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Theoretical investigation of the electrical and optical activity of vanadium in GaAs
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%e study the excitation and ionization processes at the isolated substitutional vanadium impurity
in GaAs. The electronic structure is solved through the spin-restricted version of the multiple-

scattering Xa method to obtain the relevant mean-field energies, and correlation effects are evaluat-

ed through the Fazzio-Caldas-Zunger multiplet approach. The similar systems GaP:V, InP:V are
also investigated. Our results for GaAs:V point to the occurrence of an acceptor level at -E,—0. 16
eV, the donor level appearing very close to or within the valence band. The V-related midgap accep-
tor should then be related to some complex defect involving vanadium. We also suggest that V2+ in

these compounds is present in the low-spin ground state 2E.

I. INTRODUCTION

Transition metals, particularly those from the 3d series,
have probably been the most intensively studied group of
deep-level impurities in covalent semiconductors' in the
past few years. Much insight was gained into the proper-
ties of these rather complex systems, both from experi-
mental' and theoretical ' studies (these latter with the
application of new nonempirical models ).

A number of features are now apparent for 3d impurity
centers in III-V compounds (GaAs, GaP, InP). The 3d
metals ( T) from Cr to Ni introduce at least one deep ac-
ceptor level in the band gap of the semiconductor. '

The metal enters at a regular lattice site substituting for
the cation, hence the neutral charge state ( A ) of the de-
fect corresponds to the oxidation state T +; the first ac-
ceptor level Eq ( —/0) corresponds to the transition
T +~T +. Optical activity (internal or intra-d ab-
sorption or luminescence) has been detected ' for the Ti+
impurities indicating that many-electron multiplet effects
within the open d shell were a relevent feature of the sys-
tems. s On the other hand, the occurrence of the first ac-
ceptor level for all of these impurities, coupled to the ap-
peiuance of up to four charge states for the same impurity
[Cr in GaAs (Ref. 3)] points to the basic relevance of co-
valency or hybridization effectss [reducing U, the Mott-
Hubbard energy'0 for the impurity center]. Vibronic cou-
pling to the lattice, as well as lattice relaxation effects
were also shown to play a role in the description of the
optical and electrical properties of the systems. i

One of the most exciting results that emerged from this
systematic investigation of 3d impurities was that state-
of-the-art theoretical methods, within the mean-field ap-
proximation, can yield realistic descriptions of the de-
fect centers once multiplet effects are taken properly into
account.

%e propose here to investigate the vanadium impurity
center in GaAs, for which a wealth of experimental data
is already available i ' '" ' and which is not fully un-

derstood at present. i Mean-field calculations are done
within the multiple-scattering (MS} Xa cluster model
with the Watson-sphere boundary condition, and the
Fazzio, Caldas, and Zunger (FCZ) method is used for in-
clusion of multiplet effects. We discuss in the next sec-
tion the experimental evidence2'b's" '9 concerning the
properties of GaAs:V, and also the closely related systems
GaP:V and InP:V.~' 's'9 26 It is scen that information
from one center can help us understand the others, as
much of the mean-field effects are common to the III-IV
class of compounds. ' ' ' Our mean-field results for
GaAs:V are presented in Sec. III, together with a discus-
sion on multiplet effects. It is shown that vanadium
presents unique characteristics, and that the evidence is
compatible with an earlier suggestion5 that V + would be
present in covalent III-V compounds in a low-spin state.

II. III-V:V—EXPERIMENTAL SITUATION

An excellent survey of the experimental data for vana-
dium in GaAs, GaP, and InP is given in Ref. 3. Optical
activity from V center in GaAs (Refs. 3, 11—16, and 18)
comprises a distinctive photoluminescence (PL} spectrum,
which counterpart, together with the excitation spectrum
(PLE), is also seen in absorption.

The strong V-related luminescence band is also seen in
GaP (Ref. 14) and InP, and is very similar for the
three compounds. As shown schematically in Fig. 1, it
consists of a strong zero phonon line (ZPL) with an ac-
companying hot line (HZPL), followed by phonon replicas
(P); the whole structure is further replicated '

by a local-
mode phonon (LM) to lower energies. The strength of the
phonon coupling is slightly material dependent. ' ' '

Apart from the specific energies for the lines (indicated in
the figure) the overall structure is strikingly similar. The
doublet splitting of the ZPL's (both cold and hot) shown
in the insert of Fig. 1 is seen clearly' in GaP (-0.1

meV), is barely discernible' in GaAs and apparently
disappears' in Inp.
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FIG. 1. Schematic representation of the luminescent transi-

tion of V centers in GaAs, GaP, and InP (not in scale). Energies
for the lines, in eV, are indicated for the three compounds. In-

sert shows scheme of the doublet splitting of the no-phonon

lines.

Zeeman spectroscopy of the main ZPL (Refs. 14 and
21) shows that it sphts in six lines with a g factor close to
the free-electron value; an important confirmation of the
phonon coupling is that the same behavior is exhibited not
only by the hot line, but also by the local-mode replicas'
in InP.

The absorption counterpart of the luminescence is seen
in high-resistivity and in moderately n-type GaAs and
InP, and confirms the doublet character for the ZPL's. '

The (weak) absorption band peaks at 0.79 eV in GaAs. 's

The PLE band'" '6 z' is also semi in absorption, and
presents a strongly temperature-dependent lineshape with
two peaks (around 1.1 eV) converting to three at higher
temperatures. "'i's'zi Also the absorption ZPL corre-
sponding to the 1-eV band is seen for GaAs and InP, '
with two other weak lines. '

Early analyses of the luminescence and PLE for GaAs
and GaP ascribed the spectra to intra-d transitions within
the d shell of Vt+ (A, acce tor state) (Refs. 12, 14, and
23). Mircea-Roussel et al. ,

' however, interpreted the
temperature dependence of the 1-eV-absorption-band line
shape as originating from a tramiition from an l =0
ground state to an excited state with l =1, which would
be compatible with the Ai( F)-+ Ti( F) transition of
Vi+ (d, neutral state). It is to be noted that higher-Z 3d
impurities all present optical activity in the A, Tz+
state. Subsequent analyses of the V-related lumineteence
in InP by Skolnick et al. ' presented strong evidence in
favor of the Vi+ interpretation: the study of the Zeeman
splitting of the ZPL at high fields (up to 9.2 T) revealed
that it is composed of three doublets, and that the doublet
splitting occurs in the initial state of the tramution.
Furthermore, the g factors extracted from the data have
values close to 2 for both ground and excited states. The
analysis of the behavior QIlder umaxial stress of the no-
phonon lines of both luminescence and the 1-eV absorp-
tion (corresponding to the PLE band) in InP:V also points
conclusively to the V + interpretation of the luminescence
band.

As stated above, the strong similarity of the optical
spectra for si-GaAs:V, GaP:V, and InP:V (where si
denotes semi-insulating) indicates that a single interpreta-
tion should be valid for the three systems ' '

Following Skolnick et al. , ' the vanadium impurity is
supposed to be in the 3+ oxidation state (neutral with
respect to the lattice A ), with the high-spin ground state
Az( F,e ) of the d shell. The luminescent transition

would correspond to Ti( F,e't')~ Ai( F,e ) with the
excited state coupled to e (tetragonal) modes, which
lowers the symmetry from T2 of Te to Bi of Did. The
no-phonon line splitting (1.5 meV) shown in the insert of
Fig. 1 is accounted for by second-order spin-orbit cou-
pling within the Bz state, and further splitting (&0.1
meV} is caused by coupling of the different distortions
(tunneling) via the spin-orbit interaction. The excitation
of luminescence would correspond to the transition
Ai( F,e )~ Ti( F,e't'), and in this case the excited

state is coupled to r (trigonal) modes of distortion. "i
Recent analyses of the temperature dependence of the

absorption lineshape's in GaAs assuming strorig dynamic
coupling of the Ti state to ~ modes yield rather large
Jahn-Teller energies of Err-0. 1. For si-GaAs and InP,
two other lines are observed in absorption at 0.909 and
1.335 eV, and at 1.005 and 1.292 eV, respectively, which
have also been ascribed to V +. Only for the larger-gap

compound
GaP the higher-lying spin-allowed transition

Ai( F,e )~ Ti( P, t ) has probably been observed in ab-
sorption at low temperatures (~180 K), with a band
around 1.756 eV (Refs. 16 and 23) [the original assign-
ment for this line was based on the V + interpretation].
A summary of the optical data for the systems is present-
ed in Table I, where we enter also the absorption data for
tt-type GaAs:V, which has been ascribed to the acceptor
( A ) state V +."

For the si-GaAs samples where the V-related lumines-
cence is observed, Kaufmann et al. '~ detect an isotropic
EPR signal (already in the dark, from 20 to 80 K) with g
factor 1.957, which is interpreted as arising from isolated
cation-substitutional U + in agreement with the recent as-
signment of the PL transition. Recently Hage et al. ~5 ob-
served also the electron-nuclear double resonance (EN-
DOR) spectrum of GaAs:V +, which can give a more de-
tailed picture of the electronic spin density. The authors
find a very strong localization of the wave function, with
-70%%uo over the impurity atom. In si-GaP:V samples an
EPR signal is also present, with was assigned, however, to
an axial V + center. In their GaP:V samples Kaufmann
et al. ' could not observe any EPR signal that could be
ascribed with certainty to V +; the authors argue that the
samples were remaining n type despite V doping, as they
could detect the Fe' (A,d ) signal [thus, p~) E„+2.1
eV]; we would like to remark that V + luminescence can,
nevertheless, be excited for these samples. ' A search for
the EPR signal of vanadium in InP:V has proven unsuc-
cessful. z In si-GaAs (after illumination) and GaP EPR
signals ascribed to the negative charge state of vanadium
(V +, A, d ) were observed by Bates et al. ' through
thermally detected (TD) EPR experiments. These data
are also included in Table I.

The electrical activity of V centers in these compounds
has been the object of much controversy. %bile it is cer-
tainly possible to gro~ si-GaAs by V doping, ' and Hall-
effect measurements" would indicate a level at -E„+0.8
eV in high-resistivity GaAs:V (10 0 cm), deep-level opti-
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TABLE I. Summary of experimental data for the vanadium impurity in the III-V compounds GaAs, GaP, and InP. Assignments

for optical transitions are according to this work. abs, absorption; PL, photoluminescence; ZPL, zero phonon line; max denotes max-

imum.

Intra-d
optical
transitions

(eV)

'A, ~'T2
A2~ T2

A2~ T)

'A, ~'A, (&)

2E 2T

E~ T

V3+

0.738
0.79
1.009

—1.1
0.909
1.335

V2+

0.69
1.03

PL-ZPL'
abs band'
abs-ZPL'
abs max"
(weak)'
(weak)'

abs'
abs (weak)'

A2~ T2

'A, ~'T,
A2~ T

2E 2T

GaP

V3+

0.791 PL-ZPL'

1.14 abs max'
1.756 abs max"

V2+

similar to GaAs'

A p+—T2

A2 Tl

InP

V3+

0.705 PL-ZPL

0.993 abs-ZPL'

'A2 ~ 'E (?) 1.005 (weak)'
'A2~'A ) (T) 1.292 (weak)'

Magnetic V'+ EPR,' ENDOR' isotropic
resonance V + TD EPR"

V3+ EPR axial
V + TD EPR"

No signaP

Electrical
levels

' Reference 14.
Reference 21.

' Reference 16.
d Reference 23.

E~( —/0} E,—0. 15 eV'

ED(0/+ }-E„'
E~( —/0) —Ec —0.8 eV'

' Reference 25.
f Reference 24.
I' Reference 26.
"Reference 19.

Eg( —/0)) E, '
ED(0/+ )=E„+0.21 eV'

cal spectroscopy (DLOS) experiments''~' do not show

any midgap acceptor level that could be related to the iso-
lated V impurity in GaAs. Litty et a/. ' find two levels at
E, —0. 14 eV and E, —0.23 eV in n-type GaAs, while
Brandt et al. ' find just one level at E, —0.15 eV. The
data of Clerjaud et al. ' and Ulrici et al. '8 indicate an ac-
ceptor level at E, —0. 14 eV, and the authors agree that
the donor level in GaAs:V should be very close to or
within the valence band. Donor action was detectedi for
InP:V with a level at E„+0.21 eV, but no acceptor activi-
ty. For GaP:V Abagyan et al. observe a photoconduc-
tivity threshold that could indicate the presence of a deep
level, and Clerjaud et al. '6 detect luminescence in n-type
GaP:V that is probably related to the acceptor state (V +,
A, di). These latter authors suggest an acceptor level at
-E,—O. B eV, which would be compatible with the ac-
ceptor 1ocation in GaAs.

We may summarize the data as follows. (i) Vanadium
in si-GaAs, si- and moderately n-type GaP, and InP
presents optical activity characteristic of the neutral state
A, T +. (ii) The impurity then presents a high-spin,
nonorbitally degenerate ground state, so we do not expect
Jahn-Teller effects to be opautive; breathing-mode relaxa-
tion may occur. (iii) No midgap acceptor level is found
by DLOS experiments that can be ascribed to isolated V
in si-GaAs, where the acceptor is within 0.2 eV of the
conduction bimd; the location of the acceptor level in GaP
is less certain, but it is undoubtedly in the upper third of
the band gap; there is no evidence for a V acceptor level in
InP, however a V donor is detected at E„+0.21 eV. (iv)
The data on the preceding item suggest a Mott-Hubbard
energy for V + of around U(A, d )=1.4 eV, similar ' to
those of Co + and Fe + where the e orbital is ionized. {v)
EPR of isolated (tettahedral) V~+ was sixn with certainty

only for si-GaAs:V; FPR of V + was observed in GaP
and GaAs, however it is not established the signals are re-
lated to the isolated impurity. In the next section we
prevent our results for GaAs:V, and discuss a possible
mechanism for the acceptor behavior.

III. THEORETICAL ANALYSES

A. Mean-field MS Xcx results for the A state

We used for GaAs:Vo, a molecular cluster model
comprising the central impurity atom, the nearest-
neighbor shell of 4 As atoms and the second-neighbor
shell of 12 Ga atoms, in the unrelaxed lattice geometry, as
used before for other 3d impurities. The electronic struc-
ture of this cluster is solved, as before, within the
multiple-scattering Xa formalism with the Watson-sphere
boundary condition. We present our results for the neu-
tral state in Fig. 2.

We can see from Fig. 2 that the impurity introduces an
e-symmetry level near the middle of the band gap, occu-
pied with two electrons in the neutral charge state Ao,
V3+. The antibonding ["dangling-bond hybrid" (DBH)]
tP level characteristic of 3d impurities is already in
the conduction band, unoccupied in the ground state of
the system. The charge localization is very strong for the
e level, with 70% of the charge within the central
muffin-tin sphere (radius 2.45 a.u.), a little more than 5%
spread over the first-neighbor shell, and 16% spread over
the second-neighbor (Ga atoms) shell. Only 8% of charge
is in the interstitial region; the tz level is more delocal-
ized, with 32Fo of charge in the impurity sphere, and
16% spread in the interstitial region. This is the expected



33 THEORETICAL INVESTIGATION OF THE ELECTRICAL AND. . . 7105

2.0—

=- 0.8—
nO. I—
A
'—' 0.0
lil-04-

CIVIV

v jlVI

also interaction within the symmetry (configuration mix-
ing}. In the FCZ multiplet scheme we separate explicitly,
as in Eq. (1), energies that can be computed by MF theory
[which include average electron-electron interactions for
the fixed configuration (m, n)]. When doing that, we ex-
press the multiplet energies in terms of the free-ian Racah
paraineters 80 and Co, for the proper oxidation state, 30

and the excitation spectrum is obtained through the use of
the three internal parameters of the FCZ theory, A,„A,„
and b, dt{m', n', m, n), defined as follows:

b„tt(m, n;m, n )=EMF(m, n) —EMF(m, n )

where (m, no} is some reference configuration; the pa-
rameters

e

(dd dd

4

(dd dd)

FIG. 2. Mean-field results for the d-related levels of isolated
substitutional vanadium in GaAs, in the neutral {A,T+)
charge state, with occupation e2to for the e~ and t 8" levels.
VBM is the valence-band maximum, CBM is the conduction-
band maximum.

behavior4' for the charge distribution of the ec~
["crystal-field resonance" (CFR)] and t2

sH levels of a 3d
impurity [it is to be noted that the charge within the
nearest-neighbor cage, or "central cell," encompasses a
larger region, with radius -4.9 a.u. for GaAs]. Within
the valence band we have another t2-symmetry level tP"
at E„—0.55 eV with 43% of char e within the central
sphere: this bonding partner of tq is fully occupied,
and should not affect the electrical or optical properties of
the center. ~ s Optical transitions within the V + state (si-
or moderately n-type GsAs) or ionization transitions
V3+~V + should then involve, as for the other impuri-
ties Cr to Ni, the two levels e ""and tP

8. Multiplet correction —optical trIeeitions
mtbin the Ao state

We now turn to the analysis of the intra-d transitions
observed by absorption or luminescence experi-
ments " ' ' for GsAs:V. It is well known ' ' that the
optical activity is a direct result of the relevance of
many-electron multiplet effects, not included in mean-
field calculations. One could, in principle, compute the
multiplet corrections {MC) to mean-field (MF) theory in
the energy of any given term I';:

E(l;)=EMF(m, n)+~g( +'I ),
where EMr„(m, n) is the total mean-field energy of the sys-
tem in the one-electron configuration e t" from which
the term I; evolves (predominantly). The correction in-
cludes term splitting within the configuration (m, n) and

reflect the lass of electron-electron repulsion energy for
the d-shell electrons in the solid, and are related to hy-
bridization with the ligand orbitals.

It shauld be noted that A,„A,, camiot here be taken as
the total I =2 charge within any given radius, as has been
assumed in earlier work. ' ' '

Here we did not attempt to calculate h, tt, A,„or A.,
directly from our MF results, but rather took the path of
obtaining them from a fit to the experimentally detected
optical transitions. ' Only two strong lines are abserved
for GaAs:V + {see Table I), which we take to be the spin-
allowed transitions 3T2(e't'}~3Hz(e2) in luminescence,
and A 2(e 2)-+ 3Ti(e't'). The other spin-allowed transi-
tion Ai(e )~ Ti(t ) is only seen for GaP:Vi+. As dis-
cussed in the Introduction, we expect that the properties
of the systems GaAs:V + and GaP:V + will not differ
significantly, including the values for h, tr, A,„and A, We
further expect )I,, to be the least affected, being related in
first approximation to interactions with the second-
neighbor shell, while A,, and particularly h~ can show
more sensitivity to the first-neighbor cage. ' We exploit
these characteristics by trying to fit the spectrum for V3+

in GaAs with a set of parameters close to those abtained
for GaP. We present in Fig. 3 the multiplet spectra ob-
tained for V3+ in GaAs, GaP, and also InP, along with
the experimental lines. The values obtained for the pa-
rameters are displayed in Table II.

We used for the transition Ai(e~)~ Ti(e't'} the value
of the center of the absorption band, as opposed to the use
of the no-phonon line energy. We follow in that the sug-
gestion of Baranowski et al. , considering we are not in-
cluding Jahn- Teller effects.

We note from Fig. 3 that we have a spin-singlet 'E state
that could be responsible for the weak line at 0.909 eV in
GaAs, although it lies a little too low. %'e also mention
that this is a spin forbidden transition, which might ex-
plain the low intensity of the line. The line at 1.335 (Refs.
3 and 16), if related to V3+, cannot be assigned with cer-
tainty to a particular transition.

The ground-state many-electron term A z evolves
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A'
~t

a~ (eV)

GaAs

0.87220.006
0.818+0.006
0.60 20.01

GaP

0.872
0.793
0.63

InP

0.854+0.006
0.812%0.006
0.60 %0.01

~C

~t
b~ (eV)

0.872%0.08 0.872+0.08 0.863+0.08
0.778+0.008 0.774J0.08 0.790%0.08
0.65 +0.03 0.67 +0.03 0.64 %0.03

TABLE II. Mean-field parameters for the FCZ multiplet ap-
proach, obtained from fits to the experimental data, for the
vanadium impurity in GaAs, GaP, and InP. Values for Cr are
from Refs. 4 and 5.

FIG. 3. Multiplet structure obtained for the neutral vanadi-

um impurity (U'+) in (a) GaAs, (b} GaP, and {c) InP, from fits
to the experimental spectra (to the right of each column}. Tran-
sition energies used in the fit are marked with an asterisk.

directly from the ground-state mean-field canfiguration
e t; there is no configuration-mixing contribution. It is
then a pure e-character state, and it is thus straightfor-
ward to compare the charge distribution obtained here for
the (one-electron) e~" level with the electron-nuclear
double resonance (ENDOR) data of Hage et al. i as done
in Table III. The agreement is excellent, as can be seen
from the table, and can be explained (i) by the pure e-
character of the impurity bound state, and (ii) by the ex-
treme degree of localization not only of the impurity-
induced perturbation potential, but also af the bound
state, which makes the cluster representation very suitable
for this particular study.

The values obtained for the parameters (Table II) are
very reasonable, in the light of what we would expect for
a low-Z 3d impurity. We note first that A., &A,„as we
would expect from our mean-field results, and also from
the behavior of the other 3d impurities. ~'5 On the other
hand, we must remember that the recent applications of
the FCZ model were all devoted to intra-d transitions
within the T2+ oxidation state, and we should expect
some different, or "off-trend, " behavior. This feature is
manifest in the values obtained for b,~ for V'+, which are
very close to„but loioer than the values for Cr + (also in-
cluded in Table II). The expected result would be to ob-
tain for V + a value of h,tr larger than the value for Cr +;
hence we might infer that the effective crystal-field split-
ting will increase with the addition of one electron to the
d shell (acceptor state). In the context used here, the ef-

fective crystal-field splitting measures the average energy
required to excite one out af the N electrans of the d~
system from the e to the ti level. So, we are pro-
posing an increase in b,,tt from N =2 to N =3, for the
sameimpurity core A.similar system would be the d'o
shell of octahedral (tz below e) transition-metal oxides,
where we have reliable data on the behavior of h, tt with
N. ' The equivalent transition to V +~Vi+ (2—+3 elec-
trons) in tetrahedral symmetry can be found in the transi-
tion Nii+~Nis+ (2~3 holes) of NiO; the application of
the FCZ model to NiO resulted in h, tt(Nid )

=26,tt(Nid ), or h,tt(d' )=23,,tt(d' ), with very lit-
tle alteration in the values of A,, and A,

We do not expect, for an impurity in a cavalent semi-
conductor, that h, tt could be altered quite so drastically,
however we think that the value obtained here for the ef-
fective crystal-field splitting of V'+ is quite within the ex-
pected trend, and that this energy should increase for V2+

in the same compounds [we mention that the value ob-
tained through the MS Xa calculation (-1.0 eU) for V3+

is overestimated, as faund for other 3d impurities ]. On
the other hand, we realize that, due to the stronger
impurity-ligand interaction, in a covalent host A,, and A,,
could be altered from one charge state to another, at least
more than in the ionic oxides.

C. Ionization transitions: acceptor level

Using the data obtained in the preceding section we can
estimate the multiplet correction to the acceptor transi-
tion. In principle, an ionization transition can involve
capture (or emission) of a valence (or conduction) band
electron at either the p=e or t2 impurity levels. The ac-
ceptor transition energy where a valence-band (VB) elec-

TABLE III. Charge distribution of the e ~ impurity orbital of vanadium in GaAs in the neutral
charge state (V'+), in percents, compared to the ENDOR data of Hage et al. (Ref. 25).

Impurity

70.0
-70

1st-neighbor
shell (As)

5.3
7

2nd-neighbor
shell (Ga)

16.2
13

Interstitial
region

8.4 This work
Refs. 4 and 25
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tron is captured at the e level corresponds (hole emission)
to

Eq( —/0) =AF~~F(m + 1,n, VB+/m, n, VB )

+~I.„,(1;/r, ), (4)

where I J and I'; are the lowest energy terms of the nega-
tive A (m+1,n) and neutral A (m, n) states, respective-

ly, and the MF energy &&MF ——~&'„„+&&'
&

includes the
energy of the vertical transition

hE'„„(m +1,VB+/m, VB )

=EMF(m + l,n, VB+)—E~~(m, n, VBo), (5)

which can be computed to a good approximation through
the transition-state construct. Also included in the MF
energy is the difference in lattice relaxation energies for
the A and A charge states of the center &&'~. The
multiplet correction to the acceptor energy can be calcu-
lated, with the use of Eq. (1},as

aE„,(r, /I, )=5„,(1;)—5„,{r, } .

Similar equations are valid for capture of an electron
from the conduction band, or at the t2 level. To decide at
which level, e or t2, the capture "occurs" at a particular
transition it is sufficient to know the ground-state term of
the final and initial states, and their predominant one-
electron configurations (m, n). Having obtained the pa-
rameters hott, A.o, and A,, for the neutral state, we may ar-
gue that they will not be significantly altered in the neigh-
boring charge state A, and use them to estimate
5Mc(I'I) of the final state of the transition. This pra-
cedure is usually straightforward, as the value of 5Mc(I'J )

does not depend on b,,tt, in the absence of configuration
mixing, and is usually affected by only a small ( —10%)
amount when mixing is present. Furthermore, there is
usually no ambiguity in deciding which term would result
the ground state of the neighbor (not used in the fit)
charge state, in this case the A, V2+ state. This is an
important question since, even if 5Mc(I'J ) has only a weak
dependence on h, tb the energy ordering of the terms can
depend strongly on the effective splitting. In the case of
V + we have two possible ground-state teiius, "Ti (e t ') in
the weak-field limit and 2E(ei) in the strong-field regime
[it is also relevant to mention that the multiplet correction
ta the low-spin term 5Mc(2E} comes entirely from config-
uration mixing in this easel.

Using exactly the same parameters obtained for Vi+ we
obtain the high-spin, weak-field ground state T& for V +
in GaAs, GaP, and InP. This result is, however, not suf-
ficiently conclusive since the E state is very low {&0.2
eV}, and a small ( —10%) alteration in the value of h,tt is
sufficient to switch the ground state from Ti to E, as
shown in Fig. 4. Such an increase in ~, as discussed in
the preceding subsection, is within relsonable bounds.
Hence, the two different ionization transitions,

(i) A (V + A2 e )+Itvi~A (V + Ti e t')+ev+a

(ii) A (V +, Ai, e )+hvi~A (V +, E,e )+ev+a,

have to be considered here. In a mean-field context, the

(a), (b) w (c)
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FIG. 4. Dependence of the multiplet structure on h,g (effec-
tive crystal-field splitting} for the negatively charged vanadium

impurity (V2+) in (a) GaAs, (b) GaP, and (c) InP; these results
are obtained through application of the FCZ scheme using the
hybridization parameters for the neutral impurity (see Table
III). The arrows indicate the crossover from high- to low-spin
ground state. The dash-dotted line indicates the possible region
for the observed transition in GaAs:V2+.

first equation, (i), would corresgond to the capture of a
valence-band electron at the tzaH level, and we would
then apply the multiplet correction to the tos transition
state result; case (ii} would correspond to capture at the
ec~ midgap level (see Fig. 2), or

(i) Eg ( —/0) = (e&o, s —ev&o, s)

+5Mc(A '~i ) —5Mc(A' 'Ai »
(ll) Eg( —/0) =(e ~.s Gvao. 5)

+5Mc(A, E)—5Mc(Ao, iA2) .

We perfarmed then transition-state calculations for the
situation where the electron is captured at the ec""orbital
[in this work, the ionization is simulated by transferring
half an electronic charge from a typically bulk, top of the
valence band orbital (t&, see Ref. 7) to the impurity orbi-
tal]. We obtain for the one-electron Mott-Hubbard ener-

gy
' involving the e level the value UMF ——0.32 eV;

this value, however, might be underestimated, considering
results for other 3d impurities, 5 and should be taken as
a lower limit.

When computing 5Mc( E,e ) or 5Mc( T&,e t') we can
use an adequate estimate for up to 10% variation in b,~
(for V~+) around the level-crossing value h, tr=0. 68 eV
[Fig. 4{a)]. Our results for the acceptor level are displayed
in Fig. 5(a), for capture at the tz orbital, and Fig. 5(b)
for capture at the e " orbital. The experimental value
for the acceptor energy is also included in the figure. We
can note that, from our results, if the capture occurred at
the t2 one-electron level leading to the T~ high-spin
ground state for V +, the V +~V + acceptor level would
be resonant at the bottom of the conduction-band
minimum. In that case, optical or magnetic activity from
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I.
I.2—

t .5

E (ol-) E~(ol-)

VBM-

FIG. 5. Different possibilities for the acceptor transition
V3+—+V2+ in G~: (a) transition 332~ T~, capture at the t~
oribital ( e ~e t'); (1) transition A2~ E, capture at the e orbi-
tal (e2~e3). Dashed line, transition state one-electron level;
sohd line, theoretical acceptor level; arrow, experimental accep-
tor level.

the V + center would not be easily detectable, even in n-

type GaAs:V, under normal pressure conditions.
Next we consider, as in Fig. 5(b), the case of a low-spin

E(e } ground state for V +. The acceptor level is then at
Eg( —/0)=E„+1.35 eV, in excellent agreement with the
experimental data. The Mott-Hubbard energy
U(A, V +) for the neutral center is directly related to
the mean-field result for the e"""orbital, UMF, plus the
multiplet correction

bMcU =&Mc('E e')+Wc('E &'}—25Mc('~2 e')

Due to the occurrence of low-spin states at both ends of
the transitions, vanadium would be unique in the 3d series
in a presenting a sizeable positiue correction to U, of the or-
der of 1 eV. We may mention that, using the calculated
value of UMF 0.32 eV, the calculated Mott-Hubbard en-

ergy for V + is U~1.38 eV (placing the donor level at the
top of the valence band), also is good agreement with the
estimated experimental value.

We must remark that lattice relaxation energies were
completely neglected in our treatment, and could amount
to tenths of an eV. The direction of the change in accep-
tor levels (either e or t2), however, would be to higher en-
ergies in the gap, as the V +, A2 orbital singlet would be
subject to stronger breathing mode relaxations.

The net calculated difference in acceptor energies for
capture at the e" "or t2DaH orbitals is only of the order of
0.15 eV, which would perhaps be thought too small to al-
low a decision to be made based on theoretical results.
The ultimate decision as to the final state of the acceptor
transition should be given by EPR or ENDOR analyses.
Nevertheless, we favor the capture at the e " orbitals,
considering (i) the energy level location, (ii) the value for
the Mott-Hubbard energy, and (iii) the trend in the values
of b„fr for T + impurities in III-V compounds.

IV. SUMMARY AND CONCLUSIONS

We may summarize the above discussion as follows.
(i) Our mean-field results for GaAs:V + yield the

characteristic level structure of a 31 substitutional impur-
ity in a tetrahedral semiconductor, with a strongly d-like
e-symmetry level (in the gap, in this case) and a higher-
lying tz-symmetry level with mixed p-d contributions;
these levels should dominate the excitation and ionization
processes. The vertical Mott-Hubbard energy for the e
level amounts to U(e )=0.32 eV, being very small for the
t2 level. The charge distribution for the e orbital is in re-
markably good agreement with the magnetic resonance
data for GaAs:V +.

(ii) Fits to the experimental optical spectra of V3+ in
GaAs, GaP, and InP yield the high-spin ground state 'Az
(a pure e state) for the system, with values for the parame-
ters A At all'd 5 ff in good accord with the general trends
observed for other 3d impurities; we consider it very prob-
able that the effective crystal-field splitting will increase
in going to V +.

(iii} Coupling the results in (i} and (ii), we conclude that
the most probable interpretation to the ionization data for
GaAs:V is to assume a low-spin ground state ( E) for the
acceptor (A, T2+) state, or, in mean-field language, cap-
ture and emission at the e orbital: we have then an accep-
tor level at Ez( —/0}=E,+ 1.35 eV, and a Mott-Hubbard
energy U(A )&1.38 eV, which places the donor level
very close to the top, or within the valence band.

We conclude, therefore, that any midgap V-related elec-
tronic level in GaAs should not be ascribed to the isolated
substitutional vanadium impurity, but rather to some
complex V-related defect.

More work is still needed, particularly from the experi-
mental side: detailed magnetic resonance experiments on
V +, for instance, should reflect the similar overall charge
distribution of the ground states of the neutral and ion-
ized impurity. Also, detection of the acceptor and donor
levels in GaP:V should be plausible, as U(V3+) should be
mostly transferrable within these III-V compounds; by the
same argument, we do not expect the acceptor level to be
seen in InP.

Note added in proof. Prior to publication, we received a
copy of the work by H. K. Yoshida and A. Zunger [Phys.
Rev. 8 (to be published)] on GaAs:V; these authors use a
Greens-function technique and include spin-polarization
corrections in the mean-field (MF) calculations, hence our
MF results are not directly comparable. However, the
main conclusions support our predictions.
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