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We have measured the optical absorption spectra of twinned cubic crystals of chromium-
doped zinc sulfide between 5000 and 29 000 cm™!(2-0. 34 pm) at 4.2-500°K. Two broad
absorption bands are specific to chromium; at 77°K, one has a maximum at 24 400 cm™! the

other, at 5700 ecm™.

Weak photoconductivity is observed in the former; but none in the latter.

Twelve narrow bands between 5100 and 5250 cm™! are identified as zero-phonon transitions in
Cr*?(3d) substitutionalat cation sites, two for the cubic structure, ten for the twin boundaries.
The cubic crystal field is determined. Thirteen phonon-assisted transitions are identified
and the phonon wave numbers are evaluated. We propose that the 24 400-cm™! band involves

transitions to the conduction band edge.

I. INTRODUCTION

Most studies of Cr in II-VI compounds have in-
volved ESR measurements, !** Although optical
absorption studies have been reported for Cr*?
(3d*)in solution as well as in crystals, °'® the only
o-vIi crystéls investigated were cadmium sulfide,
The broad infrared optical absorption in CdS:Cr
has been attributed to the transition between crys-
tal field split levels of the Cr*? ground state (°D).
No fine structure was reported at liquid-helium
temperature.® Unstructured emission at 5000 cm™
in ZnS:Cr has been reported,’

Optical absorption measurements have not been
previously reported for ZnS:Cr, One would expect
absorption bands appropriate to Cr*? at cation
sites, In tetrahedral coordination, the free-ion
Cr* ground state splits into a °E level and a 5T,
level (ground state) separated by the crystal field
parameter 4,, For Cr* in octahedral coordina-
tion with H,0 ligands,® A;=13900 cm™; for tetra-
hedral symmetry, A,=~-4%A,~=6200 cm™, In
going from H,O to sulfide coordination, A, may
be further reduced,® Therefore, the 3T, -°E
transition is expected in the near infrared, Effects
of higher-lying Cr*? states may be disregarded
since they occur above 16 000 cm™, The °T, and
SE spin-orbit splittings are small compared to the
crystal field splitting, the larger in the °T, than
in the °E, The transition probabilities® for tran-
sitions between the spin-orbit levels allow predic-
tion of the optical absorption spectrum.,

1. EXPERIMENTAL
A. Samples

Preparation of the ZnS: Cr single crystals has
been described elsewhere.® Basically, the crystals
were grown from the vapor phase using a self-
sealing method. Dopant was added as either chro-
mic chloride, chromic sulfide, or chromium met-
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al. Transport of chromium to the growing crystal
was more efficient for the chloride and the sulfide,
and the resulting crystals have higher chromium
concentrations than those prepared with metal dop-
ants (Table I). The crystals were sliced and me-
chanically polished. As determined by spectro-
chemical analysis, chromium is the dominant im-
‘purity. The crystal structure was determined by
x-ray measurements for one sample of each of the
variously doped crystals (e.g., from CrCl,, Cr,S,,
or Cr metal) prior to annealing. All samples were
found to be cubic, but with some twinning. The
crystals were annealed under various conditions.
Along with small amounts of zinc or sulfur suffi-
cient to produce the required zinc pressures,
crystals were sealed in evacuated quartz am-
poules. After 48 h at 900 °C the ampoules were
withdrawn from the oven and quenched in water.

B. Apparatus

Optical absorption measurements were performed
with a Model 14R Cary recording spectrophoto-
meter, For 4,2 °K measurements, crystals were
immersed in liquid helium in a glass Dewar., For
6.0 <7 <77 °K, they were mounted on the cold
finger of a Sulfrian variable temperature cryostat.
For T>177 °K, the crystals were mounted in a
Hoffman research cryostat, In all cases, heating
was electrically controlled, A copper-constantan

TABLE I. Impurity concentrations of single crystals
of ZnS used for optical absorption measurements.

Prepara-
tion Impurity (in parts per million)
Crystal method Cr Fe Cu Ga Mn Mg
(o] CrCly 470 20 2 <50 ~1.0 10-100
S Cr,S, 160 20 3 <50 0.1-1.0 1.0-10
M Cr metal 31 1.0 1.5 <50 0.1-1,0 <1.0
3
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FIG. 1. Optical absorption co-
efficient o versus photon wave num-

ber v at 300°K for crystal S of
twinned cubic ZnS: Cr.
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thermocouple mounted between the crystal and the
cold finger was used for T>177 °K; for T <77 °K,
a gold-doped germanium crystal was employed,

III. EXPERIMENTAL RESULTS

The optical absorption spectrum between 5000
and 29000 cm™ (2-0.34 um) of the ZnS:Cr crystal
consists of three broad bands (Fig. 1).

The intensity of the 5700-cm™ band increases
linearly with chromium concentration, The oscil-
lator strength is 5X10® and temperature indepen-
dent over 4, 2-500 °K. No photocurrent has been
found to accompany this absorption. Below 37 °K
fine structure (Fig. 2) is observed which is depen-
dent on chromium concentration and independent
of the method of doping, whether by CrCl;, Cr,Ss,
or Cr metal,

Temperature dependences of the five most in-
tense lines in Fig, 3 were monitored over 4, 2—

44 °K. The logarithms of the peak absorption coef-
ficient «,, for each of these absorptions decrease
linearly with increasing T'. All other lines in Fig, 3
display the same dependence. By immersing

the crystals in liquid helium, spectra similar to
those shown in Figs, 1-3 are obtained, except for

enhanced line intensities, The wave numbers and
oscillator strengths of peaks 1-12 at 7.2 °K are
listed in T'able II along with the broader peaks
13-25, To investigate the dependences of peaks
1-12 on annealing conditions, the crystals were
annealed at various zinc pressures (Table ITI),
The density of twin boundaries as a function of Py,
has a minimum near the vacuum anneal (10~ atm).
This is because fewer defects are incorporated at
this pressure,!® The intensities of zero-phonon
lines originating from Cr* at twin boundaries were
expected to reflect this dependence. Absorption
measurements were performed at 7.2 °K after
each anneal and the line intensities were obtained,
The behavior of these intensities formed two
groups, One group, type A, was composed of lines
10 and 11, whose behaviors are more consistent
with each other than with lines of type B, which
was composed of the rest of the lines, That part of
the total intensity, f,=1,/(I,+1z) and fp=1I5/(I4+Ip),
versus P, is given in Table III for each type.
During the growth of the crystals, manganese
was introduced as an impurity (Table I), The Mn*?
ESR signal has been used as a structure indicator
in doped ZnS,!! Therefore, prior to the heat treat-
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FIG. 2 Optical absorption coefficient versus photon
wave number for crystal S at 7.2 °K on an expanded scale.
Numbered peaks identify phonon-assisted peaks and are
assigned in Table II.

ments, one piece of a crystal was broken off and
annealed with the larger samples., ESR measure-
ments of Mn* in this piece were obtained before
and after each anneal. Because twin boundary
sites have hexagonal structure up to third nearest
neighbors, the Mn*? spectrum due to these sites
is not expected to differ substantially from that due
to hexagonal sites., The fractions of the total ESR
signal intensity (Table III, as defined above) for
cubic and twin boundary signals are considered,
respectively, measures of the density of cubic
sites and of the density of twinned sites,

A broad absorption band of very weak intensity
is located at 11000 cm™, Its intensity is dimin-
ished by a factor of 10 in undoped crystals, while
the 5700-cm™ band diminishes by at least a factor
of 10%, This peak is not attributed to Cr*?,

Near the fundamental absorption edge, there is
an absorption band with maximum at 24 400 cm™!
(shown in Fig. 4 along with an undoped crystal)
and an oscillator strength of 8,8 1072 at 77 °K.
The intensity is dependent on chromium concentra-
tion and independent of the method of doping, Weak
photocurrent accompanies this absorption, The
absorption is resolved by lowering the tempera-
ture from 300 to 77 °K. As the temperature is
further lowered to 7.2 °K, no structure appears
and the band has roughly the same shape as at
77 °K.

OPTICAL ABSORPTION SPECTRA OF Cr-DOPED ZnS )
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FIG. 3. Optical absorption coefficient versus photon
wave number for crystal S at 7.2 °K on an expanded
scale showing the zero-phonon wave numbers.

TABLE II. Observed wave numbers and oscillator
strengths, and assignments of fine structure in the
Cr*? 5T,—5E absorption band at 7.2°K. The evaluated
wave numbers for the vibrational modes of cubic ZnS
are listed. ®

Wave number Oscillator
2 strength
Absorption (cm™) Assignment (in 107
1 5123.5 17.3
2 5158. 6 <1.0
3 5163.2 3.9
4 5168.5 8.7
5 5172.2 15.2
6 5179.5 13.9
7 5182.2 37.3
8 5195.9 1.0
9 5208.1 <1.0
10 5213.5 Ty, 11.1
11 5219, 2 T—~T,, T,-T; 12.2
12 5231.2 1.4
13 5250.7 2+TA
14 5257.6 3+TA
15 5267.9 5+TA
16 5278. 4 7T+TA
17 5366. 8 7+ LA
18 5422, 4 5+2 TA
19 5438.3 7T+2 TA
20 5470.5 3+TO
21 5482.5 5+TO
22 5493. 6 7+TO
23 5513.9 5+LO
24 5523.3 7+LO
25 5561, 1 7+3 TA

2TA=111+13 cm™, LA=185+1 cm™, TO=310+2 cm™,
LO=341.4%0.3 cm™,
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TABLE III. Ratios Ry, Rp, R, and R; after anneal-
ing at five zinc pressures.

A= 3 = =

Pz Iy+1p 72 Iy+1Ip Je I+ & I+
3.2%x107" 0.12 0.88 0.93 0.074
2.0x1078 0,17 0.83 0,94 0.056
1.1><10:5 0.21 0.79 0.94 0. 057
5.8><10_5 0.30 0.70 0.94 0. 059
4,0%x107° 0.20 0. 80 0.93 0.067

1.0 0.21 0.79 0.94 0.058

IV. INTERPRETATION

On the basis of the widths of the fine structure,
the absorption spectrum may be divided into two
regions; for v <5250 cm™! the absorptions consists
of narrow peaks whereas for v >5250 cm™ the
peaks are broader, The former are considered to
be zero-phonon absorptions. They represent .

transitions which neither create nor destroy phonons.

The latter are considered to be phonon-assisted
absorptions, where creation of phonons accom-
panies the zero-phonon transitions,

The linear decrease of In(a,,) for each zero-
phonon line with increasing temperature is con-
sistent with transitions arising from a single ini-
tial state at a single center, several initial states
at a single center lying within 27 of each other
at the lowest temperature (4.2 °K), or several
initial states at several centers,
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FIG. 4. Optical absorption coefficient versus photon
wave number for Cr-doped (S) and -undoped (U) ZnS
single crystals at 77 and 300°K. At 4,2°K, the spectra
are similar to those at 77 °K. The 24 400-cm™! band
shows no fine structure.
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FIG. 5. Energy levels of tetrahedrally coordinated
Ccr*?.(3q% as predicted by crystal field theory. Allowed
electric dipole transitions and wave numbers of energy
levels are shown.

The zero-phonon absorptions may be attributed
to Cr'? at cation sites (a) in the cubic structure,
(b) at twin boundaries, or (c) associated withcrys-
tal defects. These possibilities will now be ex-
amined,

Although there is scatter in the annealing data
(Table II), there is a correlation between f, and
feo On this basis, absorption lines 10 and 11 are
considered to originate from Cr* at cation sites
in the cubic structure, To second-order spin-
orbit interaction, the 5T, is split into six unevenly
spaced levels, the °E into five evenly spaced lev-
els!? (Fig. 5). Assigning A,=-5000 cm™ and re-
taining the free-ion spin-orbit coupling constant
A=58 cm™, the second and third lowest °T, states
lie 8,7 and 15,6 cm™ above the ground state. The
interval between levels of the °E state is 4.3 cm™,
Allowed electric dipole transitions are shown in
Fig. 5, and their relative strengths are displayed
in Table IV, Indentifying absorption line 10 as
the I’y - I'y transition and retaining the free-ion
spin-orbit coupling constants, the crystal field
parameter is A,==~5090+15 cm™, The indeter-
minancy is due to uncertainty in A, which may
possibly be altered by 10% of the free-ion value,®
This value of A, is lower than those found in the
literature,®® The reason is that previous authors
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TABLE IV. Wave numbers and intensities of allowed
electric dipole transitions between spin-orbit levels of
5T, and °E at 7.2°K as predicted from crystal field
theory.

Ay Intensity
Transition (cm™Y) (arbitrary units)

ry—T; 15.6 200
r,—~T, 15.6 51.0
Ty—T, 13.0 21.6
r,—T, 11.2 25.5
Iy—T, 8.7 7.2
T~ T 6.9 17.0
;=T 4.3 10. 8
F4—- I‘2 3. 6 51. 0
Iy—T; 0 2. 40

identified A, with the broad band maximum, Ab-
sorption line 11 is identified with the coincident
I,~T;and I',~ T, transitions.®

The zero-phonon lines of type B are not consid-
ered as due to Cr-defect associates because of the
narrow spread (108 cm™) of the lines, which indi-
cates tetrahedrally coordinated Cr*? subjected to
a rather small perturbation. This can be provided
by the crystal field at the twin boundaries. The
twinned cubic structure is identical to the hexago-.
nal structure up to third nearest neighbors. How-
ever, it is the same as the cubic structure only
up to second nearest neighbors. This slight dis-
tortion of the regular cubic structure is proposed
to result in absorption lines of type B. The an-
nealing data support this identification.

Wave numbers of absorption lines believed to
represent phonon-assisted transitions are dis-
played in Table II, along with their assignments.
The phonons are assigned specific energies because
principal contributions arise from those parts of
the phonon spectra having maximum densities of
states, We shall refer to these specific energies
as the phonon energies. Because of the low tem-
perature (7.2 °K), the phonon processes consist
only of phonon emission, Thirteen bands can be
identified as zero-phonon transitions combined
with one or more of the four phonon wave numbers:
11113 cm™, 185+1 cm™, 310+2 cm™, and 341.4

£0.3 cm™!, The indeterminancy stems from that
range needed to explain the slightly different
peaks. Surveys of results obtained by other au-
thors are available, ®'** Values averaged from the
literature for phonon wave numbers in cubic zinc
sulfide are TA=115cm™, LA=184 cm™, TO
=296 cm™, and LO=331 cm™,

The 24400-cm™ absorption band is attributed to
transitions from 37, levels to the conduction band
edge, and not to levels derived from free-ion ex-
cited states (3P, ®H, etc.). The photoconductivity
associated with this absoprtion is the most direct
evidence, It is understandable that the photocon-
ductivity is weak because substitutional Cr*? is
an electron trap, forming Cr*! whose spin reson-
ance is well known,!® Also, the ground state of
substitutional Fe*? is believed to lie within 1 eV of
the valence band edge.'® From similarities be-
tween Cr*? and Fe* (for example, their free-ion
ionization energies differ by only 0.3 eV), the
probable energy of the 5T, level of Cr*? with respect
to the band structure is consistent with our identi-
fication of the 24 400-cm™ absorption, Also, the
oscillator strength of 1—10 and lack of fine structure
are consistent with a transition to a continuum.

V. CONCLUSIONS

The near-infrared absorption in chromium-
doped zinc sulfide crystals is explained by Cr*?
at substitutional cation cites in the cubic regions
and at twin boundaries, From the low-tempera-
ture fine structure, zero-phonon and phonon-as-
sisted transitions are identified, the cubic crystal
field parameter and the phonon wave numbers
evaluated, The near band-edge absorption is at-
tributed to transitions from Cr*? to the conduction
band,
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The Raman relaxation rates for Ni?* and Cr®*ions in MgO crystals have been calculated
using a shell model of phonons which is in good agreement with the results of neutron scat-
tering experiments. These shell-model results are compared with those obtained with the
Debye model for the phonons and, also, with the available experimental results for Ni* and
Cr®*in MgO. In the case Ni%*, 50 °K is the highest temperature for which the relaxation time
is sufficiently long to be directly measureable. As might be expected, in this low-tempera-
ture region the results based on the shell model and the Debye model of phonons are not sig-
nificantly different. However, the values of relaxation rates at 123 and 136 °K obtainable from
the recent line-shape measurements for Ni® in MgO are in good agreement with those calcu-
lated on the basis of the shell model of phonons. In the case of Cr®*ions, the relaxation time
can be measured directly up to temperatures as high as 200 °K, and in this range of tempera-
ture the two sets of results differ considerably. With the shell model, we obtain good agree-
ment with the experimental results on the functional dependence of the relaxation rate 1/T,
on temperature., However, the absolute values of 1/Ty for Cr®* obtained with this phonon mod-
el are on the average less than the experimental measurements by a factor of 5. The possible
sources which might be important in bridging the gap between the theoretical and experimental

results are discussed.

I. INTRODUCTION

It is well known that when spin-resonance tran-
sitions are induced in a paramagnetic crystal by
applying external microwave power, the spin sys-
tem then relaxes through the dissipation of energy
to the lattice. In the single-phonon process, the
spin-lattice relaxation amounts to the creation of
phonons of energy equal to the energy of the spin
transitions, whereas, in the only important two-
phonon process, two phonons simultaneously take
part —one being annihilated and another being creat-
ing, conserving the net energy. Obviously, in the
two-phonon process, the entire phonon spectrum will

be involved and consequently, at higher tempera-
tures, two-phonon processes are expected to be
important in the relaxation mechanisms. The
relative importance of the high-frequency phonons
will depend on the temperature at which the re-
laxation is measured. Most paramagnetic ions
have relaxation times too short to be measured
directly above the liquid-nitrogen temperature,
so that only the effects of phonons of relatively
small frequencies (<100 em™!) can be studied by
means of resonance techniques. In explaining the
data from the specific heat experiments, the
Debye model is found to give a fairly good de-
scription of the low-frequency phonons.! Hence,



