25 eV. The Hund couplingJ
50.87 eV can be estimated from the relative position of the spin
and spin-down peak positions.

FIG. 4. Calculated band structure along the high-symmetry
in the high-symmetry structure:eg bands, open circles;t2g bands,
solid circles. The solid line is a tight-binding fit, which uses a sin
Slater-Koster parametert5(ddp)50.25 eV. The Fermi level is a
zero energy.
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the bandwidth. The on-site orbital degeneracy is lifted by
octahedron tilting. In theD3d local Ti site symmetry thet2g
manifold splits into

ag5
uxy&1uyz&1uzx&

A3
,

eg15
uyz&2uzx&

A2
,

eg25
2uxy&2uyz&2uzx&

A6
. ~2!

The bandwidth in the tilted structuref5f0 corresponds
to reducedt50.225 eV and the electron-phonon Jahn-Tel
energy gap at theG point is 6 meV. From the simple tight
binding model with these parameters the kinetic energy l
due to the band narrowing effect is 18 meV and it is not ev
compensated by the lifting of the orbital degeneracy. T
total LDA energy includes the lattice and electronic degre
of freedom and predicts degenerate minima within the err
of calculations~Fig. 1!. The LDA failure to predict the cubic-
to-rhombohedral phase transition can be rationalized by
lack of electron correlation effects in the LDA method.

IV. PARAMETER U„J… CALCULATION FOR THE LDA ¿U
METHOD

In extending the LDA method to account for correlatio
resulting from on-site interactions Anisimov, Zaanen, a
Andersen9 ~AZA ! chose to refine LDA by including an
orbital-dependent one-electron potential to account explic
for the important Coulomb repulsions not treated adequa
in the LDA approach. This was accomplished in accorda
with Hartree-Fock theory by correcting the mean-field co
tribution of thed-d on-site interaction with an intra-atomi
correction. This correction has been applied in slightly d
ferent ways. We use the SIC LDA1U functional19 as imple-
mented in theWIEN2k package.

In this work we use a single TiF6
22 ion to calculate the

parametersU andJ. In these calculations the screening d
to the nearest-neighboring fluorines is taken into account
there are no other Ti atoms for thed electron to hop to. The
TiF6

22 ion forms an octahedra with a Ti-F bond of 1.93
with the Ti atom placed in the center. The total energy and
orbital chemical potential of the TiF6 can be modeled by the
single-site Hubbard model:

E5E02«~n↑1n↓!1
U

2
~n↑1n↓!22

J

2
~n↑

21n↓
2!,

m↑5
]E

]n↑
52«1U~n↑1n↓!2Jn↑ , ~3!

wheren↑ andn↓ are occupation numbers of the triply dege
eratet2g molecular orbital. We use two sets of self-consiste
calculations to determine the parametersU andJ. The qua-
dratic total energy and linear chemical potential fits to t

p

e
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nonmagnetic calculations giveU1
e f f5U2J/257.66 eV.

From the fully polarized magnetic calculation, the quadra
energy, and linearm1/2 fit we find U2

e f f5U2J57.24 eV,
such thatU58.08 eV andJ50.84 eV. The Hund coupling
parameterJ should be compared with the spin-up and -do
energy band splitting in ferromagnetic LDA calculatio
~Fig. 3!, which isJ50.87 eV.

V. LDA¿U RESULTS

The volume optimization of the high-symmetry pha
givesV0561.8 Å3 using two formula units per unit cell with
R3c point group symmetry operations and fixedf50° and
c/a51. The bulk modulus extracted from the Murnaghan
shown in Fig. 5 is 110 GPa. The electron correlations on
Ti d orbitals reduces the bandwidth (4t/U), such that the
kinetic energy variation with respect to the lattice constan
smaller in the LDA1U functional, resulting in a larger equi
librium lattice constant compared to the LDA result.

The low-symmetry optimization was first done with r
spect to volume for a fixed experimental tilt anglef512°
and the ratioc/a51.0316. The optimal volume is 58.1 Å3.
Further optimization with respect to the tilt angle for th
fixed equilibrium volume gives an additional energy gain
130 K per Ti such that the distorted structure with the op
mal tilt angle of 14° is lower in energy by 675 K per Ti. Th
parabola fit to the Ti-F bond length variation shown in Fig
gives a spring constantK515.95 eV/Å2. The corresponding
bulk modulus B5K/(6V1/3)'108 GPa is an in excellen
agreement with the Murnaghan fit of Fig. 5.

The density of states for the distorted structure is sho
in Fig. 7. The fluorine 2p states are not much affected by th
correlations, whereas dramatic differences are seen for th
d states. First, LDA1U predicts a gap forboth high-T and
low-T phases in thet2g band, which is split into three distinc

FIG. 5. LDA1U calculations of the antiferromagnetic high-T
phase (f50°, c/a51—dashed line! and low-T phase (f512°,
c/a51.0315—solid line! as a function of the volume of TiF3. Cou-
lomb and exchange parameters were chosen asU58.1 eV andJ
50.9 eV. The optimal volumes of 61.8 Å3 and 58.1 Å3 agree well
with experimental results indicated by arrows.
11510
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narrow peaks originating from theag and two eg orbitals.
The imposed rhombohedral symmetry of the supercell ma
the lowest-energyag orbital pointing along the~111! direc-
tion to be fully occupied with a spin-up electron on one ato
and a spin-down electron on the other atom coupled anti
romagnetically. The electronic properties of TiF3 can be de-

FIG. 6. LDA1U calculations for the antiferromagnetic low-T
phase as a function of the tilt angle and fixed volumeVm andc/a
51.0315 ratio. The optimal angle is 14.1°, which corresponds t
Ti-F distance of 1.996 Å. The spring constant is 15.95 eV/Å2.

FIG. 7. Density of states per two formula units per eV. The tw
electrons in the unit cell fill theag

1 spin-up orbital on atom one
and the ag

2 spin-down orbital on the second atom peaked
21.64 eV. The two lowest unoccupied peaks~at 2.01 eV and 2.52
eV! are due to theeg orbitals of thet2g manifold. The lower-energy
orbital is due to theeg orbital of the same atom and spin as th
occupiedag orbital. The broadbands 2 eV higher in energy sho
by the dashed and dotted lines are due to theeg5$x22y2,3z2

2r 2% orbitals split by crystal field. The emptyag orbital with op-
posite spin at 4.53 eV forms a resonance in the crystal fieldeg

background.
2-4
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scribed by the Hubbard Hamiltonian

Hel5 (
i ,ab,s

2t~cab,s,i
† cab,s,i 1a1cab,s,i

† cab,s,i 1b!

1 (
i ,ab,s

U

2
~nab,s,inab,2s,i !

1 (
i ,abÞa8b8,s,s8

U82Jds,s8
2

~nab,s,inab,s8,i !. ~4!

The first term is a kinetic energy term described in Sec.
To place two electrons with opposite spins costs energyU, if
they occupy the same orbital, orU8, if they are on different
orbitals. If the spins of two electrons on different orbitals a
aligned, the energy cost is reduced byJ. In the atomic limit
the relationU5U812J holds. Then the splitting betwee
theag andeg orbitals for a single-site Hubburd model wou
be U82J'5.6 eV. The atomic limit value of splitting is
larger from the complete LDA1U solution'4 eV ~see Fig.
7! where only a fraction ofd electrons inside the muffin-tin
sphere experiences the LDA1U potential. The second-orde
perturbation theory of the Hamiltonian@Eq. ~4!# with respect
to t/U predicts an insulating antiferromagnetic ground-st
solution for parametersU58.1 eV, J50.9 eV, and t
50.22 eV.

The superexchange energies per Ti of the antiferrom
netic Néel state and ferromagnetic solutions, with theag or-
bital @Eq. ~2!# occupied in both cases, are

EAFM52
4t2

3

1

U8
2

8t2

3

1

U
,

EFM52
4t2

3

1

U82J
, ~5!

where the first term is due to virtual hopping of the localiz
electron on the six neighboringeg orbitals. The second term
in EAFM is due to virtual hopping of theag orbital to the six
neighbors with hopping amplitude 2t/3, and it is missing in
the ferromagnetic ground state due to the Pauli principle.
LDA1U energy differences between the ferromagnetic a
antiferromagnetic ground states and the fixed optimal
torted geometry are shown in Fig. 8. Both the perturbat
theory and LDA1U results predict the antiferromagnetic
ferromagnetic transition atU/J'4. For the largeU/J values
LDA1U underestimates the exchange energy by a facto
2 and for the realistic parameter ofU58.1 eV it predicts an
energy difference of 72 K between the two phases. Negl
ing the zero-point energy of the spin waves the energy
ference between the parallel and antiparallel classical s
on a cubic lattice is 6JS(S11) ~Ref. 21!. For spinS51/2
this yieldsJ516 K and the corresponding Ne´el temperature
in the mean-field approximation isTN51.5J524 K. The
quantum fluctuations reduce the Ne´el temperature toTN
50.946J515 K ~Ref. 22!. However, a neutron diffraction
experiment23 did not reveal any long-range magnetic ord
down to 10 K. Whether the absence of magnetic long-ra
11510
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order in TiF3 is an intrinsic effect due to the coupling of th
orbital and spin degrees of freedom or extrinsic due to
presence of the multidomain structure observed in the lo
symmetry phase by Mogus-Milankovicet al.3 requires fur-
ther theoretical and experimental investigations.

VI. PRESSURE ANOMALY

X-ray diffraction measurements under pressure by So
and Ahsbahs24 allow us to determine the experimental bu
modulus of TiF3. Figure 9~a! shows data points along with
Birch-Murnaghan equation-of-state fit. The fit to the fu

FIG. 8. Energy difference of the total energy of ferromagne
and antiferromagnetic solutions as a function ofU/J ratio. The
solid line is a second-order perturbation theory for the fixed val
J50.9 eV andt50.225 eV. The dots are LDA1U results with
fixed J50.9 eV and optimal low-temperature geometry.

FIG. 9. ~a! ExperimentalP-V diagram fitted by the Birch-
Murnaghan equation of state to all data points~solid line! and the
first six high-pressure points~dashed line!. ~b! Bulk modulus calcu-
lations using the cell parameters given in Table I. Energies of L
~LDA1U! calculations are shown by open~solid! circles. The
Birch-Murnaghan fit to the high-pressure points is shown by
dashed~solid! line for LDA ~LDA1U! calculations. The zero en
ergy is chosen at the ambient pressure value.
2-5
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range of pressures predicts a physically an unreason
small bulk modulusB57.5 GPa and an unphysically larg
coefficientK25142 GPa21. The first derivative is fixed to
K154 in the Birch-Murnaghan equation of state:

P~V!53B f~112 f !5/2F11
3 f 2

2 S BK21
35

9 D G , ~6!

where f 50.5@(V0 /V)2/321# andV0 is the volume at ambi-
ent pressure. The high-pressure points~above 4 GPa! can be
fitted by Eq. ~6! to give B551 GPa and a normalK25
20.005 GPa21. However, the volume at normal pressu
has to be fixed toV0551.9 Å3, which is 11% smaller than
the observed one.

In the present work we calculate the bulk modulus of
lower-symmetry phase using the experimentalc/a andV/V0
ratios.24 The tilt angle was chosen to keep the Ti-F bo
length, Eq. ~1!, constant for all pressure values. We fi
dTi-F51.947 Å anddTi-F51.996 Å for LDA and LDA1U
calculations, respectively. For LDA1U calculationsV0 was
fixed to the experimental value24 V0558.3 Å3, while for the
LDA it is reduced to match the optimal volumeV0
556.2 Å3 to eliminate strain effects. The results of calcu
tions for the unit cell parameters given in Table I are sho
in Fig. 9~b!. The high-pressure points can be fitted by Eq.~6!
to give a bulk modulus ofB542 GPa for LDA andB
529 GPa for LDA1U functionals with corresponding coe
ficients K2520.011 GPa21 and K2520.008 GPa21 and
optimal volumesV/V050.86 andV/V050.88, which are in
agreement with the ambient pressure volume deduced f
the high-pressure experimental data. The energies in the
bal minimums in LDA and LDA1U calculations are 270 K
and 525 K per TiF3 lower than that of the experimentall
observed structural parameters. A shallower minimum in

TABLE I. The unit cell parameters for the bulk modulus calc
lations. The normalized volumeV/V0 andc/a ratios are taken from
Sowa and Ahsbahs~Ref. 24!. For LDA1U calculations we used
experimental volumeV0558.3 Å3 at ambient pressure~Ref. 24!
and we choose a smallerV0556.2 Å3 for LDA calculations to
match the LDA optimal value. For given volume andc/a ratios the
tilt angle was chosen such that Ti-F bond length, Eq.~1!, is constant
and equal todTi-F51.947 Å and dTi-F51.996 Å for LDA and
LDA1U, respectively.

p ~GPa! V/V0 c/a f° LDA f° LDA1U

0.0001 1.000 1.023 10.4 13.9
0.46 0.957 1.056 14.3 17.0
1.05 0.908 1.099 17.9 20.2
1.62 0.885 1.118 19.4 21.5
2.37 0.864 1.138 20.8 22.8
3.18 0.848 1.155 21.7 23.6
4.03 0.830 1.167 22.8 24.6
4.97 0.818 1.181 23.5 25.3
6.05 0.806 1.187 24.2 25.9
6.40 0.801 1.189 24.4 26.2
7.23 0.793 1.193 24.9 26.6
7.67 0.788 1.198 25.2 26.9
11510
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LDA can be explained by the kinetic energy loss due to
octahedron tilting. In LDA1U the kinetic energy is sup
pressed due to correlations and does not change much
tilting.

We speculate that this anomalous behavior of the co
pressibility of TiF3 may be due to the presence of doma
walls in the low-symmetry phase observed in Ref. 3. Un
applied pressure the crystal becomes a single domain.
alternative explanation is the phonon contribution to the f
energy which in principle depends on pressure. Additio
calculations of the phonon spectrum and Gruneisen par
eter are needed to estimate the phonon contribution to
bulk modulus anomaly.

VII. CONCLUSION

We used density-functional theory to predict the ele
tronic and magnetic properties of TiF3. The LDA predicts
TiF3 to be a ferromagnetic metal with a fully saturated m
ment 1mB per Ti. The energies of the high- and low
symmetry structures are degenerate, such that the
electron-phonon and electrostatic~Madelung! model does
not explain the observed phase transition atTc5370 K. The
correlations are essential to suppress the kinetic energy
of Ti t2g electrons to favor the distortions. To model electr
correlations on Tid orbitals we use the LDA1U approach,
which requires the input parametersU andJ. We determine
these parameters by calculating electron correlations on
TiF6

22 ion and findU58.1 eV andJ50.9 eV. LDA1U pre-
dicts TiF3 to be an antiferromagnetic insulator with spin 1
per Ti. We find a long-range order of Tiag orbitals with a
wave vector (000). The low-temperature phase is lower
energy by about 900 K per TiF3 in LDA1U calculations,
which suggests that electron-electron correlations are im
tant.

Using the experimentally determinedc/a andV/V0 ratios
we find a global minimum at 14%~LDA ! and 12%
~LDA1U! volumes smaller than the observed ambient pr
sure volume, which are consistent with the ambient press
volume deduced from the experimental high-pressure d
The experimentally observed larger volume at the amb
pressure and the unusual behavior of the bulk modulus co
be understood once the phonon contribution to the free
ergy is included. The zero phonon energy is in principle pr
sure dependent and can alter the position of the energy gl
minimum and the bulk modulus. The Gruneisen parame
calculations and experimental studies of the phonon sp
trum under pressure will help to elucidate this problem.
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