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Abstract

Deconvolution of the excitation spectra of the 3d impurities in ZnS,
ZnSe, GaAs, InP and GaP inte a one-electron mean-field part and a many-
electron multiplet correction, reveals chemical regularities as well as
universal (i.e., host independent) trends. It also suggests the possibility
of occurrence of a negative effective-U, likely to arrear in GaAs:Mn,

I. Incroductioq

In this work we present a simple procedure (1) that can be used to sepa-—
rate, for localized impurity states, the observed acceptor energy E (0/=),
donor energy En(0/+), the effective "Hubbard U" i.e. UEEA(0/~)~ED(+/8), and
the intra-center excitation energies AE,. between multiplets {1 and j,
into: (i) a part due to mean-field (MF) contributions, (describable in
principle by vrestricted electronic structure calculations), and (ii) a
multiplet correction (MC) part due to many-electron effects. The method
differs in a number of ways from other multiplet approaches (2-4). The
deconvolution of the data into MF effects and MC allows us to (i) inspect
the chemical trends in the many-electron effects in different host crystals
(Zns, 2nSe, GaP, TnP, GaAs) and impurities (the 3d series studied here),
(ii) identify the piece (i.e. MF, not MFHMC) of the experimental energies
that contemporary mean-field electronic structure calculations should
legitimately reproduce, (iii) predict hitherto unobserved transitions, and
(iv) speculate on the possibility of a different type of “effective negative
U" (likely to occur in GaAs:Mn) where the negative multiplet correction to U
plays the dominant role in outweighing the positive electronic plece of U,
even if lattice distortions are insufficient to produce a Anderson
negative U.

II. Methodology

We outline briefly this approach (1). It assumes, following Slater (3),

that the total energy Etot(m,n) calculated with MF theory for a system of
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fixed configuration (say, emt“) contains the average energy E (A,B,C) of
all single-configuration energies that evolve from (m,n). Hg%gi A is the
totally symmetric interelectronic repulsion, and B,C are the anisotropic
Racah parameters. The true many—-electron energy for a given mutliplet i
(1)

o azm’,n (BrC)s
due to interactions within a single configuration, and the configuration
mixing. The effective crystal-field splitting Agep(m,nim’',n') is identified
as the difference Etot(m,n)-Etot(m'n') in the mean field total energies that
separates the two configurations. It includes therefore both the classical
configuration-independent [Tanabe-Sugano, (2)] ‘“ecrystal field splitting”
ACF’ as well as MF screening effects, plus a term due to differences in
average multiplet energiles in the two configurations. Applying the
classical multiplet theory (6) within this separation of variables [hence,
the nonuniqueness In the local density decomposition (7) does not appear],
we are able to show that all of the problematic (2-4) configuration
dependence of A(m,n) can be renormalized into A ¢p, @nd that the multiplet
corrections do not depend on A. The transformed problem results in a set of
matrix equations, different from those currently in wuse (2)-(4), that
incorporate explicitly the separation of average MF effects from multiplet
corrections.

also includes a spin- and symmetry-dependent correction AE

This general formalism can be applied in two ways. First, one could
compute from MF wavefunctions all of the symmetry and spin-dependent
(1)
m,n;m’,
the MF energy separations A f(m,n,;m',n'), and insert them into
the general matrix equations (f; to obtain the multiplet spectra and theilr
MF vs MC components. Alternatively, one may wish to establish the magnitude
and trends In the multiplet corrections underlying the experimental data
itself, using the integrals of the theory as Internal parameters. In view
of the scarcity of data, we reduce the number of independent integrals (4)
by characterizing all occupied impurity-induced e and t, orbitals by the
orbital deformation parameters A_ and A, [as in ref. (25, different from
those in Ref. (3)] measuring the ratio of the interelectronic interactions
in the solid to those in the free fon [characterized by (6) Bo and CU}.
Further, since only a few d+d* absorption lines are usually detected, we
replace Aeff(m,n;m',n') by a single value. The observed d+d* transitions
for the 2+ oxidation state are then used to determine Aﬁ; A and Bgep for
all 3d impurities in ZnS, ZnSe, InP, GaAs, and GaP for which reliabie data
exlsts. When the number of observed transition energies 1is small, we
calculate ranges in these parameters consistent with the data.

anisotropic many-electron integrals underlying AE n,(B,C) as well as

The intra d excitation energies AE;; contain a mean field part (aeff),
as well as a MC, displayed as the shadeg area in Fig. la. Using A,, A and
Ay we can calculate the multiplet correction for the ground state total
energy of the 2+ ions (A® in II-VI's, A~ 4in III-V's), given in Figure 1lb.
If we neglect the small variation of A, A with oxidation state, we can
repeat the calculations for the 3+ ioms (At in TI-VI's, A® in III-V's),
obtaining the multiplet corrections for their ground states. The difference
in MC's for the ground states of the 3+ and 2+ ions is the MC for donmor
transition energies in II-VI's and the acceptor transition energles in
III-V's. We hence have a separation

N,N+1 N, N+1

- N,N-1 N,N-1
E,(0/-) = BT + AR (1)

i ED (0/+) = AEMF + AEMC ’

where the neutral 5Y95$Wwﬁf has N electrons. Fig. 2c displays the many

electron correction AE ’ for acceptors and the negative of the
ton AR ﬁF donors. Finally, AU = AE2NtL o N1V 44
correction e or donors. nally, \ic MG e

1036



LT I k e h ltiplet correction to the
30 54y NEE 4] the multip
(@) 5= T EMum:,e;g’ effective Hubbard U for the state
a0l| st Hin;h-Spln Correction with N electrons. Notice that we
| |d—d* Excitation I T can use the experimentally observed
PENNNE | E,(0/-) and Ep(0/+) (heavy solid
Lag, —{*7 | ~ |om ] A D y
10 J":TZ‘ ‘i ﬁ‘ SES;- “A’T, iy lines 1in Fig. 2) and the
2
5 ﬂ ‘U 1” ﬂﬂ| 0l M independently  calculated multi-
o= ot — | @€ <[ [1] [an — [ote1 — | obpt - N,N+1
=‘t‘i eli2 :' ’2':5,’: elfr" 731‘ ="I’ plet corrections AEMC,Z and
: N-1,N
00T T T T T T = AEya ’ (Fig. le) obtained from
§ from the d»d* spectra, to obtain
-10p-(0) i - N,N+1
: the mean-field pieces AEMI:' and
g—z.o— B AEgEI’N . These are displayed in
E_”_ i Fig. 2 as the light solid lines.
w c::ru;c‘:i!’i,tlaer:io It is these pieces alone that
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2of-(€) _
Multiplet Correction III. Discussion of Trends
1.0 to Donor and =
Acceptor Energies L\}/‘D The chemical trends obtained
DGaP
00— —— GaAs are revealing. First, the orbital
—N InP deformation parameters A and
1.0f g‘z’":ge Acceptors| — Ay (1) show that generally Ag2Ahp (e
Donors orbitals are more localized in tet-
2.0 T rahedral symmetry due to absence of

! ! | L |
Ve 2. Mn® Fes Cobr  Ni- :
TE M ICHL MR (Fat G2 NI o bonds with nearest neighbors),

are approximately equal for a fixed
impurity within a class of com-
pounds (e.g. III-V ys II-VI), show
an overall decrease with increasing
covalency (indicating enhanced hy-
bridization) but a weak dependence
on lattice constant (in contrast
with the point-ion crystal field
theory). The nearly pure d-like Ao
parameter decreases for a given
material as the impurity's atomic
number increases from Cr to Ni,
reflecting the disappearance of the
e gap levels into the valence
band. The effective crystal field splitting A gg luncreases slowly with
covalency. As a function of the impurity, it shows a minimum around the
center of the series. These two trends suggest that if substitutional V
exists in covalent materials in the 2+ oxidation state, it will show a
unique low-spin ground state configuration (“E), and low-spin excited states
for the detectable (high-intensity) transitions. Second, the MC to the
lowest (high-spin) d+d* excitation energies (shaded areas in Fig. la) are
generally small except for Mn (as its lowest transition involves a spin
flip), are larger for II-VI's than in ILI-V's, and change sign from one
impurity to the other (e.g. the correction reduces the excitation
energy for Fe but increases it for Mn). Third, MC to the ground state
energies (Fig. 1b), while small on the scale of the total energy, are
sufficient to stabilize the (Hund's rule) high-spin configurations. This
effect 1is larger in II-VI compounds, hence when a 3d atom dissolves in such

Figure 1 - Comparison of multiplet
effects for 3d impurities in II-VI
and III-V materials. (a) Energies
of the first high-spin transition:
II-VI on the left, III-V on right
of each column; (b) MC to the
ground state of the 2+ oxidation
state; (c) MC to transitions
betwegn the oxidation states 3+ and
2+ (A"#A° in II-VI, A®sA™ in III-V)
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relevant energy scale of the band
gap, even for covalent materials.
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Figure 2 — Observed (heavy solid lines) and MF donor and acceptor energies.
T: tentative; I: Interpolated; P: predlcted.
a crystal, it loses less 4.0 ‘ : ‘ .
correlation energy than in a 12t\\\. " (a)
ILL-v compound, suggesting a ty Mean:Fiald
larger solubility 1in the former
case. The MC for ground states 2l 2+ N
show a strong dependence on
impurity (most negative for the
$=5/2 state of Mn), but a negli- 2
gible dependence on host crystal £
within a given class. Fourth, in 3 = | | M
contrast to d+d* excitations = Tl T T T
(Fig. la), MC to donor/ acceptor K 53-2&\ (b) 4
transitions (Fig. 1lc) are E
substantial on the physically z
H
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transitions (+/0), N-1+N to
in absolute
Clearly, the MC are

to MF effects. The

sign between Fe and Mn
the fact that in Mn,
gained as a high-spin
formed in the photo-

whereas in Fe,

donor
emphasize

magnitude] .
comparable
change of
reflects

energy 1is
specles is
ionization process,
energy 1s lost as the high-spin
state 1is destroyed. This sign
reversal explains the nonmonotoni-

the trends

city 1in the donor and acceptor
energies with atomic number
(Fig. 2, heavy solid lines). When

subtracting the MC from the observed donor and acceptor energles,

the level position due to MF effects alone (light lines in Fig. 2).
as 1indeed obtained in mean-field calculations (8-9).
compounds was predicted by interpolating the

are purely monotonic,
The donor level for Mn in II-VI

MF energies from other impurities (1).
the usually quoted acceptor levels (10).
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Figure 3 - (a) Acceptor E,(0/=) and
(b) donor ED(0/+) ionization
energies and their mean-field
parts, relative to the host vacuum
energy.

we find
These

For Mn in III-V's the figure shows



The clear grouping of many of the characteristics of deep impurities
according to host crystal type suggests some universality (10). We show in
Fig. 3 the observed 2+/3+ ionization energies in II-VI and III-V compounds,
referring them to an approximate vacuum level (using photothreshold data)
rather than to the host band edges. We see a striking universality in the
trend, where within a class of host crystals the energies for a given
impurity are almost constant, the regularities being decided by multiplet
effects (c.f. Fig. le). Subtracting these effects (i.e., plotting the MF

ionization energies EN’N+1 and N_l'N), we see that the reason the TI-VI
curve 1is at more negaggve energies than the ITI-V curve is predominantly a
mean—field effect, as 1s the larger spread spanned by the transitions in
II-VI compounds. Figs. 2 and 3 can be used to predict impurity levels or
mean-field levels when they are not known.

IV. The Exchange Correlation Negative Effective U

The substantially negative MC for donor and acceptor energies (Fig. lc)
and consequently to their difference (effective U), particularly for Mn, may
have an interesting implication for an effective negative U, as pointed out

by us before (1). The mean-field portions of the acceptor transition
EN’N+1 and of the (inverse) donor transition ENEI’N in Eq. (1) can have

MF M
three physical components, represented by the first three terms in Egs. (2):

o N,N+1 N,N+1 N,N+1 N,N+1

E,(0/-) [ag 2" + BBy + AE L ]+ &S (2a)
N-1,N N-1,N N-1,N N-1,N

E(+/0) [ag,_ *" + 8B, + AE 1+ 8By ™ - (2b)

The first term represents the change 1n the vertical (ver) total

mean-field energy 1in the VBPtN*VBP-]'tN+l acceptor transition and the

VBp+ltN—1+VBPtN inverse donor transitien, respectively, when the lattice

is kept unrelaxed. This term does not include any distinct many-electron
Corrections. Since the wavefunctions are allowed to relax, it does include
the changes in the polarization energies, Madelung energles and crystal-
field splittings attendant upon the changed screening. The second and third
terms AE, and AEjp represent changes in the breathing-mode (R) and Jahn—
Teller T) relaxations, respectively, in the corresponding transitions.
The last term represents the many-electron correction. We define the
apparent Mott-Hubbard energy vld(ny for the N-electron system in the usual
way, as the energy required to remove an electron from orbital 1 on the
neutral A® center (transforming it to AYy and placing it in orbital j of a
distant A° center (transforming it to A"). 1In this definition the effective
UiJ(N) includes Coulomb repulsions, exchange attractions and screening
effects. It equals the difference between the acceptor energy EA(OI-) and
the (inverse) donor energy ED(+/0), both referred to the same origin:

(tt) 5 LAl _

u(t ) = B (0/-) = Ey(+/0) = [V, + Vg ¥ Upp ]+ Bye s 3)
__NH N-1 _ N _ N N+1 N-1,N | _ L NGNHL

wnece User = Ever ¥ Ever 2E et Ur T B Bo s Upp = %5y

- AE?;l’N ; and AU, = AE:}L’N+1 - AENE]"N . The wvertical electronic term

Uyer 18 positive, reflecting the qncreased interelectronic repulsion upor

adding an electron to the system despite changes in the screening. For most
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conventional impurities this 1is the dominant effect, hence U(N)>0 and the
acceptor level is higher in the gap than the donor that belongs to the same
center. The "Anderson negative effective U" (ll) corresponds to the well
known situation in chalcogenide glasses where relaxation effects stabilize
the electron-rich configuration more than the electron-poor configuration
(i.e. the positive U,,. is outweighed by the negative Up + UJT)’ leading to
the metastability of the latter. In nonequilibrium situations (i.e. optical
excitations) where no static lattice relaxation occurs, this mechanism does
not apply. We wish to point out the possibility of a different type of
negative effective U where wmany-electron effects, present also in
nonequilibrium situations, outweigh (with possible help from UJT + UR) the
electronic Uyers leading to an overall U<O. Transition atom impurities in
semiconductors are special in this sense in three ways. First, a self
regulating response (9) of the valence band resonances reduces the MF value
dramatically [U,,,. ~0.5-1.0 eV (9)] relative to the values 1in ionic
megia or free 1ons %U ~ 10 =-22eV). Second, JT energies appear to be
small [e.g., 1n the best studied case of Cr a* (STZ) in II-VI materials
it is ~0.06 eV (l2a); for the 5T2+6A1 transition, AEJT + ER;‘— 0.3 to
-0.4 eV (12b)]. Third, because of their localization, multiplet effects
(including exchange splitting) are large (~ -1 eV, c.f. Fig. 2c). This
suggests that even 1f lattice rearrangements alone are insufficient to
produce a negative (Anderson) effective U, many-electron effects can produce
an “"exchange correlation negative effective U" if Uver<[UR + UJT + AUMC
We see from Fig. 1b that Mn is the most likely impurity to show such an
effect. For substitutional Mn in III-V's we have three charge states: the
neutral impurity [A°,d 4,e2t , S5t ; agpearing as the 3+ oxidation state, the
singly positive impurity 3 appearing as the 4+ oxidation

state, and the singly negative impurity [A ,ds,ezta,sAl] appearing as the

2+ oxidation state. The dominant ground state orbital configurations e"t™
and the multiplet assignments were determined from the preceding analysis of
the absorption data. We denote A", A° and A” as N-1, N, ang §+1 respec-

tively (for Mn, N=4). We calculate from the spectra = -1.25 eV
and AE3 % 0.6 eV, or AU, = =0.65 eV. Using the estimate quoted above
N, NG NLNHL ~ e
AEﬁ + AEﬁ = =(0.3-0.4)ev from IT-VI materials and neglecting
-1, N -1,N

(the 4T1+5T2 transition 1s expected to have a smaller net

relaxatlon difference), we find that if U < 1 eV the system will have an
overall negative effective U, whereas withsut MC, we have U>0. Recent MF
calculations for GaP (9a) predict U or values in this range. If U<O, it
means that the Mn [A° T2] state ia never the ground state, for any value
of the Fermi energy EF.

We can distinguish two situations for U<O. First, if EA(OI—)>0 ("type I
negative U") A° is stabler than A~ 1if the system is isolated, however,
D(+/0)>EA(0/ )>0, so in contact with the Fermi sea the total energy of A°
is never the ground statz (although nonequilibrium experiments can detect
it). In this case, T 2] is the ground state for low Ep, and after the
transition point, [A A ] is the ground state. In the second case
(“type II negative U") AP is unstable relative to A” already in the isolated
system, with E,(0/=)<0 (i.e. acceptor in the valence band), hence AY will
not be detecté% even in nonequilibrium experiments [In this case it is
possible that the A" center is never in the gap for any Eps and only A~ Ay
is observed for all Eg]. This will happen 1f the gain in energy from
lattice rearrangements and MC outweigh the electron repulsion in the
EA(U/_) transition in Eq. (2a). Using the same numbers as above, this means




that AEiéf_ < 1.6 eV. Recent MF calculations (9a) show that this is close
to, but probably not the ecase for GaP:Ma, but could be the case for
GaAs:Mn. Notice that in "type 1L negative U" the conventional EA(O;’—) (i.e.

5T2+6Al for Mn) is in the valence band. In other words, the remaking of
bonds cannot provide enough energy Uo transform the atom entering the
crystal (g:]f’s2 if Mn) into the neutral state (d%) and lower energies are
attained by the configuration [A"+hole]. The observed (positive) acceptor,
as suggested by Kaufmann and Schneider (13), coul correspond to this ground
state of the type (6A + hole) transforming into A.. Notice further that a
type II negative U is consistent with the Fact that the A~ state is always
observed by EPR (14) in nominally p-type samples for GaAs, InP and GaP. In
GaAs:Mn another spectrum is also observed, corresponding to g:5.85 (14b). We
point out that r.hj,? spectrum, interpreted (14b) as the 4'lfi ground state of
interstitial Mn (d') could be interpreted equally well as the T} ground
state of substitutional Mn {d3) the at centers Note that if the system is
a type 1I negative U, the observation of the d configuration of Mn does not

mean that the sample is n-type, as usually assumed.
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