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Electronic structure of Ni+ in Is-III-VI, chalcopyrite semiconductors
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Electron-spin-resonance (ESR) and optical-absorption spectra of Ni+ (3d') impurities have been
observed in the ternary chalcopyrite compounds CuAlS„CuGaS2, and AgGaS2. Identification of the
axial ESR centers as being due to Ni has been confirmed by the observation of hyperfine structure in

crystals enriched with 'Ni. Large axial-field splittings due to the tetragonal crystal-field component in

the chalcopyrite structure are inferred from the ESR and optical data. All experimental results can be
consistently interpreted within the framework of static crystal-field theory. A complete set of crystal-field
parameters is obtained for Ni+ in each of the three hosts. No evidence for a Jahn-Teller effect is
found.

I. INTRODUCTION

During the last few years much work has been
done on ternary I~-III-VI, and II~-IV-V, semi-
conductors. " These compounds usually crystal-
lize in the tetragonal chalcopyrite (ch) structure,
I42d, which derives directly from the cubic
zinc-blende lattice. Interest in these materials
has arisen mainly because of their nonlinear op-
tical properties.

Defect studies on I~-III-IV, compounds have so
far concentrated on iron impurities' ' and on the
3d' ions Co" and Ni".' This paper deals with
electron spin resonance (ESR) and optical absorp-
tion of¹'(Sd ) in CuA1S„CuGaS„and AgGaS, .
Previous work on 3d' ions on trigonally and ap-
proximately tetragonally distorted tetrahedral
sites has been summarized by Bates and Chand-
ler' and by Schulz. " The present study gives the
first complete analysis of a d' ion on a purely te-
tragonally distorted tetrahedral site. Ground-
state g factors and hyperfine constants as well as
line positions and intensity ratios in the optical
spectra are interpreted in terms of s'xtic-crystal-
field theory including effects of covalency. The
correlation between ESR and optical data yields
parameter sets which describe consistently all
experimental observations for Ni' in the three
different hosts.

Jahn-Teller effects are known to play an im-
portant role in interpreting the properties of many
d ions on tetrahedral or slightly distorted tetra-
hedral sites. ' " However, for the examples pre-
sented here such effects will be shown to be of
little importance. This greatly simplifies the
theoretical analysis. The setup for the optical-
absorption measurements has been described
elsewhere. " ESR spectra were recorded at 20 K
using Varian X- and Q -band spectrometers. Crys-
tals have been grown by chemical transport with

Ni added to the starting materials. The nominal

Ni concentration varied between 100 and 1000 ppm.
Most optical data were obtained using natural
(112) facets In .the case of AgGaS„however, it
was possible to cut a {110}facet sufficiently large
for optical investigations. The thickness of the
specimens was about 0.1 cm.

II, THEORY

A. Energy-level scheme

In an external magnetic field the crystal-field
Hamiltonian for a Ni ion on a ~, distorted tetra-
hedral cation site of the ch structure reads

+=V,.„b +I;,„yX lrL S+ Pe(~L+g S) ' H.

Here Vi~», and Vt&, are the tetrahedral and tetragonal
parts of the crystalline potential, see, e.g. , Vallin
et al." ~p ls the free-ion spin-orbit coupling con-
stant of Ni' and g, is the free-electron g factor.
In a first approximation covalency effects have
been incorporated into this Hamiltonian by sub-
stituting kL for L where & is a covalency reduc-
tion factor. Two different values & and &' have to
be used for matrix elements of L within the t,
orbitals and for matrix elements between the t,
and e orbitals. The corresponding effective spin-
orbit coupling constants are then given by ~=k~p
and ~' =&'&p. In an axial crystal both k and &' are
anisotropic. Strictly speaking one thus has four
different orbital reduction factors. To keep the
number of unknown parameters as small as possi-
ble we neglect any anisotropy in k and O'. As a
further approximation we set O' =Wk. It is shown

in the Appendix that this approximation is rea-
sonable for Ni' in a tetrahedral environment.

Assuming V,.„b & V«„»L S, the free-ion ground
state 'D of Ni' is split by the crystalline field as
shown in Fig. 1. By definition positive values of
the tetragonal-crystal-field parameters & and p,

stabilize the 'B(T2) and 'B(E) state, respectively. ""
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E(K,) =6Dq ——,'p+
10Dq --, p. -E,

This corresponds to the case actually observed for¹i'in the ch crystals investigated here. Inclusion
of spin-orbit coupling gives rise to five Kramers
doublets labeled K, (i =1, 5) in Fig. 1. Their ener-
gies correct to the order &'/10Dq are

Ii, (K, -K, )/Ii(K, -K, ) = 4cot'u&, (3a)

I~(K, -K,)/I„„(K,-K, ) = 3(E„/E„)(4cot'u +1) '.

(3b)

E», for instance, means IE(K, ) —E(K,)I. These
intensity ratios can conveniently be compared with
experiment.

C. Spin Hamiltonian

1 2—cos —sin
g2

1 2

+ 0, cos + ~ sin

(2b)

lf
I
&I~

I ~I either K, or K, is the ground state of a
d' ion (&&0) depending on the sign of 5. As men-
tioned earlier, ~ &0 for the systems investigated
in this work, hence K, lies lowest. Neglecting
quadrupole effects the spin Hamiltonian of K,
reads

E(K,) = 4Dq —,'5-
10Dq --.5.—,.--, X

=@i Ps Hg Sg + 8'~ Ws(IIx S, +Iffy Sv)

+A,
i IsS, + A~(I„S„+I S ).

E(K, ) =-4Dq+E, —,10Dq —2 p. —E,
1 2

&& cos~ —sin~
2

E(K,) = 4Dq +E-
10Dq —&- I[J. —E

1 . 2

x cosh) + slnco
2

(2c)

(2d)

(2e)

The hyperfine term applies only to the ¹i"isotope
(I = 2, natural abundance 1.25%), all other Ni
isotopes having I =0. The z axis is taken along
the e axis.

The g factors and hyperfine constants correct
to the order &/6 have been calculated including
covalency but neglecting effects due to the mixing
with excited electron configurations. Crystal-
field theory predicts

gI, =g, cos2~ —2k sin'~ —(4k'A. '/a)

where

E. =2~(en —3 ~S),

sin'& =-,'[1 —(1 +-,'ti)/S],

cos'& =-, [1+(1+-,'q)/S],

sin2& =v2 q/S,

S =[(1+-,'q)' 2q']'I', and q =A/5.

&& (2 cos (a&+sv2 sin2(d),

g =g, cos'& —v2 ksin2~+(v2 k'A. '/z)

& (sin2(o+ v2 sin'(u),

(4a.)

(4b)

B. Relative intensities

Selection rules for transitions between the or-
bital and between the spin-orbit states are indi-
cated by arrows in Fig. 1. In order to calculate
intensity ratios we make the following simplifying
assumptions: (i) The radial functions of 'E(Tz)
and 'B(T,) are assumed to be identical as well as
those of 'A. (E) and 'B(E). (ii) Mixing of K, with

+3 and of K4 with K2 and K, via spin -orbit inter
action is neglected. With these approximations
the perpendicular intensity of the transitions
K, -K, an.d K, -K4 is solely due to the mixing of
K, with K2 via ~I S. This mixing is expected to
be the dominant mechanism in transferring per-
pendicular intensity into the above-mentioned
transitions. One obtains

A

2 B

2 E
T2

j.(~u, )

/l(1) L("/4) g //J

f5+ I, K~

f+f, K

I +Is, K3

f~+ fa, K2

f7+Is, K)

V „b(Td) Vtt (5/ j A LS

FIG. 1. Energy-level scheme of a d~ ion on a tetragon-
ally distorted tetrahedral site. Electric dipole selection
rules for E II c and E & c and relative transition probabil-
ities are indicated.
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A. i =P[-—', +2(—', —k) sin'&u —scos2& ', H—2—sin2oI

—(4A'/&)(2k' cos'& +—„sin'&
+ —,', v'2 (2+14k') sin2&)], (5a)

CuGOS&. Ni

A~ =P [(—', —«') cos'&u —v 2 (k ——,', ) sin2&

—(v2 A. '/fa)( —,', —k')(sin2&+v'2 sin'&)J .
(5b)

Here b, =lODq --,'iI, +iE
~

and P =2@„g„y,s(& ')„.
s' measures the core polarization. Using (& '),~
=6.42 a.u. for¹,"one gets P(Ni") =102&&10 '
cm ' z should be near 0.3 for a 3dg ion '7

E//c'
A

CZI

III. EXPERIMENTAL RESULTS

A. Optical spectra

I

2.2 2.4
WAVELENGTH (IUm)

2.6

Figures 2-4 show the absorption spectra of
CuAlS~:Ni, CuGaS, :Ni, and AgGaS, ;¹iin the
2-3 p. m region at =4.2 K. In each case there is
a high-energy band predominantly polarized E~~ c
and a much weaker band at lower energy polarized
E~c; they are labeled & and P, respectively. In
CuGaS, ;¹ithe band at higher energy is super-
imposed on a very broad structureless absorption
extending from about 2.1 p. m up to 0.65 p. m. ' For
CuAlS, :Ni and AgGaS, :Ni no crystal-field transi-
tions higher in energy than those of Figs. 2 and 4
could be observed. However, in AgGaS, :Ni a
structureless absorption starts near 1.0 LU, m and
beyond 0.6 pm the crystals are no longer trans-
parent. The group of weak lines marked with an
asterisk in Figs. 2 and 3 possibly does not arise
from that center which is responsible for the bands
o' and P.

FIG. 3. Absorption spectrum of CuoaS&. Ni+ at 4.2 K
as obtained from a (112) face.

B. ESR

As grown crystals of CuAlS, :Ni, CuGaS, :Ni, and

AgGaS, :Ni usually exhibit two different axial ESR
centers. The first center has been ascribed pre-
viously to Ni".' The g factors of the second center
are listed in Table I. %e assign it to Ni'.

Annealing in Cu, S strongly enhances the Ni
signal and quenches the Ni' signal. Samples en-
riched with =80-at. /o Ni" (f = —,) did not exhibit a
well-resolved four-line hyperfine pattern in the
case of AgGaS, :¹i.However, as Fig. 5 shows
there is no doubt that this line arises from a Ni
center. The hyperfine splitting in CuAlS, :Ni and
CuGaS, :¹iwas well resolved for HLc, see Fig. 6,
but not for H~~c. The hyperfine parameters XII
and A~ are included in Table I. In AgGaS, :Ni
ligand hyperfine structure is resolved for H

i~ c,
see Fig. '7. %hereas the Ni' signal in CuGaS, and
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FIG. 2. Absorption spectrum of CuAlS&. ¹i+at 4.2 K.
The numbers attached to the phonon sidebands measure
the energy separation from line P in wave numbers.
Note that c' makes an angle of = 35' with the c axis since
the spectrum has been obtained from a (112) face.
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FIG. 4. Absorption spectrum of AgGag: Ni+ at 4.2 K.
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H//c A 9Gas2. Ni+

2510 2610 H(gauss)

FIG. 7. ESR signal of Ni+ (natura1 isotope ratio) in
AgGaS2 under Hi~c; 20 K, 9.5 GHz. Note the occurrence
of ligand hyyerfine structure from the next-nearest-
neighbor shell.

fied with zone center modes the residual ones
probably correspond to modes at the boundary of
the Brillouin zone. However, local mode effects
cannot be excluded. Using Eqs. (3a) and (3b) in-
tensity ratios have been calculated with the q
values obtained from the ESR data. They agree
qualitatively with experiment (see Table II). Bet-
ter agreement should not be expected since the
experimental intensity ratios are only rough esti-
mates which may be in error by as much as 40%.
The crystal field parameters Dq and p, are now
easily obtained using Eqs. (2a)-(2e) and the & and

q values derived from the ESR data. These pa-
rameters are listed in Table II.

TABLE II. Crystal. -field parameters of Ni+ in Ig-III-
VI2 compounds at 4.2 K (energies in cm ).

Ii)(K f K5) Il. (K$ K4)
Il. (K( K)) Itot (K( K5)

Dq & p Expt. Eq. (3a) Fxpt. Eq. (3b)

CuAlS, 287 915 411 40
CIIGaS2 325 875 501 26
AgaaS2 263 1815 1177 230

23
21

134

0.06
0.07
0.007

0.11
0.12
0.017

In all crystals of CuQaS, :Ni, CuAlS, :Ni, and
AgoaS, :¹iexhibiting the sharp absorptions of
Figs. 2-4 the ESR signal described in Sec. IIIB
was most prominent. It is therefore assigned to
Ni'. The four line hyperfine pattern observed
from crystals enriched with =80-at. % Ni" demon-
strates that this signal indeed arises from a Ni
center. The ligand hyperfine structure observed
for AgoaS, : Ni must be due to the next nearest
neighbor shell containing Ag and Ga since the near-
est neighbor shell is formed by sulphur. This in-
dicates considerable delocalization of the hole and
covalency effects are expected to be important.

Though the g factors of the Ni' center in the
three Ie-III-VZ, compounds are rather different
it is possible to fit them using formulas (4a) and
(4b). Note that there are only two free fitting pa-
rameters, & and q, since 4 is known from the
absorption spectra and ~, =-605 cm ' for the free
Nj+ ion. ' Table I shows that a good fjt j.s obtained
with 4 values near 0.65.

A check on the consistency of the parameter set
&, &, and q can be obtained from the observed
hyperfine splittings of Ni". If one uses I' =102
&&10 ' cm ' and &=0.25, see Sec. IIC, together
with the & and g values obtained from the g-factor
fit one can predict Ai, and A„ from Eqs. (5a) and
(5b). In view of the fact that all parameters en-
tering these equations have been fixed, the agree-
ment between calculated and observed values is
quite good (see Table I).

V. DISCUSSION AND CONCLUSION

It has been shown that the EPR and optical spec-
tra of ¹ in I-III-VI, compounds can be consis-
tently interpreted in terms of static crystal-field
theory including covalency. From the optical
spectra one directly obtains the crystal-field pa-
rameters Dq and p, while the parameters k and q
can be extracted from the ground-state g factors.
With & = k&, and &' = Wk&, one then deduces the
parameter set Dq, ILL, &, ~, ~' which fixes the d'
energy level scheme completely. This set has
then successfully been used to predict intensity
ratios in the optical spectra and the hyperfine
constants of the Ni' ground state in three different
hosts. The good agreement between theory and
experiment suggests that the most important ap-
proximations made in this work, namely, neglect
of mixing with excited electronic configurations,
of vibronic interactions and of anisotropy in &

cannot be severe. They may, of course, be re-
sponsible for the small differences between cal-
culated and experimental spin-Hamiltonian param-
eters.

Recent estimates of Chatterjee" and of Bates and
Chandler"" for the 4P admixture in tetrahedrally
coordinated Cu' amount to about 4%. For Ni
this figure should be nearly the same since 10Dq
divided by the energy separation between the free-
ion configurations 3cP and Sd'4P is almost equal
for tetrahedrally coordinated Cu" and Ni'. " Thus
as long as terms of the order (A/IODq)' are ne-
glected it is of no use to include 4P mixing in the
expressions for the spin-Hamiltonian parameters
since both approximations introduce errors of the
same order of magnitude.

A linear vibronic interaction with asymmetric
vibrational modes (Jahn-Teller effect) cannot
occur in the ground state 'B(T,) since it has no
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orbital degeneracy. A Jahn- Teller effect may
however be present in the first excited state
'E(T,). The fact that the tetragonal splitting of
the cubic 'T, state is quite large (-1000 cm ')
suggests that the coupling with T, modes cannot
be strong since such a coupling would tend to
quench the tetragonal splitting. " On the other
hand a weak T, -mode coupling would hardly affect
the 'B(T,) state because of its large separation
from 'E(T,). In the case of E- mode coupling there
is no mixing at all between vibronic levels of
'B(T,) and 'E(T, ) via the Jahn-Teller interaction.
Therefore an E-mode Jahn-Teller effect within
'E(T, ) could affect the ground state only indirectly
via spin-orbit coupling. This is probably the rea-
son why static crystal-field theory works so well
in the present case.

A final point worth mentioning is covalency. It
was found that the orbital reduction factor k is
close to 0.65 for Ni in the three ternary sulfides
investigated. This value appears reasonable in
view of the fact that experimental and theoretical
estimates yield essentially the same & value for
3d' centers in II-VI compounds. " In addition,
the observation of ligand hyperfine structure due
to the next nearest neighbor shell in the case of
AgoaS, :Ni confirms that a considerable portion
of the ¹i'hole density is centered on the ligands.
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APPENDIX: RELATION BETWEEN k AND k'

In tetrahedral symmetry the central-ion t, or-
bitals form v bonds with the ligands while the e
orbitals form m bonds only. If the effect of m bond-
ing is neglected, which should be a reasonable
approximation for tetrahedral coordination, a
simple relation between 0 and &' can be derived
provided that covalent bonding is not too large. .

The hybrid orbitals may be written as a linear
combination of central-ion d orbitals and o ligand
orbitals

~ f,7) =&V(d, —po, ) (~ = &, 7i, g),

~

e~') =d, , (~' = e, ~).

N is a normalization constant and p the admixture
coefficient.

Defining the reduction factors in the usual way,

(f, ~ L,, f,q)
(dg I g d~)

(e~
~
I.,~t, g)

and inserting the appropriate hybrid orbitals (Al)
one obtains

k =N'(1 —2pS), O' =N(1 —pS).

In writing the same overlap integral 8 in the ex-
pressions for k and &' we have assumed that the
radial parts of all d orbitals are the same. If
2pS«1 it follows that O'=N(1 —2pS)' '. Hence
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and for numerous helpful discussions. I am par-
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comments on the manuscript. Thanks are also due
to F. Friedrich and R. Moritz fox' growing the
crystals.

In the case of ZnSe:N' Watts" ' ds 8 =0.13 a d
p =0.74 giving 2pS =0.19. One can therefore ex-
pect that relation (A2) is also a reasonable ap-
proximation for Ni' in the ternary compounds
investigated here.
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