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The self-consistent-field multiple-scattering method in the Xa approximation is used to calculate the electronic
structure and the optfcal transition energies of the U center in CaF„SrF2, and BaF2.

I. INTRODUCTION

The model for the U center iri ionic crystals has
been unambiguously defined by extensive experi-
mental work and consists of ag H ion substitution-
ally, . l,ocated Bt an anion vacancy. The phonon spec-
tru~ and the optical properties of these crystals
are changed when this defect is created. Localized
vibrational modes which are strongly infrared ac-
tive arid a characteristic optical absorption band in
the uv region are present. Using optical techniques
(Raman scattering, infrared, and uv absorption),
several researchers have studied these properties
in alkali halides' ' and in alkaline-earth fluor-
ides ' "

The U center is one of the simplest color centers
which can be produced in ionic crystals and for this
reason it has been the subject of many theoretical
cp, lculgtions. Belated to the optical absorption band
a number of papers conct. rn the calculation of the
electronic stages of the H ion in alkali halides, ""
both in NaC1- and CsC1-type structures, and in
alkaline-earth fluorides. '~" Except for the work
of Wood and Opik" all theoretical treatments as-
sgrget the 8 ion placed in a point-ion lattice repre-
senting the host crystal; the optical band was as-
sociated with the difference in energy'between the
0" '8(ass) and 'P(ls2P) states, and the results are
systemat&caQy smaller than the experimental ones.
Bennett"'" presents a detailed discussion about the
limitations of the point-ion model. These are ba-
sieal, ly the neglect of the finite size of the ions
neighboring the H and of polarization effects.
Wood and opik'~ calculated the electronic structure
of the Ucenter in KCI, KBr, and KI for the ground
and first-excited states using a model in which the
interactions with the first-nearest-neighbor ions
are taken into account in detail and all other ions
are treated as point charges, their results being
significantly better than those obtained by the sim-
plest point-ion model. In this same work, "a sec-
ond more complex model which involves within cer-

tain approximations the electronic structure of all
ions and polarization effects is used for calcula-
tions of the electronic structure, optical absorp-
tion, and 1.attice. relaxation of the U center in KCl,
obtaining in this case significant polarization ef-
fects even in the ground state.

In the present work we calculate the electronic
structure and optical absorption transitions of the
U center in CaF„SrF„and BaF,. In the previous
calculations, "" Singh et al."have used variation-
al wave functions containing two adjustable param-
eters, whereas Bennett"'" solved numerically the
Hartree-Fock-Slater equations for the two electron
orbitals of H", allowing relaxation of its first
neighbors. Although Bennett"'" uses a more
"flexible" scheme than that used by Singh et aE. ,"
the latter results are in better agreement with ex-
periment. This indicates that it is not possible tp
describe realistically the U center within the point-
iori approximation and emphasizes a need for mod-
els involving detailed treatment of the finite size
of neighboring ions and electronic polarization,
as were to some extent used by Wood and Opik. '~

It is well known that the inclusion of electronic po-
larization is 'extremely difficult in an ab initio cal-
culation. Certainly an important improvement in
the description of the electronic structure of the
defect could be obtained by using self-consistent
molecular orbitals from a linear combination of
atomic orbitals (LCAO-MO SCF), but such a cal-
culation has not yet been done for the case of al-
kaline-earth fluorides. For the I' center in LiF
this scheme has been successfully used by Chancy
and Lin." Recently, Yu et al."'"used the SCF-
multiple-scattering (MS) method in the Xts approxi-
mation (MSÃts) to study the U center in several al-
kali halides obtaining for the optical transition a
good agreement with experiment. Clementi et al. ~'

have shown that LCAO-1VIO ch,lculations are com-
petitive with MSXn in terms of computer time and
are potentially more accurate.

The MSX& method has been extensively discussed
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FIG. 1. Complex chosen as a model for the U center
in CaF2, SrF2, and BaF2.

by several authors that applied it to many molecu-
lar systems. "" This is a very "flexible" comput
ing method which takes into account spin polariza-
tion (within a monoelectronic scheme) together
with the possibility of inclusion of a great number
of ions reflecting the proper local symmetry of
the physical system. This scheme was used in the
present paper.

In Sec. II we describe the basic assumptions of
the present calculations; results and discussion
concerning the electronic structure and optical
absorption transitions are presented in Sec. III;
the conclusions of this work are in Sec. IV.

II. DETAILS OF THE CALCULATIONS

We have used the MSXa method in the usual muf-
fin-tin approximation which is believed to be ap-
propriate in describing complexes with a predomi-
nant degree of ionic binding as we expect to be the
case for the U center in alkaline-earth fluorides.
In this work the structure of the defect is approxi-
mated by the complex shown in Fig. 1, which has
T~ symmetry. Within these approximations the
potentials and charge densities in the spheres con-
taining the substitutional H ion and the ions sur-
rounding it are spherically averaged. Outside the
whole complex the potential and charge density are

also spherically averaged. For the interspheres
region, volume averages of the charge density and
potential are used, giving a constant value for the
fina) interspheres potential.

The choice of the muffin-tin spheres radii is
usually made respecting the constraint imposed
by the lattice parameter and in such manner as to
minimize the constant potential region. The latter
feature is generally achieved by imposing the con-
dition that all the spheres be tangent to each other
and, in order to have a sufficiently realistic de-
scription of the physical system, that each sphere
radius is chosen to be proportional to the tabu-
lated ionic radius of the corresponding element. "
For the complex shown in Fig. 1 these conditions
cannot be satisfied simultaneously and three dif-
ferent choices for the muffin-tin scheme are pos-
sible, namely, (i) first cluster: the spheres as-
sociated with H and F are tangent, their radii
being proportional to the corresponding ionic ra-
dii; the cation spheres are tangent to. the H
sphere; (ii) second cluster: the spheres asso-
ciated with F and to the cations are tangent, their
radii being proportional to the corresponding ionic
radii; the. H sphere is tangent to the cation
spheres; (iii) third cluster: the spheres asso-
ciated with H and to the cations are tangent, their
radii being proportional to the corresponding ionic
radii; the F spheres are tangent to the H sphere
for CaF, and SrF„whereas they are tangent to
the cation spheres for BaF,.

The smallest possible radius avoiding overlap
with the inner spheres is always chosen as the
radius of the outer sphere. Tables I and II present
all the data concerning this discussion. Figure 2
shows the possible choices for the muffin-tin
scheme in the case of BaF„ fod which the differ-
ences are more apparent as comparecf to the other
fluoride s.

It is clear that, for the complex chosen in the
present work to represent the U center in the three
alkaline-earth fluorides, the specification of the
muffin-tin scheme is not unique. As it is not
strongly evident which of the three possible clus-
ters is the best representation for the defect and
we were interested in investigating the dependence
of the theoretical results on the muffin-tin scheme,

TABLE I. Muffin-tin radii (R) used in the calculations. Values are all in atomic units.

First cluster
CaF2 Sr F2 BaF~

Second cluster
CaF2 Sr F2 BaF2

Third cluster
CaF2 SrF2 BaF2

7.558
1.701
2.393
2.770

8.023 8.576
1.806 1.930
2.540 2.715
2.941 3.144

7.728
1.908
2.563
2.563

8.060 8.388
2.170 2.546
2.577 2.527
2.577 2.527

7.606
1.750
2.442
2.722

8.216
1.999
2.733
2.749-

8.574
2.361
2.714
2.714
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TABLE II. Ionic radii (R'). Va].ues are all in atoxnic
units.

R' (Ca') R' (Sr ') R' (Ba') R' (F ) R' (H")

1.871 2.117 2.533 2.514 2.911

calculations have been done for the first two.
Table I shows that the muffin-tin scheme asso-
ciated with the third cluster is described by pa-
rameters with values in general lying between
those which describe the first and second; there-
fore we expect that our calculations will properly
give the relevant check for the method.

The complex considered has a total positive
charge of +g and in order to stabilize it we re-
place the potential due to the rest of the crystal
by an uniformly distributed charge of —1 on the
outer sphere ("Watson sphere"").

The nonlocal correlation potential in the Har-
tree-Fock equations is replaced by the X& sta-
tistical exchange potential. "'" %e have used the
& values calculated by Schwarz" for calcium,
strontium, and fluorine. The value of n used for
barium was obtained by linear extrapolation and
for the H ion from a spin-polarized calculation
done for hydrogen. "'" Following the suggestion
of Yu et al."we have used a weighted average n
value for the interspheres and outer regions. The
electronic structure calculations were done in both
spin-nonpolarized and spin-polarized Hartree-

III. RESULTS AND DISCUSSION

A. Electronic structure of the U center in CaF2, SrF2, and BaF2

The one-electron energy levels (corresponding
to the ground-state configuration) which are not
essentially atomic are presented in Figs. 3-5 for
CaF„SrF„and BaF„respectively. The results
are shown for the first and second clusters, in the
spin-non-polarized scheme. In all these figures
the two highest energy levels, 5a, and 7f„are as-
sociated to unoccupied states delocalized inside
the cluster. The occupied 3a, and 4a, states are

Free
Atoms

First
C luste r

Second
Cluster

.Fock schemes; as expected they are equivalent
since the defect presents a closed shell structure.
In the evaluation of optical transitions we have
used the concept of transition state" and no sig-
nificant modification was obtained using the spin-
polarized scheme.

All. calculations have been done using, for fluo-
rine and cation spheres, partial wave expansions
with l= 0 and 1, and for H, l= 0, 1, 2, and 3.
For the first cluster, in the case of CaF„we
also included l = 2 for the fluorine and cation
spheres obtaining essentially the same results.

Self-consistency in the energy levels was carried
out up to the fourth decimal in all cases.
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FIG. 2. Bidimensional schematic in-scale-representa-
tion of the clusters for BaF2. Muffin-tin radii (R).

FIG. 3. One-electron energy levels from the ground-
state calculation of the U center in CaF2. Also shown
for comparison are the corresponding SCF Xo.' energy
levels of the free atoms.
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FIG. 4. One-electron energy levels from the ground-
state calculation of the U center in SrF2. Also shown
for comparison are the corresponding SCF Xo, energy
levels of the free atoms.

-2.50

FIG. 5, One-electron energy levels from the ground-
state calculations of the U center in BaF2. Also shown
for comparison are the corresponding SCFXG. energy
levels of the free atoms.

basically a mixture of hydrogen and neighboring
fluorine atomic states as can be seen from the per-
centual charge distributions presented in Table
III; the other occupied states have a predominant
atomic nature which is identified in these figures
inside parentheses.

The percentual charge distribution shown in
Table III indicates that 3a, is mostly hydrogenic
while 4a] is fluorinelike, except for BaF, in the
second cluster calculation where these charac-
teristics are interchanged. Another difference be-
tween the first- and second-cluster calculations,
for the three crystals, can be observed in Table

IV where the percentual charge distributions of
the "cation" a, level are significantly dependent
on the choice of the cluster. These are the most
striking features which distinguish the results ob-
tained using the two muffin-tin schemes chosen;
of course, as can be seen in Figs. 3-5, there are
also quantitative differences between the one-elec-
tron eigenvalues corresponding to each of the two
calculated ground-state configurations.

Table V presents the total charges in each re-
gion of the clusters. It shows that the charges in
the outersphere and interspheres regions are al-
ways small compared with the total charge of the

TABLE III. Percentual amount of charge inside the
hydrogen and fluorine spheres arising from the wave
function associated to the energy levels 3a~ and 4a~.
Fluorine charge is obtained by adding the charge in each
of the six spheres around the H ion.

First cluster Second cluster
CaF2 SrF2 BaF2 CaF2 Sl F2 BaF2

TABLE IV. Percentual amount of charge inside the
hydrogen, fluorine, and cation spheres arising from the
wave function associated to the "cation" energy level a&
(la& for CaF2 and 2a& for SrF2 and BaF2). Fluorine and
cation charges are obtained by adding the charges in
each of the corresponding spheres around the H ion.

First cluster Second cluster
CaF2 SrF2 BaF, CaF2 SrF2 BaF2

3ag(H )
3a, (F-)
4a, (H-)

4ag(F )

61% 77% 67%
26% 10% 1%
28% 12% 3%
67% 83% 92%

47% 46%
40% 39%
39% 39%
55%

25%
60%
58%
33%

ai (H ) 1% 5% 27% 1% 2%
a~(F ) 31% 1% 2% 5% 1%
a~ (cation) 58% 75% 46% 87% 87% 83%
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TABLE V. Total charge for different regions of the clusters.

CaF2
First cluster

Sr F& CaF)
Second cluster

Sr F2

H

Cation

Inter sphere
charge

Outer sphere
charge

2.01

9.42

17.07

7.12

0.11

2.12

34.49

8.78

0.09

2.37

9.60

51.55

11.73

0.07

1.86

9.57

17.43

4.91

0.10

1.83

9.57

35.27

5.58

0.10

1.78

53.13

6.40

0.11

cluster which is a good indication that these muf-
fin-tin approximations are reasonable.

B. Optical transitions for the U center in CaF2, SrF2, and BaF2

In Table VI the theoretical results obtained by
Bennett"'" and Singh et ai. '" are presented togeth-
er with the experimental results concerning the
peak position and halfwidth of the U-center ab-
sorption band in CaF„SrF„and BaF,. These
authors, using a point-ion model, associated the
U-band to the 'S(ls') -'p(ls2p) transition in the H

ion.
In the present work we have calculated all the

symmetry allowed transitions to the unoccupied
5a, and 7t, levels from the occupied group of one-
electron states with energy immediately below
those two. All the results are presented in Tables
VII—IX where we compare the values obtained us-
ing the transition-state concept or simply taking
the difference associated with the eigenvalues cor-
responding to the levels involved in the transition.
A pictorial comparison between experiment and
the results of the transition-state calculations (ex-
cept the Sa, -7t, transition) is presented in Figs.
6-8 where the U-band is simulated by a Gaussian
(the only experimental results available are the
halfwidth and the peak position of the optical band'")
and the vertical bars placed on the upper and lower

sides of the horizontal (energy) axis correspond to
the transitions evaluated using the first and sec-
ond clusters, respectively. In these same figures
we also represent the results of Bennett"'" and
of Singh et al."by points and crosses, respec-
tively. Of course, in this type of comparison, we
are disregarding the role of electron-phonon inter-
action which would associate a certain width to
each of the calculated transitions.

It is striking that for CaF, and SrF„ in both clus-
ter calculations, all allowed transitions, except
say 7t2 lie inside the experimental band. The
present model for the defect associates the U-band
to transitions arising from a group of almost de-
generate states, basically related with the 2P F"
band, to the unoccupied 5a, and 7t, states; this
interpretation is in contrast with all the above
mentioned calculations for this kind of defect in
these crystals, which associate the U band to a
single transition in H .

The calculations for BaF, still show a reasonable
agreement with experiment if one considers that
the appropriate muffin-tin scheme representing
the U center is that of the first cluster. Also in
this case, assuming the same type of transitions,
several of them lie in the energy range of the ex-
perimental band. This type of agreement is not
obtained if we use the second-cluster description
for the defect.

TABLE VI. Lattice parameter (A.), experimental halfwidth (eV), experimental and theoreti-
cal peak position (eV) of the U band.

Lattice
parameter

Ref. 37

Halfwidth
(expt. )

Ref. 11

Peak position
(expt. )

Ref. 11

Peak position
(theor. )
Ref. 18

Peak position
(theor. )

Refs. 16 and 17

CaFp
Sr F2
BaF2

5.463
5.800
6.200

0.493
0.420
0.367

7.65
7.04
6.00

6.82
6.37
5.89

6.42
5:90
5.47
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TABLE VII. Theoretical optical transition energies (eV) for U center in CaF&.

CaF2
Optical

transition

First cluster
Integer Transition

occupation state

Second cluster
Integer Transition

occupation state

~ (Vt, )-~ (Ba,)
~ (7 t2)-~ («2)
~ (Vt&)-& (5t&)

&(Vt, ) ~(2t, )
& (Vt2)-~ (6t2)
e (Vt2)-& (Be)
~ {Vt2)-~(Btg)
e (5a~)-& (4t2)
e (Gag) -e (5tp)

(7t2)-E (4ai)
~ (5a&)-~ (6t2)

9.48
8.10
7.88
7.85
7.72
7.71
7.65
7.32
7.10
7.04
6.94

10.18
8.11
7.90
7.88
7.76
7.75
7.69
7.36
7.15
7.10
7.01

8.92
7.98
7.79
7.77
7.65
7.64
7.58
7.24
7.05
6.76
6.91

10.59
8.18
8.02
8.00
7.89
7.89
7.82
7.48
7.31
7.21
7.19

TABLE VIII. Theoretical optical transition energies (eV) for U center in Sr F2.

Sr F2
Optical

transition

First cluster
Integer Transition

occupation state

Se'cond cluster
Integer Transition

occupation state

.(Vt,)-~(Ba,)
& (Vtg)-& (4t,2)
~ (Vt, )-~ (2t, )
~ (7 t2)-~ (5t2)
~(Vt, ) .(Be)
~ {Vt2)-& (6tg)
~ (Vt2)-& (3tg)
~ (Vt2)-e (4ag)
& (5aq)-& (4t2)
~ (5a, )-~ (5t,).(5a, )-~(6t, )

9.34
7.49
7 .31
7.28
7.16
7.15
7.05
6.91
6.80
6.60
6.47

9.92
7.54
7.38
7.35
7.24
7.23
7.13
6,90
6.87
6.68
6.56

8.20
7.60
7.46
7.42
7.31
7.30
7.21
6.70
6.78
6.60
6.48

10.09
7.80
7.68
7.64
7.55
7.53
7.44
7.09
7.02
6.86
6.76

TABLE IX. Theoretical optical transition energies (eV) for U center in BaF2.

BaF2
Optical

transition

First cluster
Integer Transition

occupation state

Second cluster
Integer Tr ansition

occupation state

~ (Vt, )-~ (Ba,)
& (Vtq)-& (4t2)
~(7t, ) ~(2t, )
~ (Vt2)-~ {5t2)
& (Vt2)-& (Be)
f (5af) Q (4t2)
& (Vt2)-& (6t2)
& (Vt2)-& {4a~)
~ (Vt2)-~ (Bt&)
~ (5a,)-~ (5t,)
& (5a&)-& (6t2)

8.51
6.42
6.31
6.22
6.13
6.25
6.07
6.09
5.93
6.06
5.91

8.55
6.68
6.59
6.49
6.41
6.35
6.34
6.29
6.20
6.16
6.01

7.89
7.85
7.76
7.66
7.58
6.41
7.54
7.01
7.42
6.22
6.10

9.51
7.75
7.69
7.59

. 7.52
6.65
7.47
7.23
7.36
6.48
6.37
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FIG. 6. Comparison between experiment and the re-
sults of the transition-state calculations for CaF2. Ver-
tical bars in the upper and lower sides of horizontal
axis correspond to first- and second-cluster calculations,
respectively. Also shown are the theoretical results of
Bennett (Ref. 16 and 17) (points) and of Singh et al. (Ref.
18) (crosses).

FIG. 8.. Comparison between experiment and the re-
sults of the transition-state calculations for BaF2. Ver-
tical bars in the upper and lower sides of horizontal
axis correspond to first- and second-cluster calcula-
tions, respectively. Also shown are the theoretical re-
sults of Bennett (Hefs. 16 and 17) (points) and of Singh
e& al. (Ref. 18) (crosses).
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Our interpretation concerning the origin of the
U band in CaF„SrF„and BaF, is based on the
fact that the most hydrogenlike orbital (Sa,) lies
well below the F bandlike states so that the cal-
culated energy for the 3a, -7(, transition is very
large as compared to the experimental peak en-
ergy. One could think that the characteristics of
the 3a, and 4a, orbitals are due to other features
inherent to the MSX& method or to the fact that
possible relaxations of nearest neighbors were not
considered. W'e then decided to test the sensibility
of this result by varying the a values and per-
forming a calculation in a relaxed cluster; this
check has only been made for the first cluster
representation of the defect in CaF,.

Figure 9 shows the uppermost electronic energy
levels corresponding to four other calculations in
which the same value of Q. has been used for all
the regions of the cluster. Concerning the values

of the transition energies, the only significant dif-
ferences with respect to the Q.-Schwarz calcula-
tion previously done are found in the cases of &

=0.9 and & —Slater=1. 0; these differences amount
to higher energy shifts of the order of 10% (o= 0.9)
and 20% (o.'—Slater= 1.0), on the average. Table
X presents the percentual amount of charge inside
the hydrogen and fluorine spheres arising from the
wave function associated with the energy levels 3a,
and 4a„respectively. We can observe that the
interchange of characteristics for these levels only
occur for & -Slater, which is well known to be an
unrealistic choice for cluster calculations.

The calculation involving relaxation was per-
formed by relaxing 6% inward the nearest neigh-
bors, this amount being obtained in the variational
method used by Bennett. "'" Our results for the
uppermost energy levels are shown in Fig. 10. We
verify once again that the ordering of the energy
levels did not change. Also, the average shift of
the transitions amounts to S% in the lower ener
gies direction and the characteristics of the Sa,
and 4a, levels did not interchange [Sa,(H ) = 85%
B,nd 4a, (F ) = 90%].

6.0 8.0 8.5
energy (eV}

TABLE X. Percentual amount of charge inside the
hydrogen and fluorine spheres arising from the wave
functions associated with the energy levels 3a& and 4a&
for CaF& (first cluster) and different values of o' [c.'-Gas-
par (Ref. 38), Kohn and Sham (Ref. 39) (&-GKS), 3; &-
Schwarz, commented in the text; and o.'-sister, 1.0].

FIG. 7. Comparison between experiment and the
results of the transition-state calculations for SrF2.
Vertical bars in the upper and lower sides of horizontal
axis correspond to first- an& second-cluster calculations,
respectively. Also shown are the theoretical results of
Bennett (Hefs. 16 and 17) (points) and of Singh et al . (Ref.
18) (crosses),

3a$(H ) 59/0

3ag (F") 28%
4a((H ) 30%
4ag(F ) 64%

61%
26/o
28%
67%

53/o
34/o
36%
59%

47%
41%
43/o
53%

39%
51%
52/o
44%

&-GKS &-Schwarz & = 0.80 a, = 0.90 n-Slater
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An important feature hq, s been obtained from the
present worg, It concerns the character of the
optical absorption U band in CaF„SrF„and
Bap„which as has been discussed in Sec. IIIB,
cannot be associated w'ith only a single H transi-
tion. This is contrary to all previously proposed
models" "an& gypax'ently distinguishes Cap»

SrF„and BaF, from the alkali halides. In these
compounds the uppermost occupied level is in fact
a hydrogenlike one and the optical transition seems
to occur in H, as shown by Yu et al.""using the
MS2Ce method. Nevertheless, when the first shell
of anions is included in the calculations, that hy-
drogenic level lies very: close to the p-alike anion
levels; in such a case, it could be pgssible to as-
sociate the U band also with several transitions
arising from these lqvel@. In ouj' calculations we
have checked the characterj. sties of the 3a, and
4a, levels in several ways and showed their quali-
tative insensitiveness regarding different choices
of parameters inherent to the MgXa method.

The predictive chiracter of the MSX& method
concerning the values of the transition energies
also appeared to be satisfactory. Calculations
using the first cluster representation for the de-
fect gave results which lay reasonably inside the
experimental band. Of course, the electron-pho-
non interaction and the calculation of relative os-
cillator strengths of the transitions should be con-
sidered to provide a more convincing picture of
the results obtained, but this is beyond the scope
of this paper. Polarization effects qouM in prin-
ciple affect the quantitative results, but for such
a noncharged and well localized defect (the charge
inside H is always around 2e ) our model does
not predict significant changes; a calculation done
for Cap, using partial waves up to E= 2, for the
first and second shells, confirmed this feature.

Other good tests for the MSX& method ape the
study of the I' and U, centers in these same com-
pounds. This study is ill progress.
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