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An EPR investigation of CdSiP,:Fe reveals the presence of substitutional, photosensitive Fe*, Fe**, Fe’”, and
Fe*" impurities, each charge state being associated with a highly anisotropic EPR spectrum. The non-Kramers
jons Fe** and Fe'" are still observable at 300 K. At 20 K all Fe centers, except Fe™, exhibit a well-resolved
phosphorus ligand hyperfine splitting. The anisotropy of this splitting is used to demonstrate the magnetic
inequivalence of the two Si sites in CdSiP,. For Fe?' and Fe'' a complete analysis of the S =2 spin
Hamiltonian is possible. Near-ir absorption bands due to Fe’* and Fe'" are observed. A correlation with the
EPR results allows the determination of the crystal-field parameters Dgq, Ds, and Dt. Static crystal-field
theory, supplemented to include covalency effects, according to the model of Vallin and Watkins, accounts
satisfactorily for all experimental results, except for the EPR data of Fe**. It is suggested that this discrepancy
is due to covalent effects beyond those explicitly considered.

I. INTRODUCTION

Ternary semiconductors of type I,-III-VI, and
II,-IV-V, have received muchinterestbecause of
their applicability in optoelectronic and nonlinear op-
tical devices.! From a more fundamental point of
view they are suitable hosts for the study of de-
fects in a noncubic environment, the site symme-
try at both metal sites being S,. These materials
crystallize in the tetragonal chalcopyrite structure
and one may look at them as the ternary analogs
of the zinc-blende II-VI and III-V compounds.
CdSiP,, for instance, can be viewed to originate
from GaP by an ordered substitution of Ga by Cd
and Si.

Transition-metal ions, which are often en-
countered as trace impurities in ternary semi-
conductors, form deep levels and these can strong-
ly affect the optical® and electrical® properties.
This paper presents a detailed electron-paramag-
netic-resonance (EPR) and optical analysis of
iron impurities in CdSiP,. The most prominent
EPR signals observed in nominally pure CdSiP,
were found to be induced by iron contaminations.
A careful investigation of intentionally doped cry-
stals revealed the presence of four photosensitive
substitutional iron centers which were identified
as Fe*(d"), Fe* (d°), Fe**(d°), and Fe®*(4%). Fe**
and Fe*' are non-Kramers ions which are usually
difficult to detect by EPR. It is remarkable that
their EPR spectra in CdSiP, are still observable
at room temperature with relatively narrow line -
widths. At low temperatures all iron centers,
except Fe*, display a well-resolved phosphorus
ligand hyperfine (hf) splitting. It is possible to
demonstrate the inequivalence of the two group-IV
sites in the unit cell of a II;-IV-V, compound via
the anisotropy of this ligand hf splitting. The ex-
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perimental data are interpreted in the framework
of static-crystal-field theory. Covalency effects
are taken into account as in the treatment of
Vallin and Watkins.*

Most EPR experiments were performed on a
conventional VARIAN 35-GHz spectrometer
covering a field range of 25 kG. A few EPR spec-
tra were also recorded at 9.5 GHz. The setup for
the optical absorption measurements has been
described elsewhere.®

All CdSiP, samples used in this study have been
grown by the chemical-transport method using
iodine as transporting agent. The nominal iron
concentrations were ~1000 ppm. Several not
intentionally doped crystals were supplied to us
by Professor R. Nitsche. Their iron impurity
content is estimated to be one to two orders of
magnitude smaller than that of our doped crystals.

II. EXPERIMENTAL RESULTS AND ASSIGNMENTS
A. EPR results
1. Fe?* and Fe4*

Figure 1 shows an over-all EPR spectrum of
iron-doped CdSiP, with the static magnetic field
H parallel to the ¢ axis. EPR lines marked with
an asterisk are only observable if the sample is
irradiated with visible or uv light in situ. If H is
not exactly along ¢, additional lines corresponding
to “forbidden” transitions become visible. Their
extrapolated position is indicated by arrows in
Fig. 1.

The Fe(S = 2) spectrum for H||E consists of
two lines at H~ 2.6 (width ~ 110 G) and ~ 6.2 kG,
corresponding to the 2 — -2 and 1+ -1 transition
within the %4 ground state.®*” The intensity of the
latter transition decreases if H approaches the ¢
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FIG. 1. Over-all EPR spectrum of Fe-doped CdSiP,
recorded at v =34.8 GHz. See text for explanations.

axis but it does zot vanish for H||€ in contrast to
the corresponding line of Fe**. Its effective g
factor is found to be equal at 34.8 and 9.5 GHz.
The angular dependence upon rotating H in a (110)
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FIG. 2. Angular dependence of observed Fe?* and Fe**

EPR transitions in CdSiP,. The full lines are a computer
fit to the experimental points. 7=20 K,V =34.8 GHz.
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FIG. 3. Ligand hf splitting of the 0-— -1 fine-structure
transition of Fe®* arising from interaction with the four
nearest-neighbor phosphorus nuclei.

plane is shown in Fig. 2. If H is rotated in a (001)
plane, the 1— -1 transition exhibits a cubic an-
isotropy with an amplitude of 60+ 20 G.

The Fe*' (S=2) spectrum consists of three lines
which for H||€ lie near 6.3, 7.1, and 15.5 kG. They
are assigned to the 1«— -1, 0— -1, and 1+— -2
transitions of the °B” ground state. Their an-
gular dependence is included in Fig. 2. Under
H LT the 1— —1 transition also shows a weak
cubic anisotropy of 15+ 7 G.

If H is parallel to ¢ or close to it the lines
—-1+—1 Fe**, =11 Fe**, and 0— -1 Fe** dis-
play a well-resolved phosphorus ligand hf splitting
into five components each having a width of ~ 5 G,
see Fig. 3. Under H1T the 1— -1 line of Fe**
exhibits ligand hf structure, too. However, the
splitting is well resolved only if H makes an angle
of +(14+0.8)° with either the positive or negative
a or b axis. The Fe** as well as the Fe®' intensity
is slightly reduced by uv irradiation. Spin-Hamil-
tonian parameters of Fe®** and Fe** are listed in
Table I.

The Fe®' and the Fe*' spectra are still visible
at 300 K. The 0+ -1 line of Fe*' has shifted
about 300 G to lower fields as compared to the
ﬁl | € spectrum at 20 K and the ligand hf splitting
is no longer resolved. However, its width is still
only ~ 27 G. This is quite a remarkable feature
for a fine-structure transition of a non-Kramers
ion. For comparison, the corresponding line of
Cr? in* CdTe has a width of about 350 G at 20 K
and broadens beyond detection at higher tempera-
tures.

2. Fe* and Fe3*

The Fe* (S = 3) spectrum consists of a single
line with g, ~ 2.1 and an effective g, factor g/}
~4.3. The values of g/ determined at 34.8 and
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TABLE 1. Ground-state spin-Hamiltonian parameters of Fe?* and Fe** in CdSiP, as ob-
tained at v=34.8 GHz and T=20 K. Energies are given in cm™, Calculated values are given

in parentheses.

&l 81 a+%F a |Too1|b
54 (Felt) 2.003 2.12 -0.602 7.6°¢
(2.002) (2.11) (—0.33)
5B° (Fett) 1.980 1.997 1.822 0.005 —0.03 8.94
£0.01

? Sign not determined in the experiment.
® In units of 10~ cm™1,

¢1<—-1 transition.

dge-1 transition.

9.5 GHz were found to be identical. As already
mentioned the Fe* signal is not observed if the
sample is cooled down in the dark. However, once
created by uv irradiation, it is the dominant EPR
signal and it goes off scale in Fig. 1. Subsequent
irradiation with ir light (A> 1 um) quenches the
signal almost totally.

Fe* was also observed in the isomorphous com-
pound ZnSiP, and we quote the results here for
comparison. As for CdSiP, only a single line is
observed. The EPR parameters determined from
measurements at 34.8 and 9.5 GHz are: g ,=2.113,
£.=2.134, and |2D|=4.3 cm™".

There are four lines in Fig. 1 which can be as-
signed to Fe**(S=%): Thelinesat ~ 8.6 and 12.3kG
corresponding to the allowed —3 «— —3 and 3 — -1
transitions and the lines at ~ 4.2 and 16.5 kG aris-
ing from the “forbidden” + 3~ ¥ transitions. For
H| | € the 3~ —3% line is split into five ligand hf
components similar to Fe?** and Fe**. Its effective
g, factor is g/=5.613 at 34.8 GHz. Irradiation with
ir reduces the Fe* intensity by roughly a factor
of 2. Spin-Hamiltonian parameters of Fe** and Fe*
are listed in Table II.

The weak saturated quintet of lines in Fig. 1 is
probably due to Cr* impurities. It is unlikely that
this signal is due to Fe since it is weaker in the
Fe-doped samples than in nominally pure ones.
We merely quote its parameters here and note
that g and q are similar to Cr* in® ZnS: g=1.998
£0.003, D=z (577 +8)x10™% cm™, (a+32F)
=5(0.8+0.7)x10™* cm™!, and |a|=(5.8+0.7)x107*
cm™!, In addition to the lines shown in Fig. 1 we
observe a photosensitive ligand hf pattern with an
even number of lines (at least eight) centered near
g~ 2. The origin of this signal has not been es-
tablished.

B. Near-ir absorption

Between 1.0 and 3.0 um we observe two absorp-
tion bands near 1.1 and 1.8 um in Fe-doped
CdSiP,. The latter band is shown in Fig. 4 for

E||¢. It is completely polarized, no sharp lines
being visible if E 1%. On the long-wavelength side
there are three zero-phonon lines (ZPL) two of
which are “hot bands.” Note that these hot bands
lie 9.1 em™! and 35.9 (r 4x9.1) cm™! below the
5334.9-cm™ ZPL. The ZPL’sarefollowedbya
series of sidebands some of which can be ex-
plained as zone-center phonons.® This absorption
band is assigned to the %4 — 5B® crystal-field
transition of Fe®*.

The band near 1.1 ym is at least one order of
magnitude weaker than that at 1.8 ym in all cry-
stals studied, the intensity ratio being variable
for crystals from different growth runs. This
band also is only observed for E||&. Two ZPL’s
at 9264.2 and 9258.8 cm™! are observed, the latter
again being a hot band. Their phonon sidebands
are very similar to those in the 1.8-ym band.
This absorption can be consistently assigned to the
5B . %A transition of Fe®*.

III. CRYSTAL-FIELD THEORY OF Fe2+ AND Fe4+

A. Level scheme

In a tetragonally distorted tetrahedral environ-
ment the free-ion ground state °pD of Fe** is split
by the action of the cubic field v, the axial field
Vuy» Spin-orbit Hy,, and spin-spin interaction Hi,
as shown in Fig. 5. The Hamiltonian corresponding

TABLE II. Ground-state spin-Hamiltonian parameters
of Fe' and Fe3' in CdSiP,.

& 81 gl 2p® [ Ty |4
Fe' 2.097 2.189  4.379 +14 ¢ <6.5
Fe®* 2.036 5.613%  x1.97 10.8
+0.03

2 j=——3 transition at 34.8 GHz.
5mnemt.

¢ Calculated from Eq. (21).

9 107 em™.
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FIG. 4. 5A—5B" absorption band of Fe?* . No absorp-
tion is visible for £ L &. The separations of the phonon

sidebands from the ZPL’sare indicated in wave numbers.

to this problem has the form
H=Vop+Vy +Hy, +Hy (1)

For Vy,, we adopt the definition of Vallin et al.'
The axial field splittings of °E and °T, are denoted
by u and 3, respectively. The signs of 4 and &
are defined positive if B¢ and 5B° lie below °A
and 5E‘, respectively.'* Within °D, H,, and H can
be represented by'?

Hy, =AL-§, (2)
Hy ==-p[(L-S)?+4L-S-11287], (3)

with L =S=2. Here p contains contributions from
first-order spin-spin and second-order spin-orbit
coupling to excited triplet states of 34°.'* Only °E
exhibits a first-order spin-orbit splitting.

If a magnetic field is applied to the crystal, the
Zeeman term

H,=uak_f.-ﬁ+geu3§-_ﬁ (4)

must be added to H of Eq. (1). The quantity & is
a covalency reduction factor and g, (= 2.0023) is
the free-electron g factor.
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FIG. 5. Crystal-field levels originating from the free-
ion °D state of Fe?* in a tetragonally distorted tetrahedral
environment. The Fe!* level scheme is obtained from
this figure by inverting the cubic field splitting and both
axial-field splittings. Splittings are not to scale.

The electron configuration of Fe**, 3d?, is
complementary to that of Fe?**, 3d°. The splitting
of the free-ion ground state °p of Fe*' is thus ob-
tained from that in Fig. 5 by inverting the cubic-
field splitting as well as both axial field splittings.
This leaves °B’ as the lowest and °A as the highest
state.

We now estimate the parameters A, k, and p
which will be needed later. For this purpose it is
a good approximation to assume that the radial
functions of °E and °T, are not significantly altered
by the tetragonal part of the crystal field.

Within °D there are then two reduced matrix
elements of the spin-orbit interaction, A,
=(T,||Ho || T3 and A;=(E||Hy || T,). According to
the ligand-field treatment of Vallin and Watkins*
they are given by

A =21 -K), }‘2:‘)\0(1 '%K) , (5)

where A, is the spin-orbit parameter of the free
ion and K is given by K=K, £/¢,- Here ¢ is the
spin-orbit parameter of the ligands (=299 cm™*

for P) and ¢?=2S|2,|. The parameter K, is a
measure of covalency. In the II-VI compounds it
was found to be about 0.13.* The spin-orbit param-
eters A, and A, calculated with this value are listed
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TABLE III. Spin-orbit and spin-spin parameters (in
cm™!) and covalency reduction factors for iron in CdSiP,.

)‘03 )‘ib Azb klc k:zc pd

Fet -119 -106 -117 0.60-0.65 0.75—0.80
Fe** -103 -93 =102 0.60-0.65 0.75—0.80 0.83
Fel* 129 119 128 0.60-0.65 0.75-0.80 1.10

? Reference 12.

b Calculated from Eqgs. (5).

¢ Estimated from Ni* data in I5-III-S, compounds
(Ref. 14).

d Calculated average of Egs. (6).

in Table III. In the more covalent phosphorus
environment K, could be slightly larger. This
would reduce A, and A, somewhat below the values
quoted in Table III. An additional but small reduc-
tion of A, and A, could arise from d-p mixing. In
analogy to A the covalency reduction factor £ can
take two values, k, and k,. From comparison with
ternary sulfides, e.g., CuGaS,, we expect k, and
k, to be in the ranges 0.60-0.65 and 0.75-0.80,*
respectively.

By symmetry the spin-spin coupling constant p
can take four values within ®D. They are given
byq,xs

p,=(5/9E)(A}+2)3) +pyo,
po=(5/3E)\ X5+ pog »
p3=(5/9E)(=A7+4X3) + ps
Pa=(5/3E)N+pyo-

The first term in these expressions comes from
the second-order spin-orbit contribution to p, E
being an average energy of the excited d* (or d°)
triplet states above the quintet ground state.* The
second term represents the true spin-spin part
which for the free Fe** and Fe*" ion is given by
0.18 and 0.25 cm™,'? respectively. Using E~ 30000
cm™ ¢ Eqs. (6) yield p values between 1.05 and
1.15 em™! if we allow for a 20% reduction of p,
from the free-ion value and neglect its cubiec ani-
sotropy. Since the anisotropy in p is quite small
an isotropic average of 1.10 cm™" will be used
in calculations involving Fe**. For Fe®' the iso-
tropic average, calculated with E~ 25000 cm™,'®
is p=0.83 cm™, a value which is slightly reduced
from the spectroscopic free-ion value, 0.95+0.1
cm™!, deduced by Pryce.'”

For convenience we define the following energies:
(1) w, =8B, W,=8(CE), W,=8(B) for Fe*;
and (i) §, = 8CE), 8,=68(B%, &=8(A) for Fe™.
Here &(°X) denotes the energy of the state 5X above
the respective ground state.

B. Optical transitions and relative intensities

For Fe** optical transitions from the A ground
state give rise to two electric-dipole-allowed
bands in the near ir, °A ~5B% and °A - °E, which
are allowed for E || and EL¢, respectively. For
linearly polarized light their intensity ratio is
4:1 (see Fig. 5). Under E || the %A ~ 55 band
should exhibit three ZPL’s, their relative intensities
being given by a Boltzmann distribution according
to the thermal population of the ground-state
levels. Perpendicular transitions to °B° become
weakly allowed via spin-orbit mixing of °£ with
both %A and °B®. Neglecting the population differ-
ence of the ground-state levels the intensity
ratio I,/I,(°A - *B?®) is found to be

Loor s :1_3 3 7.1 R T,
I CA~°B)=5; <@m (E|IR]| T2

N ¥

T §CBY) -8(512)> ' @
It is certainly a reasonable approximation to as-
sume that the two reduced matrix elements of the
dipole operator R are equal. This would be cor-
rect if all five radial functions were the same.
We will not discuss the zero-phonon structure of
the A ~ °E band since this transition has not been
observed in the experiment.

Because the ground state of Fe* is 5j® there is
only one allowed optical-absorption band 55° ~°A,
5Bb - 589 being forbidden in first order. This band
is complementary to the °A—~°B® band of Fe?*, its
zero-phonon structure is therefore analogous, and
the intensity ratio (7) is also valid for it. In sec-
ond order, transitions to 5B% become allowed for
E 1 ¢ via spin-orbit mixing of °E with both 55° and
SBe. The intensity ratio is given by

LCB~°BY) _13 & ( A, (T||R||T) +AL)2
1,CB°=7A) ~ 8 & \&-6 E[[RllTY &/
(8)

C. Spin-Hamiltonian parameters

The effect of second-order spin-orbit and first-
order spin-spin interaction on the orbital singlets
in Fig. 5 is to split these levels according to the
equivalent operator DS2. The spin levels M =0,

M =x1, and M =+2 have therefore relative energies
0, D, and 4D, respectively. For Fe®* the D par-
ameters are given by

2

sey 32
DCA) = gogy - aeAy e %)
5ha) = _ 4A22 Ag -
DCBY)= - g6 — 6CB) " 80D - 8089 ~ P
(9b)
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axz

D(sﬁb) g(5§°) - g(sl‘}a)

é’(st) g(SE) -3p;. (9¢)
The same equations apply to the corresponding
states of Fe* .’ It must be noted, however, that
for Fe** all energy denominators in Egs. (9) are
negative. Since D is of the order 1-10 cm™ for
Fe?' and Fe*' the D term is dominant in the S=2
spin Hamiltonian. The M,=2 and the M= -2 spin
states are not truly degenerate but are slightly
split by higher-order effects. This gives rise to
the fourth-order cubic-field term in the S=2 spin
Hamiltonian. The splitting ¢ has been calculated
for the °A ground state of Fe?* to order A%, pAZ, p?
and the result is

aCA) = 36A% (xz _ﬁ>+722)\2 <AL _&)

w2 \w, w,) w, \w, w,

1 1
36p%(— -—). 10
* p(WS W1> 0)

Since |x,|<|X,| and W, <W,, it follows that a(*A)
<0 for Fe* .

The corresponding splitting of the *B° state of
Fe*t is?

55b) = A)E < 7 Lo &2
a(B?) 36(81 - 436 g> + Zpg § 36,

(11)

and we see that a(°A”) should be positive. For
simplicity we have set p, =p,=p,=p,=p in Egs. (10)
and (11). The g parameters turn out to be of the
order 0.1-1 cm™.

The g factors of the °A Fe** ground state are

g1%8e > (12a)
81=8e = BkM/W,. (12b)

If °B° were the ground state, the g factors would
be
En1=8e — Skz}‘z/Ws ’ (132.)
Z1=8c = 2koN /W, (13b)
Note that an accurate measurement of the g fac-
tors allows an unequivocal determination of the
Fe?* ground state.

For the °B? ground state of Fe* the g factors
are?

g1=8e~ Skz)‘z/gz ’ (143,)
g1=8.~2k\/6,. (14b)

The g shifts 6g(=g —g,) in this case are negative
while they are positive for Fe?*.

D. Electric dipole intensity of 1 <>—~1 EPR transitions

For H ||€ magnetic dipole (M1) transitions be-

tween the M,=1 and M= -1 spin levels (T'; and

T', in Fig. 5) are strictly forbidden in S, symmetry.
On the other hand, electric dipole (E1) transitions
are allowed if the electric vector of the micro-
wave has a component E,, along H.'® Such a
geometry was present in our 35-GHz experiments
where we used a cylindrical cavity operating in
the TE,,, mode. The E1 intensity is then propor-
tional to the absolute square of the E1 matrix
element (I;|R,|T',). For Fe® the matrix element
(*AT3| R,[°AT,) becomes nonzero by spin-orbit
mixing of 54 with °E in second order and with 553°
in third order. For Fe** (°B’I}|R,|°B'T,) becomes
nonzero via the mixing of °B? with °E and A. We
find to order \*

53 sAipy =2 &>2<3A2W3—4A,W2>2
(CATSIR, AT =5 (72) (s

x|, IR 9 [Eeas (152)

5 7b 55b 2_9 LL)Z (M)z
|< B FzIRzl B F4>‘ 2<é’1 8153

X [, IR o) 2as . (15b)

Here, in analogy to Sec. III B, we have set
(T-|IRIIT2) = (E||R||T>) = (.|| R||4,). The E1 oscil-
lator strength now becomes

Jar= (47Tm/h')VI<I‘3|Rz|I"4)|2, (16)

where m is the electron mass and v is the transi-
tion frequency. This has to be compared with the
M1 oscillator strength of an ordinary Am=+1
EPR transition

Fur= W/ 2mev|G S, =57 . an

IV. ANALYSIS OF EXPERIMENTAL RESULTS
AND INTERPRETATION

A. Fe2+

The two different S=2 EPR centers observed in
Fe-doped CdSiP, are assigned to Fe** and Fe**
substituting for Cd** and Si**, respectively. The
spectra were analyzed with the following spin
Hamiltonian:

¥ :g““'aHzSz'*'gL“'B(Hx Sx+HySy)+D(s§_ 2)
+ 1k a(358% — 15552 +72) + 4 a (S*+Sh)

4 - -
+ 1hp F(355% - 15552+ 72)+ »_§-T!-1,, (18)
1=1
where S=2 and z is along the ¢ axis. The last
term in (18) represents the ligand hf interaction
with the four phosphorus ligands (I, =3, 100%).
For Fe** g, and ¢ are directly obtained from
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the H|| & spectrum. An approximate value of D
can be inferred from the resonance field of the
1. -1 transition under HL1%. If D>gugH,a,F
second-order perturbation theory predicts for the
resonance condition

_R-D Qi( R+D>“
hv= 3 +3D 1+R—D R (19)

where R=(D*+12G%)"? and G, =g, ,pzH. Assuming
g.~2vyields D~ 9.2 cm™. The final values of

g, and D given in Table I, were obtained from a
computer fit to the Fe?" data in Fig. 2 assuming
F=0. A comparison of the g factors with Egs.
(12) and (13) clearly demonstrates that 54 is the
ground state. While the sign of g could be deter-
mined from the cubic anisotropy of the 1 «— -1
transition under H.1 @ the sign of D was not deter-
mined experimentally. It is however obvious from
Eq. (9a) that D(°A) must be positive.

The °4A -~ 5B? optical transition of Fe?* is expected
to induce the most prominent absorption band in
the near ir. Therefore we have ascribed the
1.8-pum band (Fig. 4) to this transition. This as-
signment is fully consistent with the observed
polarization of the band and its zero phonon struc-
ture. Correlating the position of the hot bands
with D(A)=9.9 cm™!, yields

D(B?)=+0.8+0.6 cm™! for Fe?.

The failure to observe transitions to the levels of
SE is not clear. It is possible that they are masked
by strong water vapor absorption between 2.5

and 2.7 pm or that they occur beyond 3.0 yum.

To estimate W, and W, we proceed as follows:
With the parameters of Sec. IIIA, Eq. (12b) pre-
dicts W,~ 4000 cm™'. This value can be checked
by comparing the theoretical value of D(?A) [Eq.
(9a)] with the measured one. One finds D(°A)
=10.3 cm™! in good agreement with experiment
(9.9 em™). From Eq. (9¢) and D(°B®)=0.8 cm™!
it follows that W, — W, ~ 4270 cm™'. With W,
=5340 cm™! from the optical spectrum, this gives
W,~ 1070 cm™'. These values correspond to the
crystal-field parameters Dgq, 1, 6 given in Table
IV. We note that for Fe?** in GaP,' Dgq is about
380 cm™! which is very close to the present value.
It is now possible to calculate a(*A) from Eq. (10)
and the result is —0.33 cm™' as compared to the

TABLE IV. Crystal-field parameters of Fe?* and Fe*
in CdSiP, (in em™),

Dq n (4]
Fe’* 390 —1070 -1350
Fel* ~ 810 ~ 800 1100

experimental value of —0.60 cm™'. In view of the
fact that ¢ is a fourth-order effect of H,, and a
second-order effect of H, this is a reasonable
result. From Eq. (7) we finally infer that (I,/I,)
(°A ~°B%)~ 0.01 which explains why we did not ob-
serve any ZPL in the °A —°5® band for EL%.

B. Fet*

A computer fit to the Fe* EPR data in Fig. 2
allows the determination of g, g., D, and (a+ 2F).
From the cubic anisotropy of the -1 1 transition
under H L% one obtains a separately. However,
since the anisotropy is smaller than the linewidth,
this value is not very accurate. Again the sign of
D cannot be determined from our EPR data alone
but the correlation with the optical results implies
D(°B®)> 0 as will be shown below.

The weak absorption band near 1.1 pm is as-
cribed to the 5B? ~ A transition of Fe*. This as-
signment is suggested by the fact that the band is
only visible for E ||€ in analogy to the °A —°B? band
of Fe**. From Egs. (7) and (8) we see that kLT
transitions to %A and °B° are two orders of magni-
tude weaker than E || transitions to °A. In our
crystals these transitions are therefore beyond
the detection limit. The evaluation of the ZPL’s
in the °B® 4 band is complicated by the facts
that one cannot decide about the sign of D(°5?)
from Eq. (9¢) and that only one hot band is ob-
served. According to Eq. (9a) we can however as-
sume that D(®A) is negative. Then, there is only
one possibility which does not lead to contradic-
tions: (i) D(®B®)>0; (ii) the 9264.2-cm™* ZPL and
the 9258.8-cm™ hot ZPL have to be assigned to
the transitions T',(°B?) -~ T',(°A) and T, , ,(°B)
~T,,,(4), respectively. This implied

D(CA)=-3.6+0.8 cm™! for Fe** .

It is not possible to obtain §, directly from the
present data. However §,~ 8500 cm™' should be a
reasonable value. Equation (9¢) together with
D(°B?)=1.8 cm™* gives §,~ 1100 cm™. Equation
(9a) then predicts D(°A)= —-2.8 cm™, which is only
slightly smaller than the experimental value above.
With §,=9260 cm™" from the 1.1-ypm band, we
finally obtain Dg, 6, and u as given in Table IV.

If one calculates 6g, and 6g, from Eqs. (14a)
and (14b) one finds values which are too large by
factors of ~4 and ~ 30, respectively. Similarly
a(°B®) as calculated from Eq. (11) is about 40 times
too large and has the wrong sign. Primarily, this
is believed to be the result of covalent effects
beyond those contained in the ligand field model
of Vallin and Watkins,* e.g., excitations to charge
transfer states. Experimentally it is known® that
these effects become progressively more important



the higher the charge state of the metal ion. In
SrTiO, the effect is so large that a positive g shift
results for Fe**.?° This is also obvious from the
present work. The g factors of the isoelectronic
34° ions Cr*, Mn?*', and Fe** in CdSiP, are 1.998,
2.004,%' and 2.036, respectively. The increase in
g clearly demonstrates the increasing importance
of covalency effects the higher the charge state??:%
of the ion. In the present case Jahn-Teller effects
should play a minor role in modifying the g shifts
and the fourth-order cubic splitting a, since they
all arise from higher-order perturbations. There-
fore, a strong reduction of spin-orbit or Zeeman
interaction due to the Ham effect?®* cannot occur
unless the static tetragonal splitting is small com-
pared with the energy of the vibrational mode in-
volved in the Jahn-Teller coupling. This cannot
be the case for Fe** in CdSiP, where §~1100 cm™!.

C. Fe* and Fe3+

Fe* has the configuration d” and a tetrahedral
field leaves an orbital singlet *A, lowest. Under
the combined action of tetragonal field and spin-
orbit interaction this level splits into two Kramers
doublets +3 and 3 with a zero-field splitting 2D.
The Fe* EPR spectrum was analyzed with the con-
ventional S =2 spin Hamiltonian. The effective
g, factor of the 3 doublet, g, =4.379, was identi-
cal at 9.5 and 34.8 GHz, thus indicating that |2D|
>10 cm™!, This situation is analogous to Co?* and
Ni®" in I5-III-S, compounds.?® The g factors, were
evaluated with the help of the expressions

Bi=8e— 8k2>‘2/5(4ﬁ), (208)
g, =8, —8k\,/8(*E), (20b)
2D =8X2[1/8(*E)-1/8(*B)], (21)

where B and *E are the split-off levels of the first
excited cubic *7, state. Inserting k, and A, from
Table T into Eqgs. (20a) and (20b) yields §(%B)
~17240 cm™! and §(*£)~ 3715 cm™! corresponding
to Dq =490 cm™! anda tetragonal splitting of *T, of
about 3500 cm™!, With these values Eq. (21) pre-
dicts 2D ~14 cm™!. The observed g factor of Fe*
in GaP is g£=2.131.2® Using A,, k,, and Dq from
above, the predicted g factor for Fe* in GaP is
2.143. Our estimates for A,, k,, and Dq thus ap-
pear to be reasonable.

The Fe?" spectrum was analyzed with the usual
spin Hamiltonian? for the °S ground state of 3d°
in tetragonal symmetry. The effective g factors
of the +3 doublet are g, =2.036 and g, =5.613.
From the observed +3— +3 transition one then
obtains |2D - 3(a +%F)|=1.972 ecm™!, It is not pos-
sible to determine a +%F separately since addi-
tional allowed fine-structure lines were not ob-
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served. A typical value of a +3F for Fe3* in simi-
lar systems is 0.01 cm™! and the error limit
quoted for |D| in Table II refers to this quantity.
A direct check for this interpretation is available
since?:

gl =3g.[1-2(w/2DY]. (22)

With g, = g, and 2D from Table II we calculate

g1 =5.638 in good agreement with the experimental
result. D values of the order 1 cm™! are usually
only found for 3d® ions associated with some other
defect. No evidence for defect association could
be found in the present case indicating that charge
compensation is remote. For an isolated Fe3* ion
D=1 cm™! is exceptionally large.

For Fe3* in GaP phosphorus ligand hf structure
has not been resolved, probably because of the
presence of Ga®, Ga™(I =$,100%), and/or strain
broadening.?! The ligand hf splitting for H || [001],
Tye1, can however be inferred from electron-nu-
clear double-resonance data of Teuerle et al.?®
One finds for GaP, Ty =8.7X107* cm™. The
slightly larger EPR value (Table II) observed for
CdSiP, is possibly due to the fact that the bond
distance in GaP(2.360 .7\) is slightly larger than
the Si-Pbond (2.247 A) in CdSiP,.

The small reduction in Fe?* and Fe** EPR in-
tensity upon uv irradiation appears to be corre-
lated with the creation of Fe" and Fe®*, thus sug-
gesting that small percentages of Fe?* and Fe?*
are converted into Fe® and Fe®*, respectively, by
the trapping of photoelectrons. The quenching of
Fe' and Fe®* by ir irradiation is thought to be
associated with the release of trapped holes which
are retrapped by Fe* and Fe3*.

V. DISCUSSION
A. E1 intensity of 1< -1 EPR transitions

It has been shown in Sec. III D that the residual
intensity of the Fe?* 1— —1 transition for H||&
must be of E1 origin if the symmetry is purely
tetragonal. Since we could not find any indication
for a deviation from tetragonal symmetry we be-
lieve that this residual intensity is indeed of E1
origin. This is also consistent with the following
estimate. Taking [(E|R | T,)|2=0.024 A%, a value
appropriate for Fe?* in ZnS,% v =35 GHz, and
allowing for a 20% uncertainty in A,, Egs. (15a)
and (16) predict for the E1 oscillator strength
fg (Fe?2")=~0.9%X10712, This is only one order of
magnitude smaller than the M1 oscillator strength
[Eq. (17)] of an ordinary allowed EPR transition.
Since we estimate the Fe?* concentration to be
100-1000 ppm in our doped crystals it is in fact
possible to observe E1 transitions of Fe?*. On the
other hand, we can also understand the vanishing
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TABLE V. Second- and fourth-order axial-field parameters of 3d ions in chalcopyrite com-

pounds (in em™1),

Fe’t Fel* Ni* Ti%* Fe®*
CdSiP, CdSiP, CuAlS, CuGaS,  AgGaS, CuAlS, CuAls,
Ds 346 ~ 271 190 197 430 <=72 -243
Dt 52 ~48 57 49 89 >-48 —29
Dt/Ds? 0.15 ~0.18 0.30 0.25 0.21 <0.66 0.12
(0.051) (0.041) (0.071) (0.069) (0.058) (0.077) (0.067)

2 values in parentheses are calculated from Eq. (24).

E1 intensity of the corresponding Fe** line at

H|| €. Taking A,/&,=0.005 as inferred from g,
A,, and A, from Table III, and the same reduced
E1 matrix element as for Fe?*, we have from
Eqs. (15b) and (16) fg,(Fe*")~0.3X107!2, Accord-
ing to the optical results the Fe** concentration is
at least one order of magnitude smaller than that
of Fe?*, whence it follows that the E1 intensity

of Fe** is probably below the detection limit.

B. Site inequivalence

For each type of metal ion in a chalcopyrite-
structure compound there are two inequivalent
sites in the unit cell which result from the clock-
wise and counterclockwise rotation of the anion
tetrahedra around the ¢ axis.®® For EPR centers
with S =2 this leads to a splitting of EPR lines via
the fourth-order cubic term in the spin Hamil-
tonian as has been demonstrated for CuGas,:Fe®*
(Ref. 27) and Mn?* in I,-IV-V, compounds.?' In
the present cases this splitting was too small to
be resolved. However, the inequivalence of the
two Si sites in CdSiP,, for which Fe** probably
substitutes, manifests via the anisotropy of the
ligand hf splitting which must be responsible for
the peculiar shape variation of the 1+ -1 line
under H1¢, see Sec. ITA.

C. Axial-field parameters in chalcopyrite compounds

For Fe?* and Fe*" the second- and fourth-order
axial-field parameters, Ds and D{, can be eval-
uated from the experimental axial-field splittings
6 and u according to!'°

Ds =% (1 +8), Dt=tk(u-49), (23)

where the upper signs apply to d' and d® and the
lower ones to d* and d°. These parameters together
with the ratio Dt/Ds are listed in Table V. For
comparison we have also included the correspond-
ing values for Ni'(d®) in CuAlS,, CuGaS,, AgGaS,,'
Ti®*(d!) in CuAlS,,* and Fe?" in CuAlS,.*® It is
evident that the largest values occur for AgGas,
and CdSiP, which have the largest tetragonal dis-
tortion of all ternary chalcopyrite compounds.

Considering only the nearest neighbors, the point-
ion model predicts

Dt 10 (r%)

E=ﬁ @{rey (24)

where d is the nearest-neighbor distance. Values
of Dt/Ds calculated from Eq. (24) with the free-
ion radial averages listed in Ref. 12 and the dis-
tances given in Refs. 34 and 35 are also included
in Table V. The calculated values have the cor-
rect sign and the correct order of magnitude but
are uniformly too small. This is not surprising
in view of the inherent limitations of the point-
charge model and of the fact that Eq. (24) does
not contain contributions of more distant ligand
shells to Ds and Dt.

VI. SUMMARY

An E PR analysis reveals that Fe impurities in
CdSiP, can exist in four different charge states,
Fe*, Fe?*, Fe®*, and Fe**. Energetically and
thermally the most stable states are Fe?* and
Fe!' substituting for Cd?* and Si**, respectively.
Both Fe?* and Fe*" can trap photoelectrons thus
being converted into Fe® and Fe®*. With respect
to the lattice these ions are then negatively charged
and therefore attract holes which are released
from some other, more shallow traps by ir irra-
diation or thermal excitation. The relative inten-
sity of the near ir absorption bands of Fe?" and
Fe** indicates that the Fe?* concentration is at
least an order of magnitude larger than that of
Fe!*, The intensity changes in the EPR spectra
upon irradiation show that the Fe* and Fe®* con-
centrations are only a few percent of the Fe?* and
Fe’" concentrations, respectively.

The EPR and optical results were analyzed in
the framework of crystal-field theory supplemented
to include covalency effects as in the treatment of
Vallin and Watkins.* Static crystal-field theory
satisfactorily accounts for all experimental details
except for the Fe** EPR data. We suggest that the
discrepancies encountered in this case are due to
covalent effects not contained in the ligand field
model of Vallin and Watkins.
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