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Infrared Absorption in Some II-VI Compounds Doped with Cr
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The optical absorption spectra of substitutional Cr'+ (3d') in single crystals of ZnS (cubic and mixed
cubic-and-hexagonal), ZnSe, ZnTe, CdS, and CdTe have been measured for Cr concentrations of 10'8-
10"cm-3 and at 2, 15, and 300'K in the wave-number range 5&K &30 000 cm ', The room-temperature
spectrum in the range 500&v&30 000 cm ' is dominated by a broad absorption band at 5500 cm ' arising
from the 'T2~'E transition. These two levels originate from the crystal-field splitting of the 'D free-ion
ground state. At helium temperatures distinct lines appear on the low-energy side of the 'T2—+'E2 absorp-
tion band in all samples except for CdTe. These lines are associated with zero-phonon transitions and
phonon-assisted transitions. As the temperature is increased, the relative intensities of some of the lines
change due to the thermal population of low-lying levels belonging to the orbital T2 state. In the case
of ZnSe these levels have been studied in the far infrared in the range 5 &v&200 cm ', both with and with-
out a magnetic 6eld, An interpretation of the results is made based on crystal-field theory with a strong,
static, Jahn-Teller distortion of E symmetry in the T& orbital ground state. There is little or no Jahn-
Teller effect in the E orbital excited state. The optical transitions exhibit a strong coupling to E-mode
phonons of average energy ~70 cm '

I. INTRODUCTION

The optical absorption of ions of the first transition
series (3d") in adamantine compounds has been
studied quite extensively in recent years. ' " There
have been studies on Ti, ' V,' ' Cr, ' ' 7 Mn, '8 "
Pe 2&14 20 Co '2 17&21 26 Ni 2 22 26 23 29 and CU 2, 19&22&30 36

7 )

has been found in many cases that crystal-field
theory" '7 is a good starting point for giving an account
of the energy levels of the d-shell electrons of these
ions. However, it has also been shown' ""'8" that
when a detailed comparison between theory and
experiment is made, it is important to treat the lattice
as a dynamic system coupled to the electronic d shell
of the impurity ion. The erst eRect of this coupling is
to produce phonon-assisted sidebands on the high-
energy side of the zero-phonon optical-absorption
lines. Such structure has been carefully studied for
Co+ NI+ and Cu+ in hexagonal Zno 2 ' 2 foI Fe2+

in cubic ZnS, ZnSe, and CdTe,""" and for Mn'+
in cubic ZnSe. " Such careful high-resolution studies
on "hexagonal" ZnS have been seriously bothered
by uncertainties about polytypes. "" '4

2

A second effect of this coupling to the lattice is
to allow Jahn-Teller deformations at the impurity
site. These Jahn-Teller eRects can be either of the
dynamic or static type.""We believe that the model
of a static (100) axis distortion" in the ground. state
at the substitutional Cr'+ impurity site can explain
both the previous electron-spin-resonance results~ 43

as well as the present optical data. Ke will show that
although the simple, undistorted cubic-crystal-6. eld
model can explain some of the general features of the
spectra, this static distortion is needed to give a
detailed interpretation.

The samples of ZnS, ZnSe, Zn Te, CdS, and CdTe
that we used were all synthetic crystals. Melt-grown
samples of "hexagonal" ZnS, hexagonal CdS, and
cubic ZnSe and Zn Te were obtained from Eagle-Picher
Industries. "The cubic ZnS and the CdTe were grown
in this laboratory. The cubic ZnS was grown by Dr.
7. Prener at 750'C using an iodine gas transport
scheme. The CdTe was grown from the melt4' by
4313
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III. EXPERIMENTAL RESULTS: NEEAR INFRARED
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TABLE I. Characteristics of the near-infrared absorption band of Cr2+ in II-VI compounds.

Crystal'
v(peak, cm ') b

300'K 2'K
v(ZPL)
(cm-&)

ZPL width' Bandwidth~

(cm ') (cm ')
AR' ZR' First excited

(10 ') (10 4) level (cm ')

ZnS
ZnS (hex. )
ZnSe
ZnTe
CdS (hex. )
CdTe

6000
6000
5650
5620
5500
5280

5800
5780
5525
5530
5300
5170

5224m 2
5220' ig

4975&3
4994&2
4686%2
4700ai00"

12
3.5
4 0
5.5
9

1035
1035
675
570
750
540

6.5
5
1

&1

18

3.6
4.6
1.1

(1

6.0~0.3
7.0~1.0

Crystals have the cubic sphalerite structure unless otherwise noted.
Photon energy in wave numbers at the peak of the sT2-to-'8 absorption

band. The maximum shifts slightly with temperature.' Width of the ZPL at 50% of maximum absorption.
Width of the whole main absorption band at 50'Po of maximum ab-

sorption.' AR is the absorption-coef5cient ratio of peak of ZPL to peak of the

main band,
f ZR is the integrated absorption intensity ratio of ZPL to that of the

main band [see Eq. (3)].
g This is the ZPL for Cr2+ in the cubic site in this polymorphic "hex-

agonal" Zns."This is the estimated position of the ZPL, which was not seen.

ion. The assignments of the other two bands are
uncertain. At 2'K the zero-phonon line, or ZPL, of
this 5800-cm ' band occurs at v=5224~2 cm ' in
cubic Zns and has a width (at one-half the maximum
absorption coefficient) of Au=12 cm '. The height of
the ZPL is 16% of the height of the main-band peak
at v=5800 cm ' at 2'K. This relationship is shown
more clearly in Fig. 2. The integrated optical-absorption
coeKcient

I= fn(v) dv

can be computed in arbitrary units for both the ZPL
and the main band at v=5800 cm '. The ratio of
these two for ZnS is

ZR=l(ZPL)/l(main band) =18&&10 4. (3)

There are many ZPL's in these mixed-polytype crystals,
as shown in Fig. 4. There are strong zero-phonon lines
at v=5184 and 5123 cm ' as well as at 5220 cm '.
The 5220-cm ' line is believed to be due to Cr'+ at
Zn sites in cubic ZnS, while the other lines are probably
associated with Cr'+ in hexagonal ZnS. The two ZPL
groups reported by Kelley and Williams' appear to
be associated with these "hexagonal" sites. It does not
seem worthwhile to present a detailed crystal-field
model for these "hexagonal" sites. Similar extra ZPL's
have been seen in mixed-polytype ZnS doped with""
Fe'+ or with Cu'+. In Fig. 4 the optical-absorption
coeKcient is plotted relative to that of the peak at
v=5800 cm ' taken as unity. Thus it can be seen that

TABLE II. Phonon structure peaks at 2'K in the Cr'+ absorption
band in the near infrared and their probable assignments.

ZPL Phonon Av ~

Crystal (cm ') peak (cm ')
Probable

assignment

5224 5293
5354
5475
5538
5574
5825
5855

69a2
130~6
250%5
314~4
350+4
601~3
631~6

TA(L)
2TA(L)
4TA(L)
LO(X)
TO (L)

?

2LO(X)

ZnSe 4975 5024 49a3 TA (L)
5165 190~5 4TA(L) or LA(X)
5193 218~5 ?
5210 235&5 TO (L)
5255 280~5 TO (L) +TA(L)

B. Hexagonal ZnS

Xo crystals of purely hexagonal ZnS were available.
However, optical-absorption measurements were made
on a melt-grown44 crystal of ZnS into which Cr had
been diffused at 1000'C in an argon ambient. A sample
of melt-grown44 ZnS containing Cr incorporated
during growth was also studied. No significant differ-
ences were apparent in the two spectra. These samples
were mixed polytypes of cubic and hexagonal ZnS.

ZnTe 4994 5033 39&2 TA (L)

4686 4724 38&3 TA(L)Cds

aAv= (phonon peak) —ZPL. The error limits given are based on an
estimation of how accurately the difference Av can be measured on the
spectrometer chart. The peak energies are not very well defined (see Fig. 3) .

This value is given in Table I.
In addition to the single ZPL the absorption band

shows structure in the phonon-assisted absorption
that extends over the range 5250& v & 7000 cm '.
These details are clearer in Figs. 2 and 3. The first
peak in the phonon-assisted region occurs at v=5293
cm ', or hp= 69 cm ' above the ZPL (see Fig. 3) . c„b;cz„S
This and the other peaks in the phonon-assisted region
and their tentative phonon assignments are listed
in Table II. The energies of the lattice phonons in
ZnS have been measured by Feldkamp et a/. " These
phonon energies for cubic ZnS are somewhat different
from those given by Slack et al." for cubic ZnS doped
with Fe'+.
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The optical-absorption coefficient n of melt-grown
ZnSe single crystals44 containing Cr was measured at
2 and 300 K. In these crystals the Cr was added prior
to growth, and the Cr was distributed reasonably
uniformly throughout the bulk of the samples. Thus
absolute values of n were determined (see Fig. 5).
At 300'K the main peak of the 'T~-to-'E transition
of Cr'+ occurs a,t v=5650 cm '. The variation of the
magnitude of n(peak) with the chemically measured
total Cr concentration is shown in Fig. 6. The chemical
determination does not differentiate between the
different charge states of Cr. Thus Fig. 6 shows that
the Cr'+ concentration is proportional to the total
Cr concentration. Electron-spin-resonance studies have

FIG. 4. Optical absorption coefficient versus photon wave
number for Cr-doped cubic ZnS and "hexagonal" ZnS (which is
really mixed cubic-and-hexagonal). The vertical scale, in relative
units, has been adjusted to unity at the Cr absorption peak at
v —5800 cm ' at 2'K for both samples. The "hexagonal" ZnS
was not specifically oriented, and the light was unpolarized.

the integrated intensity I of the three zero-phonon
lines in the mixed-polytype sample is about the same
as that of the one ZPL in the cubic sample. For both
samples the width of the ZPL is limited by sample
properties, not by the resolution of the instruments.
The ZPL line for the mixed cubic- and-hexagonal
sample at v=5220 cm ' in Fig. 4, which has a, half-
width of Av=3 cm ', possesses a satellite at v=5214
cm ' which is about 5 as high. When this spectrum is
studied at 20'K (not shown), the 5220-cm ' line
decreases in height, while the 5214-cm line increases
to become almost equal to the first line. Thus we see
evidence for an excited state at 6.0&0.3 cm ' above
the ground state for Cr in the cubic sites in ZnS.
Similar behavior is reported later for ZnSe.
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FIG. 6. Optical absorption coefficient of ZnSe in absolute units
at the Cr absorption peak at v =5650 cm ' versus the chemically
measured total Cr concentration. The temperature is 300'K.
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FIG. 5. Optical absorption coefficient versus photon wave
number for Cr-doped ZnSe. The vertical scale is in absolute units.
The two dashed lines on the right side give the absorption edge
of pure, undoped ZnSe at the two temperatures.

reported charge states of +1," "+2,""" and +3"
for Cr in II-VI compounds. From these studies -the
Cr'+ ion appears to be the dominant charge state. It
also appears to be the stable charge state in the com-
pounds CrS, CrSe, and CrTe. '4 It seems reasonable to
conclude that much and perhaps almost all ()95%)
of the Cr is present as Cr'+ (3d4) for concentrations
&4X 10"/cm . The Cr'+ ions have been produced
by illumination of the crystals containing Cr'+ or by
doping with trivalent ions such as AP+ or Ga'+. The
method of producing Cr'+ ions" is unknown. We have
annealed several crystals of Cr-doped ZnSe at 900'C
in atmospheres of excess Zn and excess Se. Xo change
was found in the shape, width, or magnitude of the
ZPL or of the main band at r=5520 cm ' (at 2'k)
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2y 10»~cm3,~cm of Cr was studied in the region 3&v&110
4 4

cm '. The main structure is a sharp absorption peak
at v=70.0~0.5 cm ' with a half-width of dv 1 cm '
and an absorption coefficient at the peak of o.=0.7
cm ' (see Fig. 11 and Table III). Since there is no
intrinsic lattice absorption in undoped ZnS for v&110
cm ', this is tentatively identified from the neutron
scattering results" as a one-phonon TA I absor

e by the Cr impurity. Xo electronic transitions
of Cr'+ are expected in this energy range. The other
broad absorption band covering 80&v&110 cm is
probably due to other" TA phonons. No clearly
identifiable absorption near v = 6 cm 'v= cm was seen.

FIG. 10. Optical absorption coeKcient versus photon wave
number for Cr-doped CdTe. The vertical scale has been adjusted
to unity for the 2'K peak at v= 5170 cm '.

in Fig. 8. The ZPL is at v=4994~2 cm ' at 2'K,
very close to the ZPL in ZnSe. Again ZnTe is cubic with
the zinc-blende structure, and only one ZPL line

'
h

a width Dv=5.5 cm ' is seen. The other parameters

absorption are shown in Fig. 3. The only structure in
the curve is at 9=5033 cm ' (see Table II).

The optical-absorption curves of Cr disused into
wurtzite-structure CdS are shown in Fig. 9 for tem-
peratures of 2 and 300'K. The ZPL is very weak,
as can be seen in Figs. 3 and 9. The only phonon
structure in the phonon-assisted region occurs at
v=4724 cm '. The various parameters derived from
the absorption curve are given in Table I. The present
curves for the Cr'+ absorption peak near v=5500
cm ' are in agreement with the previous work of
Pappalardo and Dietz. ' These authors did not, however,
report any ZPL structure in their curves.

F. CdTe

b diff
T e u-versus-v curves for Cr-doped CdT de prepare

y i usion are shown in Fig. 10. The general structure
is the same as that found for the other II-VI compounds,
and the 'T~-to-'E band peaks at v=5280 cm ' at
300'K300 K. The main difference is that no ZPL could be
seen in CdTe, which means its peak height at 2'K
is probably less than 1% of the height of the phonon-

rom ig. an Table-"d"' -= 7"= --' d b
we see that the relative height of the ZPL has been

ZnSe, Zn Te, and CdS Now in CdT "t '
d

IV. EXPERIMENTAL RESULTS: FAR INFRARED

A. ZnS

The optical absorption of a sample of polycr stal-
line melt- rown44 "h-g exagonal ZnS containing about

oycrys a-
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FIG. 11.
hoton wa

. Optical absorption coefBcient in ab l ta sou e units versus

p o on wave number in the far infrared for Cr-dor r- ope "hexa-
g na ZnS (mixed cubic-and-hexagonal). The s le samp e was not
p i ca y oriented, and the light was unpolarized.

B. ZnSe

The optical absorption coefficient of pure ZnSe
an of ZnSe samples doped with Cr and doped with
Mn has been measured in the range 5&v&4000 cm '.
These samples were grown from the melt by Eagle-
Picher. 44 The results for 5& v&200 cm ' are shown in
Fig. 12 at 4.2'K. In the range 200&v&500 cm
the intrinsic lattice absorption was ffi tls su cient y strong
so that no data were taken. See Aven et al." and

itra" for an approximate lattice absorption spectrum
of ZnSe in this range. In the range 500&v&4000 cm—'
some weak multiphonon lattice bands were seen at

absorption coefficients at these peaks at 300'K of
n—1 to 2 cm i.. There are no discernible absorption
peaks duc to Cl in this region at 300 K.

The results in Fig. 12 show that the only absorptions
that can be at tributed to Cr at 4.2 K h h
absorption peak at v=7.4 cm ' and a rather broad
band between 40& v& 100 cm '. This broad-band

do
absorption is not present in pure ZnS b tn e, u part o" it

oes appear in Mn'+-doped ZnSe (see Fig. 12). Com-
parable concentrations of Mn and Cr ind br in uce comparable
values of the optical-absorption coefficient. From the
selection rules for impurity-inducedce sing e-p onon
transitions'" we conclude that thes b dese an s are caused
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TABLE III. Optical absorption bands of Cr-doped "hexagonal"
ZnS in the far infrared.

Wavenumber Probable
(cm ') assignment' Comments

6.0~0.3

70
80—140

Cr2+

TA(I.)
Other TA

From near
infrared only

See Fig. 11
See Fig. 11

' We have given these identifications as if the sample were cubic Zns
instead of a mixed polytype.

by one-phonon transitions. The assignments of the
observed peaks to various critical point phonons are
given in Table IV.

Ke conclude that the Cr produces one absorption
peak at v=7.43 cm ', the exact nature of which is
still to be explained. The v= 7.43 cm ' line was measured
with an interferometer type of spectrometer4' using
a liquid-He -cooled bolometer for increased sensitivity.
The line width was deduced to be Av 0.04 cm '
after a suitable correction had been applied for the
instrumental resolution of 0.06 cm '. From the known
Cr'+ concentration, the measured oscillator strength
is f= 1.3X10 '. The splitting of this line in a transverse
magnetic field [see Fig. 5(h) of Ref. 20] was studied
at 4.2'K with a grating spectrometer4~ at a resolution
of Av=0. 3 cm ' in the range 7&v&10 cm '. The line
splits in a magnetic field, as shown in Fig. 13. The
sample used was a multiply twinned sample, containing
only zeroth-order and first-order twins. ""The common
[111]twinning axis was nearly normal to the sample
surface and the two twinned orientations both possessed
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FIG. 12. Optical absorption coefficient in absolute units versus
photon wave number in the far infrared for pure, Cr-doped, and
Mn-doped ZnSe. The heavy solid line on the right-hand side
is for undoped ZnSe. Only the Cr-doped samples were studied
in the 5&v(10 cm ' region.

techniques. It was found that the Cr occupied a Zn
site and had a charge state Cr'+ (3d4). The site is
distorted along a (001) axis. The one exception to
this model is provided by the work of Dorain and
Locker, "who believed that the Cr is in an interstitial
octahedral site in CdS. They have since stated in a
private communication that, based on new results,
the Cr'+ is actually in a substitutional tetrahedral
site in CdS. The comparison of the optical results
for CdS in Fig. 2 with the other cubic crystals makes
us also believe that the Cr in our CdS crystals is
present as substitutional, tetrahedrally coordinated
Cr'+. Further evidence for the tetrahedral coordination
of the Cr'+ is the study""" of the superhyperhne
structure of the Cr'+ centers generated from the

a [011] axis nearly in the plane of the sample. The
[011] was actually 10' out of the plane. Thus the
8 vector was aligned nearly parallel to this common
[011]axis. The sample contains equal concentrations
of the three types of Cr'+ centers having the three
different contraction axes, i.e., [100], [010], and
[001]. Thus a magnetic Geld in a [011] or [101]
direction makes an angle of 45 with -,'of the Cr'+
centers and an angle of 90' with 3 of them. This
means the stronger absorption lines will be those for
the 45' orientation. These are the points plotted in
Fig. 13. The calculated curves in Fig. 13 are those
for the 45 orientation, and are derived from the
energy-levels-versus-magnetic-induction curves, given
later, for a [001] axis center with the field in a [011]
or [101]direction.
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V. EXPERIMENTAL RESULTS: ELECTRON
SPIN RESONANCE

The Cr'+ center has been studied previously in
ZnSe ' " and CdS ' " by electron-spin-resonance

FIG. 13. Splitting of the v=7.43 cm ' line of Cr-doped ZnSe
in an appliec. magnetic field at 4.2'K. The field was applied
nearly parallel to the L011) direction. The solid lines give the
calculated behavior; the points give the observed absorption
peaks.
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TABLE IV. Optical absorption bands of pure and Cr-doped ZnSe in the far infrared.

Photon wave number

(cm ')
Probable

assignment'
Impurity
presentb Comments

7.43~0.02
49~1

70.5+0.2
96&1

141~1
176&1

Cr'+

TA(1.)
TA(X)
Ag(E)
2TA(X)
LA(1.) 7

Cr
Cr
Cr, Mn, pure
Cr, Mn, pure
Pure
Pule

Half-width=0. 04 cm ~, electronic
Impurity-induced one-phonon peak
Impurity-induced one-phonon peak
Impurity-induced one-phonon peak
Two-phonon peak
Impurity-induced one-phonon peak

a The letters K, L, and X refer to symmetry points in the Hrillouin
zone. At the K point the TA branch has a lov er A& and a higher A2 value.

The pure ZnSe was a melt-grown crystal obtained from Eagle-Picher
Industries (Ref. 44), Typical analyses by a mass spectrograph of such

crystals show that the dominant impurities are: oxygen ~7 &(10» cm 3,

carbon ~&2 &(10» cm 3, tellurium ~1&(20» cm 3. Thus the total impurity
content in the "pure" ZnSe may be about 1 &10» cm ', which is suf6cient
to produce impurity-induced one-phonon peaks in the "pure" ZnSe,

Cr'+ centers. The Cr'+ centers were also found to be
on undistorted substitutional sites replacing Zn or Cd.

The previous results" 4' and some new results4'
for Cr'+ in ZnTe are summarized in Table V, The
quantities g~~, g&, and a are explained in Secs. VI D
and VI E.

VI. THEORY

The present results on the optical-absorption

spectrum of Cr'+ can be understood in first approxima-
tion by the application of crystal-field theory. Such
models have been used previously. ' " IIowever, as
indicated in our first paper, this basic model requires
modification by the introduction of Jahn-Teller
effects. This is the approach that is adopted here.

A. General Hamiltonian

The Hamiltonian for noninteracting point defects
in a host lattice can be written as

the LS terms of the free ion (Kr)3CoF), but larger
than the spin-orbit and spin-spin couphng (Xcr,)
3'so, Xss).

S. Cubic-Crystal-Field Theory

In simple cubic-crystal-field theory one assumes
Xgg ——C. According to Hund's rules, the free-ion
ground state for Cr'+ (3d') is 'D. A crystal field Xcp
of tetrahedral (Td) symmetry will split this state
by an amount defined as the crystal-field splitting 6
iiito all orbital doublet ( 8) aiid all oibltal tllplet
(5T,), the latter being the ground state for Cr'+. The
sp1n-ol bit aIld spin-spin coupling Xso and X88 will
then split the degeneracies of the spin orbitals further,
and the energy-level scheme obtained is given in Fig.
14. The corresponding eigenfunctions can be found
1Il Ref. 20. In using Ref. 20 we note that CI'2+ behaves
as if Dq&0.

The Xso and Xps perturbations are given by" "
Xi"++cp++JT+~so+++Bs++8 (6) so +

The first term, XF, is the free-ion term neglecting
spin effects, Xcr, represents the effect of the crystal
field, 3Cq T causes the static Jahn-Teller distortion,
BCHo is the spin-orbit coupling, Xps is the spin-spin
coupling, and X~ is the effect of the external magnetic
field. In the case of transition-metal ions in II-VI
compounds at substitutional sites the crystal-field
splitting is typically smaller than the separation of

In Fig. 14 the value of E is given by

K('E) = (6X'/6) —6p,

E('T ) = (6X'/6)+6p.

If p=0, then the two values of K are equal; this was

TAar.z V. Parameters of the '82 ground state derived from electron-spin-resonance studies.

Crystal
gb

(cm ')
jgc

(cm ')
Frequency

(6Hz) Ref.

CdS
ZnSe
ZnTe

7.747
7.837
7.92

0
0
0

0.1503a0.0002
0.024
0.13~0.01

—1.3~0.3
—2.48~0.01
+2.30~0.02

8, 9, 24
9,2

14, 20

1.3-4.2
1.2
1.5-4.2

' For ZnTe the g~~ value for the I's level is 3.96~0.02, while for the

P&I 2 nearly degenerate "doublet" it is 7.92&0.04. For the other crystals
the g~ t value is for the I if2 '*doublet, "

For ZnTe the sign of a was measured as a = +0.13+0,01 cm t.
' For ZnSe the value of. D was not found from EPR measurements, but

wascalculated from the far-infrared absorption at 9 = I.43cm ~ () D t
= 3f) .
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the case considered in Ref. 20. In Fig. 14 we ha,ve
used h&0, X&0, and p&0. The magnitudes of the
splittings of the 'T2 and 'E states have been calculated
by using the parameters 6=

~
10

~
Dq=+4500 cm ',

) =+60 cm ', and p=+0.4 cm '. The X and p values
are based on results for the free-ion Cr'+. If we apply
XF+Xso+Xss of Eq. (6) to the free Cr'+ ion and,

try to fit the observed" level structure of the 'D
ground state, the best 6t is for X=+56.8 cm ' and
p=+0.39 cm-'. The hterature values for p are +0.42
cm ' from Pryce" and +0.12 cm ' from Watson and
Blume. 72 Treesv' has shown tha, t spin-orbit coupling
between diferent LS terms provides an additional.
interaction having tlM same fol'nl as Xss in Eq. {7).
The spectroscopic value for p of +0.39 cm ' thus
represents the combined effect of these different I.S
terms and the true spin-spin interaction. " Thus we
use this larger value of p. In the present model there
are no covalency CGects on X, and the ) values for the
'Tg and 'E states are a,ssumed to be the same. The
choice of 0 will be discussed later.

C. Jahn-Teller Distortion

If XJT&0, the theoretical treatment is more in-
volved. We notice that the ESR results" " for Cr'+
indicate a tet ragonally distorted lattice site and do
not agree with the model of Fig. 14, which is based on
a cubic undistorted lattice site. We shall state here
tha, t the optical results do not agree very well either
with the predictions of Fig. j.4. The model that seems
to ht best is where we have

for 'Tg ground state, Xgp&Xg Y&&XHo&X88',

for 'E excited state, XoF))Xso)Xss, XzT=0. (9)

See Eq. (6) for the definitions. The justification for
XqY—0 in the 'E state is based on the experimental
results, and will be explained later. The next assump-
tion we shall make is tha, t XJT gives rise to a static
distortion in the orbital T2 state, The ESR results
indicate a distortion with a preferential [001] axis.
This ls in agrecmcnt with thc predictions of Dunltz
and Orgel, " who postulate a large E distortion for
3d4 Cr'+ in a tetrahedral site. The normal vibrational
modes of a tetrahedron are given by Ballhausenvs
and. Sturge. " The two E distortions are Q, and Qe
in Ham's" notation, or Q2 and Q: according to Sturge, "
and form a bas~s for a two-d~mens~onal crredunble
representation of Td. The QtI distortion produces a
compression or extension of the tetrahedral site along
the twofoM s axis, the [001] axis, while the volume
of the tetra. hedron remains unchanged. Suitable
linear combinations of Q, and Qg are needed to produce
this equivalent distortion along either the [001] or
the [010j axis. It is worthwhile to point out that the
normal modes of a tetrahedron transform as (Ai, E, Tq) .

l.6 K

Fn. 14. Energy levels of Cr'+ (3d4) as predicted by crystal-
field theory for an undistorted, substitutional cation site of rq
symmetry. The ground state is the I I of 'T2.

The Aj distortion will not split either the E or T2
orbital states, the E distortion will split both the E
a,nd T2 orbital sta, tes, while the T2 will split only the
orbital T2 state."Hence, if we are dealing with an E
distortion, we should expect splittings of both orbital
states.

The most general Hamiltonian for a linear Jahn-
Teller coupling consistent with the symmetry require-
ments is"

XgT= Vi(qggg+q, g,)+V2(qg'ttg+q, 'tt, )

+-,'x(qP+q 2) 4. (10)

Here Vi and V2 are the coupling coe%cients of the
lattice to the orbital 'T~ and 'E states, respectively,
a,nd have the dimensions of energy. In general, ViW V~.
The qe and q, are the dimensionless parameters which
measure the magnitudes of the Qg and Q, lattice
distortions. The 8g and 8, are electronic operators
which opera, te on and only have matrix elements
within the orbital T2 wave functions. The 'l4 and 4,,
a,re similar, but only apply to the orbital E wave
functions. The 2i(qe'+q, 2) term is the elastic energy
associated with the distortion, and 8 is the unit matrix.
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CRYSTAL JAHN-

FIELD TELLER

~ s. osp

V2 q8

Ist 2nd
ORDER ORDER S.O.

S.O. r",

and the equilibrium occurs when

qp'+q '= ( V2/»)'.

For the 'T2 state the levels versus q are given by Fig.
20 of Sturge. " There are three equivalent energy
minima in this case at

qp=+ Vi/»,

qe= —Vi/2»,

qp= —Vi/2»,

q, =0,

q, =+v3Vi/2»,

q, = —v3 Vi/2». (13b)

l.5V) qy
5n

Bp

rs

A

rs
A

rs
A

rs

r",

These three minima correspond to static distortions
along each of the three (100) crystal axes.

If we arbitrarily set q, =0 and ye&0, then we have
the case where the distortion is along the

I 001j axis.
The local site symmetry of the Cr'+ is then D2d. This
qg distortion mill be convenient for graphically illus-
trating the behavior. In DM symmetry the orbital
E and T2 states of T~ split into

FIo. 15. Energy levels of Cr'+ I'3d4) as predicted by crystal-
)ield theory for a Jahn-Teller distorted, substitutional cation site
of D2q symmetry. The ground state is the I'II'2 of 582. The second-
order spin-orbit splitting as shown also includes some Grst-order
spin-spin splitting.

The orbital wave functions in T~ symmetry
are20, 36,38,'l0

'E—+'A j+'Bg,
52' ~5B +5E

'E:
I tpg), I t2g &,

'E state:
I
eP)= (1/v2) (VpP+ V,—'),

I
e8&=+ vpP;

Let us now de6ne the energy differences:

'T2 state:

In the absence of any static Jahn-Teller effect these
states are separated in energy by an amount 6, with
the 'E state being highe~ for Cr'+ (see Fig. 14). When
3Cqr in Eq. (10) is applied to the wave functions in
Eq. (11), then the orbital doublet 'E and the orbital
triplet 'T2 states each split into two states separated
in energy at their respective equihbrium con6gurations
by

Splitting('E) =+2VpP/»=4ggr(PE),

Split ting ('T,) = +3ViP/2»= 3gi r ('Tp) . (12)

Ke have assumed the elastic constant x to be positive
and to be the same for both states. The Jahn-Teller
energies Xg~ are not necessarily the same for both
states, but become so if V~ ——V2. The equihbrium
values of qg and q, are, in general, different for the
tmo orbital states. For the 'E state the electronic
energy levels versus q are given by Fig. 6 of Sturge, "

The carets indicate an irreducible representation of
D2g, those of Td, have no carets. The splittings produced
by Xgp of Eq. (10) with q, =0 and qp~0 combined
with XF+Xcr+Xso+Xss are shown in Fig. I5,
with both V2gg and V~qg as positive quantities. The
energy differences are

Gg
——1.5 Vga.

The EPR and far-infra. red results tell us that the
ground state is '82, hence V~qy&0. The sign of qy is
positive if the Cr'+ center has a compression along
the LOOl. l axis. A point-charge crystal-field model as
well as some new ESR studies of the effects of external
stress4' give gas&0 for the Cr'+ center. Hence we con-
clude that V~&0.

In Fig. 16 we have neglected Xso, X88, and Xp
and we show the energy levels versus qp/qp for various
values of Vp/Vi. The equilibrium value of qp in the
Bp ground state is just qp= Vi/». We now distinguish
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MODEL 8
Q& Vi/4

MODEL C

Vp ~ 0

FIG. i6. Orbital energy levels of Cr'+ (3d4) in
a substitutional cation site of D2& symmetry as
a function of the tetragonal distortion. The
equilibrium distortion in the ground state is q0.

The three models A—C all have the same lower
two levels, but di8er in the splitting of the
upper third and fourth levels. The spin-orbit and
spin-spin splittings are not included here. The
two splitting parameters are G1=38qT('T2)=
1.5V1g0, Gg = 4Gg T('E'-') .

I

-2 0

Dao

I

I

five different models for the Cr'+ center as follows:

model A:

model 8:
model C:

model D:

model E:

Vg= Vg,

Vg —~ Vg,

V2—0,

Vg ——
4 Vi.)

V2= —Vg.

(16)

The energy-level structures for models E and D are
the same as those for models A and 8 if we only inter-
change the labels of 'A& and '8& in Fig. 16. The possible
models where

~

V& i
&

~

V~
i

have been excluded for
reasons which will be explained later. One of the
tasks now is to see which of the models in Eq. (16)
best fits the data.

One estimate of the ratio V~/Vi can be made from
the point-charge model in which the Cr'+ ion is sur-
rounded by four point charges. In T& symmetry the
crystal-Geld potential is just

V«= F(r) I V4'+ (5/14) '"(V +V44 ') I (17)

[see Eq. (A2) and Fig. 14 of Ref. 20]. Here the Yz~
are spherical harmonics. """When the site symmetry
is lowered to DM by a Qg distortion, other terms enter
into Vgi-. Ke designate these terms by a distortion
potential

Vn= V~G(r) [I V~'I —(5V'3/27) (r/d) '

&& I V4' —(7/1o)'"( V4'+ V4 ') I] (18)

Here G(r) is some function of the radial distance
r of the d-shell electrons of the Cr'+ ion from the Cr
nucleus, d is the distance from the Cr nucleus to any
one of the four surrounding anions, and

pter
is the

dimensionless quantity which measures the linear
shift of the four anions away from their normal posi-
tions in T& symmetry. The V& term is zero if q&=0.
The sign of V~ changes with the sign of pter. Notice that

'T2'

gs —82——2 V2qg ——4Ds —6Dt,

Gg
——1.5 Vying

——3Ds+ SDt. (20)

From Eq. (18) the ratio Dt/Ds is given by

Dt/Ds= [10(r/d) 2]/27 (21)

from a point-charge model. Using an estimate of r2

for Cr'+ 3d' of 5.0&(10 ' cm' based on calculations
of Tucker, "we compute for ZnSe that

Dt/Ds =0.0077. (22)

Hence we neglect Dt compared to Ds, and arrive at

S,=S+4Ds,

82= 6,

gi =3Ds

(23)

both of the terms in curly brackets in Eq. (18) are
orthogonal to the curly-bracket term in Eq. (17).
An expression similar to Eq. (18) has been given by
8allhausenv' on p. 100, but his result lacks the
orthogonality condition. The energy differences with
respect to the free-ion 'D level of the electronic levels
of Cr'+ as given by the wave functions in Eq. (14)
are calculated by applying V&F and V& from Eqs.
(17) and (18). The results are

8('Ai) =+0.66+2Ds 3Dt, —

8('Bi) =+0.66 2Ds+3Dt, —
8('E) = 0 46+Ds+—2D. t, (19)

8 ('8, ) = 0.4a 2Ds —4Dt. — —

The 0 term comes from Vqi;, while the Ds and Dt
terms come from the Grst and second curly-bracket
terms in V&, respectively. A positive value of Ds
arises from a contraction of the tetrahedron along the
[001] axis; i.e. , qg&0, in agreement with Dunitz and
Orgel. ~' From this point-charge model we have
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g3—gg ——2 V2qe ——4Ds,

»= j..5 V»fffy= 3DS. (24)

Equation (24) shows that a point-charge model
gives V»& 0, since qg) 0 means Ds) 0. The other
result of the model is that

D. Spin-Orbit and Spin-Spin Coupling

In the following discussion we shall assume that

5&38„('T,)))X&D.

Then we can apply the Xso and 3Css perturbations
of Eq. (7) to the spin-orbit, product wave functions.
Since we are in the high-spin state of 3d', we have
5=2, and the spin-wave functions are

I
Se),

I
58),

I 5&),
I Sii), and

I Si ), similar to Eq. (11). There are
a, total of (2L+1)X (25+1)= 25 product wave
functions now. "We shall not list all of them, but will
point out, that thcv belong to thc following irreducible
representations of DM symmetry:

Orbital
state

Spin-orbit
wave functions

5+

5p

A A A A
I'»+ I'3+~4+ I'5

~»+ I'2+ j- 3+1'5

Fi+F2+Fg+ F4+3F;
A A A A

Fi+F2+ F4+F:
A A,

I"», I"~, I'3, and I'4 are one-dimensional representations
and I'5 is two dimensional. The character tables for
the Tq and DM groups can be found in Tinkham~"
and in Koster et al.'8 The correct product wave functions
for each of these irreducible representations can be
found from the tables of Koster ek a3." '" Note that as
in Ref. T5 we use Mulliken's notation for orbital
states and Bethe's for spin-orbit product states.

The relative energies of the j.9 diferent levels of
Eq. (27) depend on the values of 2, 8~ T('T~), G~T('B),
P, and p. Th.c approxlIllatc rcslllts fol ZIlsc arc shown

V,= V»)0

gg T('E) =GgT('T~) )0

[see Eq. (12)7. These results correspond to model
A of Eq. (16).

We realize that we have neglected any covalency
effects in using this point-charge model. Since we are
dealing with II-VI compound semiconductors, this is
a great and probably unjustified assumption. However,
the model does show how V» and V2 are related in a
simple, special case. To calculate V~/Vi for a realistic,
covalent model of the crystal is beyond the scope
of this paper.

in Fig. 15. Notice that only the orbital 'E levels show
a first-order spin-orbit splitting, and this results in
five levels separated by successive energies X. Second-
order spin-orbit spbttings also occur in the 5E state
as shown and remove the I'» —F2 and F3—I'4 accidental
degeneracies. The orbital singlet states 'A», '8», and
58~ only split in second order under Xso and in first
order under Xss. Each of these states can be considered
as a spin 5= 2 state with a fixed orbital wave function.
For 'B2 the orbital wave function is

I
t2l ) and the

product wave functions are

Fi: I4l, 5&),

F2.
I tgf, Se),

F, :
I

f2f, Se),

F5:
I ~2f 5&»

I
~if 5~)

(28)

Contributions to these wave functions of order
X/38JT('T2) and X/6 from mixing with other orbital
states have been neglected. The second-order effect
of Xso and first-order effect of Xss is to split the
spin sta, tes in energy according to

energy=+D[(5, )'-——,'5(5+1)7.

The value of D is a meaningful quantity for the "82
state, and is meaningful for 5A» and 58» only if 5A»

and 58» are not degenerate. This means V2/0 in
Eq. (16); i.e., model C is excluded. The value of
D has been computed for models A, 3, D, and E
to be

D("i,) = - [3V/(g, -g, ) 7+3p,

D('B ) =+4~'/g L~'/(g. g) 7—3p, —(30)-
D("B,) = 4Z'/g, X'/g, 3p— — —

where 83, 8~, and Gi are given in Eq. (15). Note that
in Eq. (30) the contribution of the p term is significant
because the sphttings are so small. Equation (29)
shows that when D&0 the 5,=0 level is lowest, but
when a&0 the 5,= &2 levels are lowest. When D=O,
then all 6vc spin levels have the same energy. From
Eqs. (12), (15), and (30) we see that D('Ai) &0
and D('"B,))0, but that D('B2) is variable depending
on the relative magnitudes of 82 and 8». Since '"B.
is the ground state of the system, this can have im-
portant consequences. Figure 15 has been drawn for
ZnSe, where, experimentally, D('B~) &0.

fn Eq. (29) the 5,=+2 level has the same energy
as the 5,= —2. This is Ilot completely true; there
are higher-order CGects of Xso and ass which split
this accidental degeneracy. For the 582 ground state
the I'»-to-I"~ energy difference is given to order X'

and pX by

g= g(F2) —G(Fi) = 36K'[ '+ p(28i+g~) 7/gi'8~.
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g (F„F,) =S[I—(e/a) j,

gii (Fs) =4[1—(4l /~) 3,
A A

ga(Ft, Fs) =gi. (Fs) =0.
(34)

The quantity g~~ is obtained when ~8
~

=B, and gi
when B is perpendicular to the s axis, i.e., the distortion
axis of the Cr'+ center.

When the magnetic field becomes sufIiciently large
so that gp~B is comparable to D and when B has 8
or B„components, then the energy levels versus
magnetic induction have to be found by solving a
5)&5 determinant. The results for several directions
of B are shown in Fig. 18. The distortion axis of the
Cr'+ center is chosen, as before, as the [001] axis.
Notice that the lowest energy of all occurs with B=8,
only. Some interesting possibilities of reorienting the

E. Applied Magnetic Fields

If we apply an external magnetic field, we will

remove the remaining degeneracies. Consider the
effect of the perturbation

Xn ——ps(L+2S) 8, (32)

where p~ is the Bohr magneton and 8 is the magnetic
induction. We shall only consider the case of the
'B~ state. First let the magnetic-field splittings be
small compared to D [see Eq. (30)]. The results for
8 parallel to the [001] distortion axis are shown in

Fig. 17. The wave functions of the S,=&2 states
are, respectively,

+(y)= (1/v2) [~ &sf, &e)&~ 4l, &t )] (33)

and are mixtures of the I'~ and I'2 wave functions.
The effective g values are dependent on the spin-orbit
mixing of the wave functions of the 'Bi state into the
'B2 ground state. The results are

centers by applied magnetic fields at low temperatures
are apparent.

REI=
~

(4'r
~

operator
~

4';)
~

s, (33)

where we use the magnetic dipole operator between
the initial state 4; and the final state +~. For levels
possessing degeneracy we have summed over the
final and averaged over the initial states. It can be
seen that only the 6S,= &1 transitions are allowed.

In the visible and near-infrared region the electric
dipole transitions are the dominant ones, and we are
interested in the allowed transitions from 'Bs to '"P.

,

'B~, and 'A~. The absolute intensities of electric dipole
transitions are difficult to calculate because the in-
tensities depend on the amount of wave-function
mixing from other free-ion states, and on the poorly
known radial part of the wave functions. The relative
intensities were calculated using the equivalent op-
erators" " in D2d symmetry,

I'4, Eii. L,L„+L,L„

F, , E:L,L,+L,L„L,L„+L„L,. (36)

F. Optical Transitions: Models A, B, D, and E

There are allowed optical transitions between the
various spin-orbit levels. We can calculate these for
models A, 8, D, and E of Eq. (16). Within the 'Bs
state the optical transitions are all in the far-infrared
region. The only strong transitions are magnetic
dipole in origin. The only allowed ones are those
between the (Fi, Fs) level and the Fs, and also between
I'; and I'4. These are only allowed when the magnetic
vector H of the light beam is perpendicular to the s
distortion axis of the Cr'+ center. The relative in-
tensities (REI) for plane-polarized light with H J.

are 2 and 3, as given in Fig. 17. In Fig. 17 we have
given the relative intensity as

5A
B2

ZnSe

Bz =0 Bz ~0

MAGNETIC DIPOLE, H~

Sz

0
+)
-I

Here E~~ and Ei mean that the electric vector of the
plane-polarized light beam is either parallel or per-
pendicular to the s distortion axis of the Cr'+ center.
The electric dipole transitions from 'Bs to '8 and 'Bi
are only allowed for Ei, and are shown in Figs. 19(a)
and 19(b). The B s'Estransitions are allowed in
first order, and I'= ts in Fig. 19(a). The sBs—+'Bt
transitions are forbidden in first order, and only become
allowed by the spin-orbit mixing of the orbital 'E
wave functions into both the 'B~ and 'Bj states. The
result is a reduction factor E which tells how much
weaker than unity the transitions to 'Bt are [see Fig.
19(b)].This factor is given by

FIG. 17. Levels of the '82 ground-state manifold in zero and
nonzero applied magnetic 6elds. The vertical arrows give the
allowed magnetic dipole optical transitions for the case where H
for the photons is perpendicular to the L001) distortion axis of
the center. The relative intensities REI of the various transitions
are given by the numbers on the vertical arrows Lace Eq. (35)J.

R= -s,P.(82 28t)/8](82 81)]' (37)

and is of the order of E. 10 4 for ZnSe. Note that R
is zero when 8~——2F~.

The E~-type transitions of 'B2—+'A& are also weak
and are comparable in intensity to the E&-type
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FIG. 18. (a) Splittings of the energy levels
of the 'B2 ground-state manifold of Cr'+ in
ZnSe in an applied magnetic field. The three
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center aligned along t 001j. The results for
B along L111] are applicable to all four

(111)directions, The notation [l»z0 I means

B lies in the xy plane. (b) Same as (a) ex-
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$011j.The results for B along t 101$ are the
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'B2~'B~ transitions. These are not shown in Fig. 19
because the El I-type 'B~~'A j transitions are very
strong, and are of order unity. They are, therefore,
the strongest of all the electric dipole transitions from
the ground state, and wil. l mask any Ej.-type 'B&~'A&
transitions. Thus the most intense absorption band of
Cr'+ will be the 'Bo—+'A& transition for XII if any of

the four models A, 8, D, or E represents the correct,
model for the system.

6. Optical Transitions: Model C

If V&~0 in Eq. (16), we have model C, in which
the E orbital state does not split under the Qg, Q,
distortion. In this case the 6nal state for the optical
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FIG. 19. Allowed electric dipole optical transitions of Cr'+ in
ZnSe in the infrared for models A, B, D, or E (see Fig. 16).
The two cases for the electric vector of the plane-polarized light
parallel or perpendicular to the I 001j distortion axis of the center
are considered. The relative intensities REI of the transition are

A A
given by the numbers on the vertical arrows. The '82-to-'A&
transitions are the most intense, and are assumed to have unit
strength. The reduction factor R is given in Kq. (37), P = —,', .

FIG. 20. Allowed electric dipole optical transitions of Cr'+ in
ZnSe in the infrared for model C (see Fig. 16). The only strong
transitions are for the electric vector of the plane-polarized light
parallel to the L001j distortion axis of the center. The relative
intensities REI of the transitions are given by the numbers on
the vertical arrows. Case (a) is when the E('8) splitting of the
'E orbital state is observable. Case (b) is when E('8) is too small
to be resolved experimentally.
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transitions possesses T& symmetry. The three possible
ground states with distortion axes [100], [010$, and
[001] are each '82 of DM. When these three are com-
bined as a degenerate triplet, this triplet also possesses
Tz symmetry. In Fig. 20(a) we have chosen to label
the levels by the irreducible representations of D2&.

%e realize that the 'A~ and 'B~ wave functions are
inseparably mixed in the upper state. The only strong
optical transitions are for E~~, as shown in Fig. 20(a).
In a macroscopic, unstrained crystal only ~~ of the
Cr'+ centers will be aligned with their distortion axis
along [001j. Hence we will see absorption only from
these, since in the polarized light the other centers
will appear to have E&, and the Ei transitions are
about E. or 10 4 times weaker. The five levels of the
'E state are all equally spaced by an amount E('E)
given by Kq. (8). This expression for E('E) is only
strictly valid if V:=0. If

~
Vi

~

))
~

Vs
~

)0 such that
~

V2
~

is comparable in magnitude to the phonon
energies of the host lattice, then we are in the dynamic
Jahn- Teller regime. " Then K('E) is replaced by
E'('E) given by

(3)]. The theoretical values of ZR for models A, C,
and E are given by

model A: ZR —~'~ (2/w) '"[8 /gzT ('T, ) ]'"
model C: ZR= exp[—GENT('T~)/8„],

model E: ZR —1.

(40)

Models 8 and D give intermediate values of ZR. In
Kq. (40) the quantity 8„ is a characteristic phonon
energy. The expression in Kq. (40) for model A was
derived by Ham" by assuming that all of the optical
transitions are from the ground state of 'B~ to the
several (unresolved) levels of 'Aq (see Figs. 15 and 16).
Explicit account was taken of the energy versus

qg, q, curves from Sturge" (see his Figs. 6 and 20).
The ZR value comes from the wave-function overlap
between the lowest vibronic state" of 'B2 and the
lowest vibronic state of 'A&. The expression in Eq.
(40) for model C is the special case for m=0 of the
formula"" for the relative intensities of the phonon
sidebands involving a number e of phonons of average
energy 8„, i.e.,

E'('E) —,'E ('E) {1+exp[—48' T('E) /Sa&] I. (38) I(e) = (1/e!) (8/8 )"exp( —8/8„), (41)
See Kq. (4.24) of Ref. 15 for &'('E). Now if E('E)
or E'('E) is much smaller than the resolution of our
spectrometer, or if E('E) =0 because p= k'/6 in

Kq. (8), then we have the situation shown in Fig.
20(b) . Notice the similarity to Fig. 19(c).If D('Aq) = 0
in Kq. (30), then Figs. 19(c) and 20(b) are identical.

TABLE VI. Some properties of the zero-phonon line of Cr'+ in
II-VI compounds for various models of the center, from Eq. (39) .

Model' V2/VI v(ZPL) b

v(peak)—
v(ZPL) b

A

C
D

+1
+ 1

0
a+0.94'
6+8
a+0, 94'

4.008
1.56'
1.00@
0.56'
0

a See Eq. (16).
b 8 =GgT('T2).

H. Zero-Phonon-Line Energies and Intensities

The models of Kq. (16) for the Cr'+ center predict
different structures for the optical-absorption band.
Following the arguments of Sturge" and his Figs. 30
and 31(a), the models of Kq. (16) and Fig. 16 give

v(ZPL) =6+[1—(Vg/Vi) jggT(~T~),

r(peak) —r (ZPL) = [1+(V /V, ) j'8J T('T,) . (39)

The results of Kq. (39) for the various models are
given in Table VI. The relative strength ZR of the
ZPL is also different for the various models [see Kq.

where g=gqT('T2). The expression in Kq. (40) for
model E is based on the observation that in model E
the equilibrium position in qg, q, space is the same for
the 'B2 and the 'A~ states. Hence the wave-function
overlap is a maximum, and there are no phonons or
vibronic excitations involved in the transition. The
whole optical intensity is in the ZPL in this special
case.

VII. ANALYSIS OF RESULTS

A. General

In all of the cubic(zinc-blende) structure crystals
studied the 'T2- to -'E absorption band at 2'K looks
about the same (see Fig. 2) . The absorption peak at
2'K shifts from v=5800 cm ' in cubic ZnS to P=5170
cm ' in CdTe. There are some differences in the
relative strength of the ZPL and in the prominence
of phonon structure in the phonon-assisted region
(see Fig. 2). The total oscillator strength f of the
Cr'+ band is comparable to that found previously"
for Fe'+ in these crystals. This magnitude for the
oscillator strength means. that we are studying an
electric dipole transition in the Cr'+ center, as we
also were for the Fe'+ center. The models of Figs.
14, 15, 19, and 20 all predict such allowed transitions
from the ground state; hence we cannot yet decide
just from the optical results between T~ and D2~ site
symmetry from the Cr'+. If the symmetry is Tz, the
transition at 4'K is I'q('T2)~F5('E) (see Fig. 14).
If the symmetry is DM, then in models A, 8, D, and
K the transitions are I'~t'u('82)~I'3I'4('A~) (see Figs.
15, 16, and 19). For model C the transitions are
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TABS.E VII. Values of 6, gq~('T2), and gp derived from the

application of Eqs. (39) and (40) to the near-infrared results

in Table I.

Model Crystal (cm ')
Gp

(cm ')

Cubic ZnS
ZnSe
ZnTe
Cds
CdTe

Cubic ZnS
ZnSe
ZnTe
Cds
CdTe

5224
4975
4994
4686
4700

4650
4425
4460
4070
4230

1.44
138
134
154
118

575
550
535
615
470

66
34
36
23

(17
91
69
67
68

&50

II2(82)~I'3I'4('3&+'8&) (see Fig. 20). We now
make the assumption that the near-infrared, far-
infrared, and ESR observations all refer to the same
type of Cr'+ center.

B. Model for Cr'+ Center

We conclude that the Cr'+ center does not have
the 'T~ ground-state structure shown in Fig. 14 based
on both the far-infrared and ESR" " results. Thus
we have introduced a static Jahn- Teller distortion
in Sec. VI. C, and have proposed five different models
for the center based on the ratio V&/V& (see Eq. (16)].
We shall try to select the most appropriate of these
models based on the comparison of theoretical and
experimental values for 6, ZR, GgY, and 8„.

C. Value of 6
Thc, cubic-crystal-field model of Sec. VI B predicts

that the 'T2 and 'E components of the 'D free-ion
state will be split by an amount 6 when the Cr'+
ion is placed in an undistorted tetrahedral site. How-
ever, the sites are distorted. To extract a value of 6
from the experimental results we have to specify the
model in Eq. (16) or Table VI. If we neglect the
second-order effects of 3CHo and the first-order effects
of X~8 which are of magnitude 10 cm ' or less in
energy, then we have from Eq. (39) and Table VI

6=v(ZPL) —mggr('T~), 0&m&1. (42)

Since both m and 8qr('T2) depend on Vq/Vr, we have
to make some preliminary evaluation of our five
models. Clearly model E is not applicable, since in
Eq. (40) it predicts that all of the optical intensity
is in the ZPL, in disagreement with the results in
Table I. The predictions of models 8—D as to 6, ZR,
8zz, and E„will all be fairly similar, and we will not
be able to distinguish among them clearly. So we
will use model C for our computations, but will realize

that V2 may be small compared to V& instead of
identically zero. We can distinguish between models
A and C. Thus we shall also compute various quantities
for model A. The resultant values of 6 for models
A and C are given in Table VII. For either model
4000(A(5000 cm ' for almost all of the crystals,
and are 35—85% larger than the values for Fe'+ (see
Tables VII and VIII). These Cr'+ values are about
equal to the 6 values for Mn'+ in these same crystals. ' "

D. Value of 8~&

An optically determined value of gz&('"2"2) can be
obtained for models A and C from the quantity
v(peak) —v(ZPL) using Eq. (39) and Tables I and
VI. These values are given in Table VII. For model
A the derived values of Fr~('T&) are comparable to
the phonon energies for the crystals (see Tables
II—IV and Ref. 51). For model C the derived values
of ger(~T~) are 2 to 5 times larger than known phonon
energies. For both models ger('T2) «A. Following
the arguments of Ham, " it is necessary that Bz& be
significantly larger than the energies of the lattice
phonons in order for the system to exhibit a static
Jahn-Teller distortion. If gqr is comparable to the
phonon energies, then we are in the dynamic Jahn-
Teller regime. This indicates that model C is in better
agreement with the experimental result that Cr'+
possesses a static Jahn-Teller distortion in the 'T2
ground state.

E. Value of g„

A value of G„can be derived for each crystal from
Eq. (40) and the experimental value of ZR. Again
we do not consider model E and concentrate on models
A and C. The derived values of G„are given in Table
VII. Notice that for model A the G„values are notice-
ably less than some average phonon energy of the
crystal, and in fact are less than the lowest peak in
the phonon density of states at TA(L) (see Tables
II—IV). For model C the g„values lie between the
[TA(L)] and [LA(X) or LO(X) ] values for the
crystal in question. This point will be treated more
fully later. Therefore, the G„values for model C appear
to be more nearly those of an "average phonon"
than those derived from model A. This is another
reason why we prefer model C.

The third reason we prefer model C is that it has
no static or dynamic 7ahn-Teller splitting of the 'E
orbital state of Cr'+ in Td symmetry. We have studied
the analagous 'E orbital state of Fe'+ in Td sym-
metry, """" and have not seen any evidence of
static Jahn-Teller effects. There may be a weak
dynamic effect" for Fe'+ in CdTe. Thus in these cases
V2 0 for Fe'+. So we are inclined to believe

~
V2/Vr ~&&1

for Cr'+. So based on the derived values of gqr('T~)
and 8„ for Cr'+, and on the previous results for Fe'+,
we believe nIodel C is the correct model for Cr'+.
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TABLE VIII. Comparison of experimental values of 6 and f for the 'T2-to-'E absorption band of Cr'+ (3d4) and Fe'+ (3p) jn II-VI
compounds at liquid-helium temperature. The 6 values for Cr'+ are based on model C.

Crystal'
5 (Cr'+)
(cm ')

b, (Fe'+) b

(cm ')

A(Cr'+)

5(Fe'+) f(Cr'+) ' f(Fe'+) '

ZnS
ZnSe
ZnTe
Cds
CdTe

4650
4425
4460
4070
4230

3400b
3200e
2700'
3000'
2480b

1 ~ 37
1.38
1.65
1.36
1.71

4d

0.5

1.5g

0.64b

0.36"

~ Cubic sphalerite structure except for CdS."6 corresponds to approximately the center of the band (see Ref. 15).
The true size of the oscillator strength f is 10 ' times the value given

in the table.
d Value for mixed-polytype ZnS (see Ref. 6).

e References 17 and 19.
Reference 17.

~ Reference 2,"Corrected for actual amount of Fe2+ in the sample (see Refs. 15 and 20) .

Thus V2=0, and Szr('E) —0. We cannot really rule
out models 8 and D, where V2 is finite but

~
V2/ Vi ~&&1.

Further work would be needed to make this decision.
The above reasoning also explains why we have
previously eliminated the case

~
V2

~
)

~
Vi ~.

We shall now proceed with the rest of the analysis
of the results with the assumption that model C is
the correct one.

F. Value of D, a, and g~~

Now that we have values for ), 8g~, and 6, we can
compute the expected value of D('B2) from Eq. (30).
For this we use model C, where

si=38gr('T2),

Fg 4=6+2gr i ('T——2),

The results are given in Table IX. Note that in all
cases the predicted value is negative, i.e., D('B2) (0.
The agreement with the experimental values in Table
V is reasonably good for ZnSe and CdS with regard to
both the sign and magnitude of D. For ZnTe, 4' the
order of magnitude is correct, but the experimental
value is greater than zero, not less. The reason for
this difference is not understood, but the difference is

TABLE IX. Calculated splittings of the 'B2 ground state of Cr'+ as
derived from the near-infrared optical absorption using model C.

real. In ZnTe, " the ground state is the F4 level of
'82, not the FI, F2 level. For ZnS, the near-infrared
results give r=6.0 cm '=3.0

~

D ~; thus
~

D
~
=2 cm ',

in good agreement with the magnitude of 1.6 cm '
predicted in Table IX.

The value of a Lsee Eq. (31)] can also be computed.
The computed value of u is always positive. Since a
is independent of D('B2), then we should expect our
calculation to be valid for ZnTe as well as ZnSe and
CdS. From Tables V and IX we see that our calculation
gives the correct sign for ZnTe and the correct mag-
nitude, i.e., to within a factor of 3, for CdS, ZnSe,
and ZnTe. Another experimental measure of u is the
linewidth of the far-infrared transition, i.e., F„F,~r4.
For ZnSe this occurs at v=7.43 cm ', with an experi-
mental linewidth of Av=0.04 cm '. Since magnetic
dipole optical transitions are allowed to F4 from
both FI and F2, we should expect dv&a. The experi-
mental hv for ZnSe is comparable to both the measured
value of

~

a
~

=0.024 cm ' from ESR and the computed
value of a=+0.062 cm '. The experimental fact that
Av is not much larger than a means that there is not
much inhomogeneous broadening of the levels involved.
This means that 81 and 83 are the same from Cr'+
site to Cr'+ site to within &4%, which seems like a
reasonable limit for the effect of small random strains.

The values of g~~ can be computed from Eq. (34).
These values are nearly the same for all of the crystals
studied, and are

Crystal '
Db

(cm ') (cm ')
g~ ~(r,r, ) = 7.36~0.0s,

g( ( (rg) =3.78&0.04. (44)

ZnS
ZnSe
ZnTe
Cds
CdTe

—1.60
—1.62
—1.56
—1.97
—1.43

+0.055
+0.061
+0.065
+0.052
+0.086

The limits in Eq. (44) indicate the variations caused
by variations in 5. From comparison with Table V
we see the computation gives values close to, but
slightly less than, the experimental ones.

G. Zero-Phonon Lines in Near Infrared
~ All sphalerite structure except CdS, which is wurtzite.

Computed from Eq. (30).
Computed from Eq. (31).

For a crystal temperature of 2'K a maximum of one
ZPL was observed in the near-infrared region near
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TABLE X. Energies in v ave numbers (cm ') of E-mode phonons
in various II-VI compounds.

Lattice
mode

ZnS

(cubic) ZnSe Zn Te CdS CdTe

TA(1.)
I A(X)
I O(X)
TO{1.)

~ ~ ~

304
342

49 42
i85 150

250 ?

35 28

v=5000 cm ' for each of the cubic crystals (see Fig. 3).
Do the two models A and C diRer in their predictions
of the ZPL structure? Model A as well as models

B, D, and E predict that the 8(5Ai) —8(5Bi) splitting
is larger than

I
D('Ai)

~

or
~
D('Bi) ~. Hence the

strong electric dipole transitions for the ZPL in the
near infrared will be those shown in Fig. 19(c). The
value of D('Ai) from Eq. (30) is

D('Ai) = —1.6 to —1.9 cm ' (45)

for all five crystals studied. Hence
~
3D ~, the second-

order spin-orbit and spin-spin splitting in the A~

state, is comparable to or less than the observed ZPL
linewidth in Table I. This means the structure of the
'A~ state should not be resolvable. Our experimental
resolution of the spectrometer was 1.5 cm ', so the
linewidth is due to the crystal, not the apparatus.
If model C is correct, then 8('Ai) —8('Bi) is zero
In this limit the ZPL transitions will be those of Fig.
20(a). From Eq. (8) we see that E('E) is

IC('E) = 2.5 to 2.9 cm ' (46)

for all of the crystals studied. Comparing 2K [see
Fig. 20(a) j with the observed ZPL linewidths, we
conclude that this splitting is also unobservable. This
means that 2E'('8) from Eq. (38) would also be
unobservable. Hence, we cannot find any evidence
from the structure of the ZPL that will allow us to
decide between models A, 3, C, D, or E. Thus for
any of the models the picture of Fig. 20(b) is useful
for showing that only one ZPL is expected at 2'K,
and one or two more ZPL should appear at slightly
lower values of v at temperatures where k T—
3.5

~
D('B2) ~. Since 8(F4, 'B2) —8(F5, 'B2) =

~

D ~, and
since

~
D

~

is less than the ZPL linewidth, we do not
expect to resolve this splitting. Hence only one "hot"
line at an energy of about 3.5

~

D
~

below the main
ZPL should be observed. Such a line is seen for Cr'+
in ZnS (see Sec. III B) and for Cr'+ in ZnSe at 15'K
(see Fig. 7) . For ZnS and ZnSe the hv energy differences
are 6.0~0.3 and 7&1 cm ', respectively, below the
main ZPL. In ZnSe the relative intensities of the
"hot" line at v=4968 cm ' and the main ZPL at
T=4975 cm ' and their changes in intensity with
temperature are in reasonable agreement with Fig.
20(b).

From Fig. 19(a) and Table VII we would expect

to see the 'B 2~'E optical transitions at v 38qr(5T~)
or about v=1600 cm '. No such absorption band was
seen in Cr'+-doped ZnSe at 300'K, the only crystal
studied in this wave-number region. Further work in
this region of the spectrum at lower temperatures
might be useful.

H. Phonon-Assisted Transitions in Near Infrared

The phonon-assisted transitions make up the major
fraction of the integrated optical intensity of the
r~5000 cm ' band in the near infrared (see Fig. 2).
The general shape of this band can be computed
from Eq. (41) using the values of 8„ in Table VII.
The results of such a calculation based on model C
are shown in Fig. 2 for ZnSe. The agreement with
the observations is considered to be reasonable. How-
ever, we note that the detailed structure of the band
shown in Fig. 2 for ZnS and in Fig. 3 for three other
crystals is not reproduced by this model. It is clear
that there are really several different phonons that
are coupled with the Cr'+ center. The energies and
tentative identifications of these phonons are given
in Table II. Consider the TA (I ) phonons. It is
possible" to construct from a suitable linear combina-
tion of TA(L) phonons that, are traveling in the four
equivalent (111) directions in k space a vibrational
mode of E character around a Zn site in ZnSe. It is
also possible to do this for LA(X) phonons at the X
critical point. Such phonons we shall, for present
purposes, call E-mode phonons. These E-mode phonons
are" TA(1), LO(X), and TO(1.) for ZnS and TA(L),
LA(X), and TO(L) for ZnSe, ZnTe, and CdTe.
The switch from LO(X) to LA(X) in the two cases
depends on whether the cations or anions of the host
lattice are more massive. The phonon energies at
these various critical points are given in Table X.
The ZnS values are from a neutron scattering study. '"'

The TA(1) value for ZnSe is from Table IV, while
the TO(L) value is an educated guess. The TA(I.)
values for ZnTe, CdS, and CdTe and the LA(X)
values for ZnSe and Zn Te are based on some un-
published work" in which the two-phonon optical
absorption peaks in the far infrared have been measured
and correlated with neutron scattering data and known
elastic constants. The general agreement of the phonon
energies in Tables II and X indicates that the E-mode
phonons are the ones which couple to the Cr'+ centers.
Furthermore, the G„value in Table VII for model C
is in all cases

TA(L) &8„(LA(X) or LO(X). (47)

Thus G„represents some average energy of the E-mode
phonons involved in the phonon-assisted transitions.

I. Zero-Phonon Lines in Far Infrared

The far-infrared absorption of ZnSe both pure and
doped with Cr'+ or Mn'+ is given in Fig. 12. The
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energies for the various peaks are listed in Table IV
together with our tentative identification. This identi-
fication is based primarily on some unpublished work"
concerning phonon energies at critical points. We see
that the narrow line at v= 7.43&0.02 cm ' is an
electronic transition of the Cr'+, while all the other
structures are related to lattice phonons of ZnSe.
The experimental oscillator strength of this 7.43-cm '
line is f=1.3X10 '. If we use the undistorted model
for Cr'+ as shown in Fig. 14, we would predict a
magnetic dipole absorption line at 2E('T2) = 15.6 cm '
and an electric dipole line at 3.6X("T~)=26.3 cm ',
both with oscillator strengths f~10 ' [see Eq. (8)].
This is not what we see, and so on this basis, plus the
fact that Fig. 14 does not fit the ESR results or the
near-infrared optical results, we have rejected it.

If we next use models A, B, C, D, or E of Fig. 16,
we get only a single allowed magnetic dipole transition
from the FiI'2 ground state to F5, with a computed'
f=1.6 XI 0' (see Fig. 17 for 8,=0). In order to
compute f we need to know the index of refraction of
ZnSe in the far infrared. This was measured at 4.2'K
by an interference-fringe counting technique in trans-
mission on a polished slab of high-purity ZnSe. The
results are

m= 2.964+ 1.35X 10 '(v) '&0.25% (48)

for 10&p&90 cm '. These results are in good agree-
ment with Berlincourt ef al at 298 K and Mitra
at 300'K, who obtain v=3.03 for v=0. The values
given by Aven et al." and Manabe et al.85 are too low,
while Hadni et al."give too large a value. The electric
dipole ti.ansitions in these models are extremely weak

(F10 "), and would not be seen. The calculated
energy for this I'iI'2- to -I"5 transition is just v= 3

~

D
~

=
4.83 cm ' for ZnSe using Eq. (30). Allowing for some
uncertainty in D, we believe that the observed p= 7.43
cm ' line is just this transition. Note also the good
agreement between the computed and observed
oscillator strengths. In computing f we have been
careful to take into account the fact that our Cr'+
centers can have static distortions along any of the
three (100) crystal axes.

If we have the correct model for the Cr'+ center,
then an external magnetic field will split the '82
levels as shown in Fig. 17 if the magnetic field is along
the [001] axis of the center. This will be the case for
only 3 of the centers in any sample. Since there are
three diA'erent (100) orientations, the other -,'of the
Cr'+ centers will behave as if B were along [100) or
[lm0), where I and m are integers [see Fig. 18(a)).
The absorption line will split into two components,
one moving to higher and one to lower energy with
increasing 8,. If the applied magnetic field is in a
[011]direction, then it makes an angle of 45' with

3 of the centers and an angle of 90' with 3 of them.
This was the case considered in Sec. IV B. The more
populous orientation will be like the [011]field acting

on [001] axis centers as shown in Figs. 18(b) and 13.
The calculated and observed splittings of the 7.43-cm '
line are in good agreement in Fig. 13. Thus we have
clearly established that this line is an electronic transi-
tion of the predicted nature, and is not a localized
vibrational mode associated with the Cr'+ impurity.

J. Phonon Structure in Far Infrared

The optical absorption of pure ZnSe is shown in
Fig. 12, and there are characteristic inQections in the
curve at v=141 and. 176 cm '. The first of these, we
believe, is a two-phonon absorption peak, and should
correspond to a peak in the combined density-of-states
curve, similar to Fig. 6 of Sennett et al." By also
taking in account the fact that the phonon spectrum of
ZnSe should be similar to that of GaAs, which has
been measured by neutron scattering, "we have arrived
at the phonon assignments as given in Table IV.
The v= 176 cm ' peak is probably a one-phonon peak
where the absorption is allowed because of the presence
of impurities or Zn and Se isotopes. The phonon energies
in ZnSe turn out to be about 85% of the corresponding
energies in GaAs. We note that the critical points
in the Brillouin zone are those at L and X (see
Bouckaert ef al.").

The presence of impurities in the lattice makes some
of the one-phonon processes allowed. '7 In Fig. 12 it
can be seen that the Cr impurity introduces an absorp-
tion peak at v=49 cm ', while both the Cr and the
Mn introduce absorption peaks at v=70.5 and 96 cm '.
Since from Fig. 15 we do not expect any electronic
transitions of Cr'+ at or near v=49 cm ', and since
we know from Table II that the Cr'+ couples strongly
to the E-mode part of the TA(L) vibration at v=49
cm 1, we attribute this peak to an impurity-induced
one-phonon TA(L) absorption. The 70.5- and 96-cm '

bands are clearly not electronic transitions of the
Cr'-+, since they are caused by both Mn'+ and Cr'+.
These are assigned to the acoustic phonons"" TA(X)
and A2(E'). The A2(E) means the middle acoustic
branch at the E point. This is not really a TA phonon,
since there is no well-defined transverse polarization
here.

We conclude that the only electronic transition of
Cr'+ in ZnSe in the far infrared is at v= 7.43 cm '.

VIII. POSSIBLE TRIGONAL DISTORTION

Since a tetrahedron has a T2 normal mode, it is
possible that the Cr'+ center could distort along a
(111) axis and give rise to a trigonal local field C3.
(see Sec. VI C). Such a distortion is not compatible
with the ESR results. We want to show here that it
is not compatible with the far-infrared optical results
either. This trigonal distortion will split the T2 orbital
ground state but not the E orbital excited state. To
this extent it is compatible with the optical data. The
Ce„distortion yields an orbital singlet 5A& ground
state. This state is further split into three spin-orbit
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levels I'i+2I'3. The tildes indicate irreducible represen-
tations of C3,. The I"j singlet is the ground state,
since in this case D&0. This result is in contrast to the
tetragonal distortion case, where the sign of D is
variable )see Eq. (30)]. The lower I'I level lies some-
where between 3 and Io cm ' above the 1"i. There is
only a single spin-allowed magnetic dipole optical
transition from the f'i ground state. This transition
is to the lower 13 level. The transition from f'~ to
the second f'3 is spin forbidden. Thus we should see
a single optical absorption line in the far infrared for
Cr'+ in this C3, site.

If we now apply a magnetic Geld along some chosen
crystallographic direction, we can distinguish between
DM and C3„distorted sites. For a field in the L011j
direction the Cr'+ centers with distortion axes along
L111j and $1111 will show a splitting of the I'i~l'3
transition which is linear in B.Ke obtain

lim(M/psB) =i'r+6= 3.27, (49)

where K is the splitting in wave numbers. The other
half of the Cr'+ centers with distortion axes along
L111j and [111jwill show only a splitting quadratic
in B. The Cr'+ centers in ZnSe with the D~g tetragonal
distortion have a predicted splitting of

lim(M/piiB) = 2v2 =2.83. (5o)
Q-+P

The observed splitting at low values of 8 in Fig. 13 is

K/ItiiiB = 2.6,

which agrees rather better with the tetragonal distor-
tion model of Eq. (50) and Fig. 13 than with the
trigonal distortion prediction of Eq. (49) .

Thus from the far-infrared optical results alone we
can say the tetragonal D2q distortion of the Cr'+
center is the preferred model, in agreement with the
ESR result. There does not appear to be any way to
decide between these two models from the near-
infrared results.

IX. CONCLUSIONS

Near- and far-infrared optical-absorption studies
of lcvcls dcr1vcd from thc D free"1on state of C1
in several II-VI compounds can be explained by
assuming that the Cr'+ is substitutionally incorporated
at a cation site. The 3d4 conhguration of the Cr'+
ion leads to a tetragonal compression of the site along
a (100) axis, yielding a D~q symmetry in the ground-
state manifold. The ground state is then 582. In the
excited state, 'Ai+ 'B~, or 'E, most if not all of this
distortion appears to relax and the site returns to a
ld symmetry. These experiments allow us to derive

values for the Iahn-Teller energy in the ground state,
gqT('T2), which is of the order of 500 cm ' for ail
five crystals studied. The value of GzT ('E) is very
much smaller or possibly zero. The observations are
in agreement with ESR experiments on Cr'+ in the
II-VI compounds, and yield reasonable predictions
for the electron-spin-resonance parameters D, a, g~ ~,

and gx.
The Cr'+ centers, which undergo an E-type distortion

in the ground state, exhibit coupling mainly to E-mode
phonons in the phonon-assisted optical transitions.
The average energy of the phonons to which the Cr'+
centers couple is 8„~70 cm ', which is in reasonable
agreement with a more detailed analysis of the phonon
spectrum of the crystals.
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