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The infrared luminescence and the absorption spectra of the nickel two-electron-trap state,
Nit 3d°, have been observed and analyzed in GaP. The spectra do not exhibit full mirror sym-
metry relative to the common zero-phonon line (ZPL) at 5354 cm™!. Chemical identification of
the defect is based on the fine structure of the ZPL which is shown to arise from an isotope ef-
fect. The Zeeman splitting of the ZPL in fields up to 5.3 T unambiguously demonstrates that
the zero-phonon transition occurs between a cubic I'y excited and a I'; ground state, implying
that the center is in the Ni* 34° charge state. The analysis of the Zeeman data yields g =—0.94
for the I'; state and g; =1.45, gg,=—0.23 for the I'g-state g factors. The Nit center was also
identified in the EPR spectrum of GaP :Ni and the EPR g value is fully consistent with the Zee-
man results. Certain details of the optical spectra and the strongly quenched g factors indicate a
moderate Jahn-Teller (JT) coupling within the 2T2. and also a moderate JT coupling within the 25
state of Ni*. It is shown that static-crystal-field theory is insufficient to account for the data,
and a consistent interpretation based on existing JT theories is presented.

I. INTRODUCTION

Transition-metal ions of the 3d series are almost
inevitable contaminations of most semiconductors. It
is known that these impurities form deep states
within the energy gap. One reason for the current in-
terest in such centers in III-V compounds is their
often negative influence on the semiconducting and
optoelectronic properties of device-grade material.

Early electrical measurements indicated that 3d
ions act as deep acceptors in III-V semic_onductors.1
However, only recent electron-paramagnetic-
resonance (EPR) studies®™ have revealed that certain
3d ions are not simple acceptors but can also trap two
electrons in n-type material. In this work optical and
EPR results are presented which demonstrate that
nickel is such a two-electron trap in n-type GaP. The
necessity for a thorough characterization of Ni in
GaP stems from the fact that Ni has been reported®
to be a persistent, inadvertent contaminant even in
device-grade GaP. '

Hall measurements’ have shown that the neutral
Ni acceptor, Ni** 347, has a hole activation energy of
~0.5 eV. In contrast to the neutral acceptor state,?
the singly ionized acceptor state, Ni2* 34®, is not EPR
detectable, because of its diamagnetic ground state
A,. However, the Ni?* charge state is easily observ-
able in optical absorption since it induces a charac-
teristic 3d-3d absorption band centered at 0.97 um.’
The doubly ionized Ni acceptor state, Nit 34°, is

again detectable by EPR. The 34-3d ir absorption and
emission spectrum, the Zeeman splitting of its zero-
phonon line (ZPL), and the EPR spectrum of this
charge state are analyzed in detail in this paper.
Chemical identification of the Ni* center is based on
an isotope structure of the ZPL. The Zeeman split-
ting of the ZPL confirms its assignment to Ni*.
Further, the optical Zeeman spectra are shown to be
fully consistent with the EPR data of Ni*. The ex-
perimental results are interpreted in the framework
of crystal-field theory extended to include covalency
effects and vibronic coupling. It will be seen that the
Ni* center in GaP exhibits a moderate vibronic cou-
pling with asymmetric vibrational modes in both its
ground and excited state.

Optical 3d-3d spectra of divalent transition-metal
centers have been studied extensively, especially in
II-VI compounds.'” On the other hand, optical data
about monovalent transition-metal impurities are
very sparse. To our knowledge, so far, only one ex-
ample has been reported in the literature. This is the
Ni* center in the chalcopyrite hosts CuAlS,, CuGaS,,
and AgGaS,.!!

II. EXPERIMENTAL

The luminescence spectra were measured with
0.75- and 1.0-m grating monochromators using a
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cooled PbS cell for detection. The samples were im-
mersed in liquid helium either at 4.2 K or below the
A point. Luminescence was excited with an argon-ion
laser. The maximum available power incident on the
sample was —1 W. For Zeeman studies, a supercon-
ducting solenoid covering a field range up to 5.3 T
was used.

Absorption measurements were performed with a
0.75-m grating monochromator equipped with a
double-beam accessory described elsewhere.!? Sam-
ples were mounted on the cold finger of a liquid-
helium Joule-Thompson cooler. An uncooled PbS
cell was used for light detection. To reduce water-
vapor absorption in the near ir, the optical path was
purged with dry air.

EPR spectra were taken at 9.5 GHz with the sam-
ple mounted on the cold finger of a continuous-flow
liquid-He cryostat allowing temperature regulation
between 4.2 and 300 K. Since the temperature was
not measured directly at the sample, the actual sam-
ple temperatures might be slightly higher than the
nominal values quoted in Sec. IVC.

The starting material used for sample preparation
was liquid-encapsulation Czochralski-grown n-type
(Te doped, 1.5 x 10'7 ¢cm™3) and semi-insulating (Cr
doped, 10'® cm™3) GaP. Thin layers of Ni were eva-
porated onto the crystal surfaces. Subsequently the
samples were heated to temperatures between 1000°
and 1200°C in closéd quartz ampoules for periods of
one to two days. Some luminescence spectra were
also obtained from as-grown, device-grade, vapor-
phase GaP:Te:N epitaxial layers.

IIIl. THEORY

A. Energy-level scheme for 3d° in T

The free Ni' ion has the electron configuration
3d°, which leads to a single LS term 2D. Under the
action of a tetrahedral crystal field, V.., (splitting
A =10Dq), and spin-orbit interaction (A, \y), this
state is split as shown in Fig. 1.'%!* The spin-orbit
constants A; and A, refer to matrix elements within 27,
and between 2T, and 2E, respectively. Covalency ef-
fects are taken into account by introducing reduction
factors k, and k; to account for the partial quenching
of angular momentum through admixture of ligand
orbitals in the 34 orbitals. When an external magnet-
ic field is applied to the system, the complete Hamil-
tonian in the static crystal-field approximation can be
written

3 =Vep+AiL-S+usH- (k1 ,L+8S) , (1)

where g, =2.0023 is the free-electron spin g factor.
The tetrahedral potential V,, contains the usual

third- and fourth-order terms.!> At low temperatures

and in zero magnetic field there is a single El-
allowed transition in absorption (I'; — I'{"), while
one expects two El-allowed transitions in emission
(r{Y =7 and I —T?).

B. g factors
1. The I'7 ground state

In the framework of static crystal-field theory, the
isotropic g value for the T'; ground state of a 34° ion
is given by’

g1=—7(g +4k) . )

It is well documented that the above relation is insuf-
ficient to account for the measured g values of
several tetrahedrally coordinated 3d° systems.'62
This failure was attributed'’ 2! to the influence of a
dynamic Jahn-Teller (JT) effect, i.e., the vibrational-
electronic (vibronic) coupling of an orbitally degen-
erate state with asymmetric vibrational modes.??
Ham?*?* has shown that this coupling may substan-
tially quench the orbital angular momentum within
the vibronic ground state derived from an electronic
E or T state, and may therefore reduce the orbital
contribution to the g factor and the spin-orbit con-
stant from the values predicted by static crystal-field
theory. On the basis of Ham’s theory, Clerjaud and
Gelineau?! have derived an expression for g; when
the 2T, state couples with a single E-type vibrational
mode. They found

(1)

5354
cm

FREE ION Veyg  ALS

FIG. 1. Energy levels of Ni* 3d° in a tetrahedral crystal
field.
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where S = Ej1/ fiw is a measure for the strength of the
vibronic coupling, and Ej;r is the stabilization of the
vibronic ground state through coupling with an F£
mode of energy #w. In the present work there was
no need to include T, mode coupling in explaining
the data involving the 2T, state. For a number of 7-
state systems subject to JT coupling, e.g.,

ZnS :Cr**, 252 ZnS :Fe?*,?” Mn?* in ZnS, ZnSe, and
GaP, 2% and ZnS : Cu?*,?! the data were satisfactori-
ly explained, neglecting 7, mode coupling, and in
some of these examples this is also justified by direct
experimental evidence.? 28

2. The T§V excited state

Bleaney,?! as well as Koster and Statz,’? has shown
that the most general spin Hamiltonian linear in the
magnetic field, for a cubic I'g state has the form

3¢ =giued - H + goug (V2H, +J)H, +J2H,) 4)

where T=L +§ is the total angular momentum.

. Since the orbital momentum within a cubic E state
vanishes, the above Hamiltonian takes a simpler

. form for the I'{" of Ni*, 2

3C=g1[1,3§'ﬁ +';’g2MB[(3Ssz —§'ﬁ) Ug

+3V2(S,H,—S,H)UJ , (5)

with § = % The two-by-two matrices Ug and U, act
on the basis functions

|9y ~322—r2, |e) ~3V2(x?—)?Y)

of the E state and are defined in Ref. 24. According
to crystal-field theory, g, and g in Eq. (5) are given
by24

g1=8 —4k\/A ' (6a)
gr=—4k\/A . (6b)

Note that A has to be taken as negative in Eqs. (6a)
and (6b) since these equations refer to an excited 2E
state. Therefore \,/A is positive. Ham?* has also
shown that, in the presence of JT coupling, the
above Hamiltonian remains valid for the vibronic
ground state derived from the electronic I'{) level if
g, is replaced by

&' =482 , @)

where % =< ¢ =<1 is a reduction factor which is plot-

ted versus the coupling strength Ej7/%w in Fig. 2 of
Ref. 24.

For some purposes it is convenient to introduce
anisotropic g factors g§/? and g{*? for the m =+ %
and m =t% substates of I'{V, respectively. If H is
parallel to a (100) direction they are related to g; and
g, as follows:

g% =—(g,+4q22) , \ (8a)
8" =g1—qg; (8b)

Provided that gg, << g, these angular dependent g
factors take the form?*

koA koA

o3y g f202 202

838 & 4 A 4q A S (9a)
koA koA

(172) =g 4 2282 L4, 0202

8 8 A 9= [ 9b)

where
S=11=3(Pm?+ m*n®+n2®]\2 | - Qo)

with /,m,n being the dirgction cosines of H, with respect
to the cubic axes. For H in a (110) plane we have

f=01=(2)sin?0(1 +3cos?0)]'2 (1

where 6 is the angle between H and a (100) direc-
tion. )

A /1001 H /1110)
+1/
(1) 2
f, |
+3/7
-1/2

. 2
7{ +V2
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FIG. 2. Splitting of the I'; and T'{V levels of the 3d° con-
figuration in an external magnetic field (H 11{001] and
H1I[110]). Electric dipole allowed transitions are indicated
by arrows.
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C. Parameters

To evaluate Egs. (2), (3), and (6), one needs rea-
sonable estimates for the relevant parameters A, k,
A1, etc. Taking experience from II-VI compounds as
guidance,® we set

ky=0.70, k=095, A\=08 ,

A =—480 cm™', A=A, ,
where

Ao =—603 cm™!

is the free-ion spin-orbit coupling constant of Ni*.
With the A value deduced in Sec. IV A, this gives
koha/A =0.12.

In calculations involving JT coupling within 2E and
2T,, the energy of the effective vibrational mode is
assumed to be #w =350 cm™! for GaP, a value which
is suggested by the comparison with similar system,
e.g., ZnS:Ni*.2! This implies A/ #w=—1.37.

The parameter set quoted above will be used for all
numerical estimates throughout this paper.

D. Optical transitions in an applied magnetic field

Under the action of an external magnetic field, the
I'; and I'{Y levels in Fig. 1 are split, as shown in Fig.
2. The multiplicity of El-allowed transitions is
governed by selection rules which are readily ob-
tained with the use of Table I in this paper and
Tables X and XXVI of Ref. 13. The labels 7 and o

TABLE . Identification of cubic 2ETgm, and 2T,T;m
states with irreducible representations of S4 and Cj, respec-

tively.

T, S, (H 1 (100)) C, (H1 (110))
s —> r; I,
-3 Fe Ly
Ty % Ty Iy
Iy % Ty I3
Iy —% Ty Iy
Iy % Iy Iy

mean that the electric vector of the radiation is paral-
lel, respectively, perpendicular to the static magnetic
field H. It should be noted that the identification of
the m; sublevels with specific irreducible representa-
tions in Table I differs from that given in Ref. 33.
These differences arise from the fact that the I'; and
I's states considered here derive from d-electron
states, whereas those considered in Ref. 33 derive
from p states. It is obvious from Fig. 2 that the abso-
lute values of all g factors, g7, g8/?, and g{3/?, can
be determined from the experimental Zeeman pat-
tern. The polarization selection rules also fix the re-
lative signs of g7, g§'/?, and g§/?.

0.62 063 0.64 065 0.66 eV
i | | 1 |
. Ni 9
GaP : Ni(3d®) o, -
T=2K |
392 332|| 317 213 107 44
I
| \

LUMINESCENCE INT. (Arb. Units)

JA/\ ‘t
I 1 1 1
5000 5100 5200 5300 cm

FIG. 3. Photoluminescence spectrum of GaP:Ni at 7 =2 K. The zero-phonon transition is at 5354 cm™!. The energy differ-

ences for the phonon sidebands are given in cm™!.
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IV. EXPERIMENTAL RESULTS
A. Luminescence and absorption spectra

Figure 3 shows the Ni-induced emission from a
Ni-diffused, Te-doped GaP sample.?*3% In Sec. V it
is shown to arise from an internal 3d-3d transition of
the isolated Ni*-34° impurity. Consistent with previ-
ous findings of Dean et al.,® this spectrum was also
observed in nominally pure n-type samples, and even
in device-grade Te, N-doped vapor-phase epitaxial
layers. The 5354 cm™! ZPL is followed by several
phonon replicas, three of which (107, 213, and 392
cm™!) correlate with the energies of the TA (X),
LA(L), and LO (I') phonons.* The sharp sideband at
332 cm™! probably involves a totally symmetric local
mode analogous to that observed in Mn-doped
GaP.?¥ Its two-phonon replica appears at 665 cm™.
It is possible that some of the weak sidebands, clearly
visible in the corresponding absorption spectrum,
were not resolved because of an insufficient signal-
to-noise ratio. The origin of the low-energy 44-cm™
line is discussed in Sec. VD.

Figure 4 displays the 5354-cm™ ZPL under high /
resolution. Its structure is shown, in Sec. VA, to ar-
ise from an isotope splitting.

Absorption measurements, performed on Ni-
diffused samples, reveal several bands between 2.5
and 0.5 um. In agreement with previous work,”® a
weak unstructured absorption starts near 2.0 um, and

1
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FIG. 4. Structure of the 5354-cm™! ZPL in the photo-
luminescence spectrum of Fig. 3. The experimental line
shape (upper part: solid line) is compared with a theoretical
line shape generated by a sum of Gaussian lines as explained
in the text.
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FIG. 5. Absorption spectrum of GaP:Ni at T =5 K. The zero-phonon transition is again at 5354 cm"‘.. The energy differ-

ences for the phonon side bands are given in cm™!.
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a stronger unstructured band has its threshold near
0.85 um. A structured band which was formerly® at-
tributed to the 37, (F) —3T,(P) crystal-field transi-
tion of Ni?* is observed at 0.97 um. Two new
crystal-field bands with ZPL’s at 5354 and 4706 cm™,
respectively, were detected. Both bands are only
present when Ni is diffused into n-type GaP. The
longer wavelength absorption possibly arises from the
37,(F) —3T,(F) transition of Ni**. The shorter
wavelength band is shown in Fig. 5, and its ZPL is
‘seen to coincide with that of the emission in Fig. 3.
It is, therefore, attributed to the 2T, —2E crystal-field
absorption of Ni*. The vibronic structure of this ab-
sorption is similar to that of the luminescence spec-
trum. However, the spectra do not display full mir-

T ! Bl 1

K/ 110]
A/ (0013

528 T

INTENSITY

'RELATIVE

T T T T
5350 5352 5354 5356 5358 cmi!

FIG. 6. Zeeman splitting of the 5354-cm™! ZPL in the
luminescence spectrum of GaP:Ni at 4 K. (Voigt confi-
guration: K I1[110],H 11[001],5.28 T.)

ror symmetry relative to the 5354-cm™! ZPL. Note
especially that the prominent 44-cm™! sideband seen
in emission is absent in absorption. Except for the
333-cm™! local mode, the sideband structure strongly
resembles the one-phonon density -of states in GaP.%
From the spectra in Figs. 3 and 5, and the level
scheme in Fig. 1, one infers that the cubic crystal-
field parameter of Ni* in GaP amounts to
A=10Dg =4800 cm™.

B. Zeeman splitting of the 5354-cm~! ZPL

The Zeeman splitting of the 5354 cm™' ZPL has
been investigated in luminescence in magnetic fields
up to 5.3 T. Figure 6 shows the Zeeman pattern ob-
tained in the Voigt configuration
(KLHXKI[110],H11[001]). As expected, the
corresponding Zeeman paitern obtained in the Fara-
day configuration (K IIH 11[001]) was identical with
the o spectrum in Fig. 6. Note that the outermost
lines in Fig. 6 display the same shoulder as the zero-

| | 1 I

m E// [001]
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5.28 T
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=
wn
4
w
—
z
w
=
[
L~ ¢
-
w
[0 4
|18
(o3
I 1 1 I
5350 53562 5354 5356 5358 crri1

FIG. 7. Zeeman splitting of the 5354-cm™ ZPL in the
luminescence spectrum of GaP:Ni at 4 K. (Voigt confi-
guration: K1[001],H1[110],5.28 T.).
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field line in Fig. 4, indicating that this structure arises
from an isotope effect and not from an unresolved
Zeemarn splitting. The Voigt spectrum for k 11{001]
and H 11 [110] is shown in Fig. 7.

The peak positions of observed Zeeman lines for
the geometry of Fig. 6 are plotted versus H in Fig. 8.

When H is rotated in the (110) plane, the individu-
al lines in Figs. 6 and 7 vary in intensity as in posi-
tion. It has not been possible to measure this angular
dependence for all lines, since most of them severely
interfere with sharp water-vapor absorption lines.
This, together with badly resolved splittings, prevents
an accurate recording of line shifts. However, the
angular dependence of two lines could be followed

over a limited angle range, and this is shown in Fig.9.

Tllgz most accurate g values were determined from
the H 11 [001] spectrum as

g7=—0.94 ,
g/ ([001]) =1.68
g&™ ([001]) =—1.22 ,

with an error estimate of 0.06. Together with Eqs.
(8a) and (8b) the latter two values imply

g1=145 ,
qg,=-0.23

From the polarization characteristics of the Zeeman
patterns in Figs. 6 and 7 it follows that the signs of g,
and g&*’? are opposite to that of g§'/?. If g; is taken
negative according to Eq. (2), g, must be positive
and g, negative, which is consistent with the predic-
tions of Egs. (6a) and (6b).
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FIG. 8. Peak positions of observed Zeeman lines in
GaP:Ni vs magnetic field (Voigt configuration:
K1t10l,H nfootl).
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FIG. 9. Peak positions of observed Zeeman lines (points)
upon rotating the magnetic field in the (1}0) plane (5.28 T).
The theoretical angular variation, as predicted by Eqs. (9a)
and (9b) corresponds to the full lines.

C. EPR

EPR spectra recorded at 4.2 K in the dark revealed
a very weak Ni** signal® and a new isotropic line at
|g| =0.934, with a peak-to-peak width of 250 G. -
This signal is only observed if Ni is diffused into n-
type GaP, and it is attributed to an isolated, substitu-
tional Ni* impurity. After in situ illumination with
near-band-gap light (524 nm) we also observed the
two-electron-trap state of iron traces (Fe* 3d7)* and
the Te-donor line.®® Upon illumination, the Ni* EPR
intensity was slightly reduced, but this seems to be a
thermal rather than an optical effect. The signal van-
ishes without noticeable broadening above 10 K.

V. DISCUSSION

A. Absorption and luminescence in zero magnetic field

In this section we first show that the optical bands
in Figs. 3 and § arise from a Ni center, and then
demonstrate that it is an isolated Ni* impurity with
an electron configuration 3d°.

The fine structure displayed by the ZPL in Fig. 4 is
very likely due to an isotope effect. Such isotope
splittings have been reported to occur both in the
crystal-field spectra of ZnO : Cu?*,% AL,0;:Cr**, and
MgO :Cr3*,% and in zero-phonon optical transitions
of various traps in semiconductors.*! We have gen-
erated a theoretical line shape by superposition of
five Gaussian lines. Their half-widths were inferred
from the left part of the measured line shape, and
their amplitudes were assumed to be proportional to
the natural abundances of ¥Ni, ®Ni, !Ni, 62Ni, and
%Ni. - In first order the change, in zero-phonon ener-
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gy, scales linearly with the mass differences.*® The
energy shift per mass unit is then obtained from the
experimental trace as 0.3 cm™!. No additional fitting
parameter enters the simulated line shape, which is
shown as the dashed curve in Fig. 4. The reasonable
agreement shows that the structure of the ZPL is of
isotopic origin. A final confirmation for this view is
provided by the Zeeman splitting in Fig. 8. It
demonstrates that the peak (circles, ®Ni) and the
shoulder (squares, mainly $°Ni) exhibit an identical
magnetic field splitting, as is expected for isotopic sa-
tellites.

In principle Ni**, Ni**, and Ni* can induce crystal-
field absorptions in the 2-um wavelength range.
Therefore, it is not possible to decide a priori from
which Ni charge state the spectra in Figs. 3 and 5 ar-
ise. However, the samples were n type before Ni dif-
fusion, so it appears unlikely that the spectra are due
to Ni**. In addition, we find that the intensity ratio
between the *T(F) —3T,(P) Ni?* absorption at 0.97
um, and the 1.8-um band depends markedly on the
diffusion temperature. This means that the intensity
of the 1.8-um band is not correlated with the Ni**
concentration as inferred from the 0.97-um band in-
tensity, and demonstrates that the 1.8-um band does
not result from Ni?*. It is, therefore, reasonable to
ascribe this band to Ni*, and this assignment is con-
firmed by the Zeeman data as discussed in Sec. V B.

While there is little doubt that the broad, unstruc-
ture absorption starting near 2 um, in GaP:Ni arises
from a Ni** —Ni?* + h transition,’ the origin of the
0.85-um absorption in Ref. 7 is not firmly estab-
lished. However, preliminary EPR data®? indicate
that this optical band is correlated with the Ni** EPR
excitation band, thus suggesting that the 0.85-um
threshold is associated with the transiition
Ni2* —=Ni** +e. So far, it has not been possible to
locate an absorption band which might be attributed
to a transition Ni** —Ni* + A, nor could we find an
excitation or quenching band of the Ni* EPR signal.
Therefore no information about the ionization energy
of the second hole from the Ni center is available.

B. Zeeman splitting of the 5354-cm—1 ZPL

The multiplicity of lines and their polarizations in
the Zeeman patterns of Figs. 6 and 7 are fully con-
sistent with the expectations for the I'§¥ —TI'; transi-
tion of Ni*, if g7 and g8*’® have a sign opposite to
that of g¢/2. This sign difference is consistent with
the predictions of Egs. 2, (9a), and (9b). The aniso-
tropic nature of the Zeeman splitting expected for a
transition involving a cubic I'g level is obvious from
the experimental points in Fig. 9. The theoretical
angular dependence as predicted by Eqs. (9a) and
(9b) fits the data reasonably well. These facts con-
firm that the 5354-cm™' ZPL in GaP:Nj arises from
the I'§Y — T, crystal-field transition of the Ni two-

electron-trap state, Ni*. In Ref. 6 the 5354 cm™!
ZPL had been assigned to the *T,(F) —3T,(F)
crystal-field transition of Ni?*. This would imply
that the 5354-cm™! ZPL is due to a transition from a
triplet, T or T, to a singlet 4, spin-orbit level.
The present Zeeman results are in conflict with this
interpretation. .

C. EPR

The identification of the |g|=0.934 EPR signal in
GaP:Ni with Ni* is based on the following observa-
tions: The signal is only observed after diffusion of
Ni into n-type material. It disappears above 10 K due
to strong spin-lattice coupling** consistent with previ-
ous EPR results on Ni* in ZnS and ZnSe.!%!” The g
value is incompatible with any other simple Ni
center. Finally, and perhaps most convincing, the
EPR g, value is identical with that obtained from the
optical Zeeman spectra for the I'; ground state of
Ni*. The absolute value of the Ni* g, factor is close
to the value of the isotropic part of the hole g factor
in GaP (g;=1.02 and g; =1.25 for Zn and Cd,
respectively®’). This is believed to be a mere coin-
cidence.

The present EPR and absorption data demonstrate
that Ni**, Ni2*, and Ni* are stable charge states in
originally n-type GaP diffused with Ni. There is also
evidence from the absorption spectra that Ni* is the
dominant charge state as long as the concentration of
Ni is small compared with that of the donor dopant.
This situation, of course, always prevails for n-type
GaP undeliberately contaminated with Ni.

D. Jahn-Teller effects in the 2T, and
" 2F states

1. 2T, ground state

There are two independent indications that the 27,
state exhibits a dynamic JT effect. First, the small g;
value and second the lack of the 44-cm™! sideband in
the absorption spectrum.

To fit g; with the static crystal-field expression, Eq.
(2), would require a covalency reduction factor
k1=0.2. This is a physically unacceptable small value
since it implies a very large delocalization of the 34°
hole. With k;=0.7, Eq. (2) predicts g; =1.6, which
differs markedly from the experimental value. This
discrepancy is considered as convincing evidence for
the presence of a dynamic JT effect. With the
parameters from Sec. IIIC, Eq. (3) accurately fits
the observed g7 value for a coupling strength S =1.5.
It has been shown?! that Eq. (3) slightly overesti-
mates the JT quenching of g;. Therefore a somewhat
larger S value, near 1.7, is more appropriate.

The 44-cm™! sideband in the emission spectrum is
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too low in energy to be interpreted as a simple un-
shifted lattice phonon. Neither can it be assigned to
a totally symmetric impurity local mode, since such a
mode would appear in both the emission and the ab-
sorption spectrum.?’ If the JT model suggested
above is meaningful, it should also account for this
line. The origin of shifted vibronic bands as a result
of the JT coupling has been discussed in detail by
Ham and Slack,?’ and examples for such bands occur
in the crystal-field spectra of Fe?*,?’ Co2*,46 Ni2+ 47
Cu?* in ZnS,% and Ni2* in GaP.>#". In the present
case, the numerical calculations of Clerjaud and
Gelineau?! for ZnS : Cu?* are of special relevance,

since they directly apply to GaP:Ni*. From their Fig.

4 one infers (using \/fw =—1.37, fiw=3.50 cm™)
that the first vibronic sideband for the I'{¥ —T; tran-
sition lies about 50 cm™! above the ZPL if the JT
coupling strength S is slightly less than two (S <2).
This estimate is almost identical with the value ob-
tained from fitting g, so that both results indepen-
dently imply a JT energy between 600 and 660 cm™.
The JT model also offers an explanation for the
failure to observe the T'{? —T'{? ZPL in lumines-
cence near the energy (—~4650 cm™) predicted by
static crystal-field theory. The JT interaction mixes
the vibronic I'f? ground state with excited vibronic
I's levels of I';, thus transferring part of the
'Y =1 zero-phonon intensity into vibronic levels
of T';, e.g., the 44-cm™! sideband.

2. 2E excited state

It is evident that the experimental I'§" g values
cannot be simultaneously fitted with Eqs. (6a) and
(6b) irrespective of the value chosen for k2\,/A. On
the other hand, the predicted g, value of 1.52 reason-
ably agrees with observation. This again is con-
sidered to be a manifestation of the JT coupling
which leaves g; unchanged, but quenches g, accord-
ing to Eq. (7). Both g, and gg; can be nicely repro-
duced (g;=1.52, gg,=—0.24) if the JT reduction fac-
tor ¢ is taken to be near its lower limit, g = -;— Fig-
ure 2 of Ref. 24 then implies S =E;r/fiw =1, ie., a
moderate or even strong JT coupling with an E-type
vibrational mode. However, the absorption spectrum
in Fig..5 evidently excludes the case of a strong JT
coupling within the 2E state.

VI. CONCLUSION

This work demonstrates that nickel in GaP is not a
simple deep acceptor but also acts as a two-electron
trap in n-type material. The charge state correspond-
ing to the doubly filled electron trap, Ni*(34°), has
been identified by an analysis of luminescence, ab-
sorption, Zeeman , and EPR spectra.

The ability of transition-metal impurities to act as
deep two-electron traps in III-V compounds has only
recently been recognized from EPR work on Cr in
GaAs,?? and GaP,’ and on Fe in GaP.* Now, this
finding is also supported by electrical and optical*® 4
measurements. One anticipates that such two-
electron-trap states may deleterously affect the
minority carrier lifetime and diffusion length because
of their twofold negative charge. For instance,
minority holes injected into n-type material might be
preferentially captured by such centers due to their
strong Coulomb attraction. In fact, recent capaci-
tance data’® show that an efficient hole trap at
E, +0.95 eV is associated with Ni in n-type GaP. It
has been suggested®® that this trap corresponds to a
Nig,- Vp complex. Whether this is correct or, wheth-
er the 0.95-eV trap is simply the isolated Ni* center,
must be clarified by further work. So far, from EPR
there is no evidence for such a complex. In this con-
nection it should also be mentioned that the degrad-
ing influence of Nion the minority carrier properties
of n-type GaAs has been recently revealed by a scan-
ning electron-microscope technique.>!

As far as its internal structure is concerned, the
Ni* center in GaP is the most completely character-
ized and best understood transition-metal center in a
III-V compound. On the other hand, ionization and
capture energies involving the Ni* chaige state are
not yet known and the role of Ni as a luminescence
killer in GaP light-emitting diodes must be elucidated
by further experiments.
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