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Optical absorption, fIuorescence, and paramagnetic-resonance experiments on single crystals of p-Ga203
doped with chromium were performed from room temperature down to a few degrees Kelvin. All the im-

portant low-lying energy levels have been identified from the optical data. The average positions of the
three sets of sharp lines (doublet transitions) are almost identical to those of ruby, whereas the two promi-
nent bands (quartet transitions) are broadened and shifted to the red for GasOq. Comparison of the 77'K
absorption data with octahedral crystal-held calculations for the d3 con6guration yielded the values 8= 700
cm ' and Dq/B=2. 35. Fluorescence is observed from the 'E to 'As transition with a room-temperature
lifetime of 0.23 msec. At 77 K these emission peaks occur at 6885 and 6956 A, . The fluorescence efFiciency of
crystals grown from diferent starting materials varied considerably, but the factors that give rise to this
variation are only partly understood. The spin Hamiltonian parameters for the A& ground state were de-
termined from X-band paramagnetic-resonance measurements and are: D= —14.01 kMc/sec, E=+6.14
kMc/sec, g, = 1.978, g„=1.978, and g,= 1.983 for the s axis along $010$. The zero-Geld ground-state splitting
was observed at a frequency of 35.18 kMc/sec. Calculations for the angular spectrum using this spin Hamil-
tonian are in excellent agreement with the I-band measurements. The possibility of using Cr'+ in Ga&03
as the active material in an optical or microwave maser is brieAy discussed.

I. INTRODUCTION
' " "

OST materials for the study of trivalent transition
~ - - ~ metal ions are of considerable scientific interest.
Gallium sesquioxide has the necessary optical and mag-
netic properties and should accept most of the trivalent
iron group ions. Geller' has determined that the crystal
structure of P-GasOs is monoclinic and compares it with
the ~ form, which is isostructural with o,-A1203. So far,
only P-GasOs has been produced in single-crystal form,
since it is the phase that is stable above about 800'C.
Paramagnetic resonance studies on Aux-grown samples
of P-GasOs, doped with Cr'+, were reported previously
by Peter and Schawlow, ' who concluded that the Cr'+
ions replace the Ga + ions in crystallographically equiva-
lent octahedral sites. Presumably, the samples were
very small and, except for the determination of the sign
and magnitude of the ground-state splitting and the
sign of the E excited-state splitting, no optical data
were reported. Recently, Chase has succeeded in growing
large single crystals of P-Gasos using the Verneuil
technique. ' Boules weighing several grams have been
produced of the pure salt as well as of Cr'+ and Fe'+
doped material. A detailed investigation of the optical
and microwave spectrum of the Cr'+ doped P-GasOs
has been performed, and the results of this investigation
are presented in this paper. The X-band paramagnetic
resonance measurements are in substantial agreement
with the preliminary results of Peter and Schawlow and
have resulted in a considerable improvement in the
accuracy of the measured spin Hamiltonian parameters.
The zero-field ground-state splitting was observed
directly at a frequency of 35.18 kMc/sec. Both the
optical absorption and Quorescence spectra were studied

at several temperatures. All of the low-lying energy
levels have been identified from-the optical data.

Optical studies of the nominally pure P-GasOs and
Fe'+ doped material, as well as EPR studies of the
latter, have also been performed and will be reported
at a future time.

II. THEORY
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Trivalent chromium, which has the electronic con-
6guration d', has received considerable attention from
both the theoretical and experimental standpoint. The

Dq/B' S. Geller, J. Chem. Phys. 33, 6/6 (1960).
2 M. Peter and A. L. Schawlow, Bull. Am. Phys. Soc. 5, 158

(&960).' A. Chase, J. Am. Ceram. Soc. 47, 470 (1964}.

FIG. 1. Eftect of an octahedral field on the states of the d con-
6guration LTanabe and Sugano (Ref. 4)j. The 77'K absorption
spectrum of Cr'+ in Ga203 is shown at the right for 8=700 cm ~.

A865



A 866 H. H. TI P PI NS

80

40

-40

-80

I I I l I I I I g I I J I I 1 I I 1 l

ground state to quartet excited states produce charac-
teristically broad and relatively strong absorption.
Transitions from the ground state to excited doublet
states arising from the same crystal-field configuration
as the ground state produce sharp, weak absorptions.

The properties of the ground state are of particular
interest and are conveniently studied by means of
paramagnetic resonance. The ground-state splittings
can be described by a spin Hamiltonian' with S=~, viz. ,
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FIG. 2. Splitting of
the 43~ ground-state
energy levels of Cr'+
in Ga~Q~ as a func-
tion of magnetic field.
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where the total degeneracy is given in parentheses
following the state symbol. Much of the degeneracy is
removed by 6elds of lower symmetry and the spin-orbit
interaction; e.g. , both the ground state and first excited
state split into two doublets. Since these splittings are
usually much smaller than that produced by the
octahedral component of the crystalline field, the octa-
hedral theory forms a useful first approximation for
interpreting the optical data. Transitions from the

4 Y. Tanabe and S. Sugano, J. Phys. Soc. Japan 9, 753 (t954l.
' D. S. McClure, Solid State Phys. 9, 399 (1959).

inhuence of the crystalline field on the energy levels of
transition metal ions has been treated in detail by
Tanabe and Sugano. 4 The curves shown in Fig. 1 were
obtained from the energy matrices given in this refer-
ence and illustrate the effect of a perfect octahedral
field on the energy levels that arise from the d' configura-
tion. For clarity, only those levels involved in ordinary
optical transitions are shown. The symbol E denotes
the energy, Dq is a measure of the strength of the crystal
field, and 8 and C are the Racah parameters related to
the standard radial integrals. s The ratio C/8, denoted

by p, was set equal to the constant value of 4.5. Near
a Dq/8 ratio of about 2.5, which applies for Cr'+ in

Ga203, the states in order of increasing energy are

'A (4) 'E(4) 'T&(6), 'Ts(12) 'Ts(6),
'Ti (12), and 'A i (2),

X=P (g,H,S,+g„P„S„+g,II,S,)
+D(S,' ,')+ ', E—(S—+'+-S'),

where D and E are the parameters that describe the
crystal-field splitting, P is the Bohr niagneton, and g is
the spectroscopic splitting factor. For H parallel to one
of the principal axes, the states couple in pairs and the
solutions for energy as a function of II can be expressed
in simple closed form. The fact that E is nonzero
prevents the presentation of universal solutions in di-
mensionless form. The curves in Fig. 2, showing the
splitting of the ground-state energy levels for H along
the principal axes, were computed using the values of
D and E determined from these experiments. The form
of these curves is insensitive to the values of D and E.
For comparison with experimental data, a much more
useful computation is one that expresses the magnetic
field II required for resonance at a fixed frequency
versus the angle of H with respect to the crystallo-
graphic axes. The results of such a calculation for H
in the plane perpendicular to the crystallographic b axis
are shown in Fig. 3. The points on this graph represent
experimental data, which are discussed in Sec. IV.

A special case of particular interest is the resonance
frequencies for H=O. For some materials, it is possible
to observe a splitting of the ground state in the absence
of a static magnetic field. A sweep field of a few hundred
gauss is supplied by a set of Helmholtz coils, arid the

FIG. 3. Resonance
fields at constant fre-
quency for Cr'+ in
Ga 203. The solid
curves &vere calcu-
lated from the spin
Hamiltonian given in
the text and for
f=9.636 kMc/sec.
The dots represent
experimental data
obtained at this fre-
quency.

' K. D, Bowers and J. Owen, Rept. Progr. Phys. 18, 304 (1955}.
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and the value of E follows from Wp= 2(D'+3E')'" We
t erefore have the important result that h 8' h

een etermined, only one additional measurement is

required to determine D and E. Furthermore, an
a solute measurement of II is Wt necessary; onl the
ratio H&/H& is required. For f)Wp, the results are
almost identical to those above. A similar analysis can
be carried out for H along other axes, but the results
are somewhat more complicated. The extension of this
method to states with diGerent values of S is straight-
forward. Although the accuracy of the method is

limited, it has the advantages of simplicity and speed
or determination of the spin Hamiltonian parameters

III. APPARATUS

n+ L(D+2n)2+3+2)1/2

n+((D —2a)'+38'j'IP, (2)

where n=g. jsH/2 For small .H, terms higher than first

become
or er in II can be neglected, and the enere energy evels

——,
' Wp& n(1 —4 (D/W p)),

Eliminating f gives

ot the X-band and E-band spectrometers used
for these measurements are of conventional design and
employ a magic-T bridge and crystal detector to ob-

& f&ur resonances occurring for f&~o are indicateg by the
seme the power re6ected from the sample cavity. The
kystron is stabilized on the sample cavity using a
10-kc automati-'c-&requency-control system. For the

ve requency is varied to search for the reso- X-band measurements a 65-cps sweep Geld f
mately 200-6 peak-to-peak is emplo ed nd hnance. Details of this method are d

weep e o approxi-

owever, it is mentioned here

emp oye, an the

a dition to the round-state
ere to point out that, in

g -s a e splitting, the spin Hamil- loscoPe. For small dilute samPles 1-k

'
ec y on e osci-

tonian parameters D an

~ .
'

pcs, a — c secsweep re-

an experiment. For I alon
p an can be obtained from such quency was employed the lte resu ing signa is passed

or aong the s axis, the energy through a narrow-band ampliGer and h

eve s are

n p ase-sensitive
detector and finally to a chart recorder, which displays
the derivative curve of the resonance. The sample
cavity is made of silver-plated brass and operates in

the cylindrical TE~~~ mode. For this mode the sample
is p aced halfway up the side wall of the cavity (the
point of maximum H, q). The 12-in. electromagnet is

field can
mounted on a calibrated turntable so th t th ta e satic

p Wp&n(1+4(D/Wp)),
e can be rotated in the plane perpendicular to H, q.

For the zero-field E.-band measurements the sample
was mounted at the center of a tunable cylin. drical

"y p
is t e zero-fiel ground-state was located between a pair of 7-in. -d' H l h l

h or ypica values of D cods that provided a sweep field of up to appmximatel

an 0 are shown in Fig. 4. The states are designated 300-G peak-to-peak.
up o appmximate y

y eir strong field quantum numbers. If it is & A cavitth
'

e a e m&crowave frequency f(Wp then as ments in both microwave systems. For the X-b dIIlen

. 4, urs or some small system, the wavemeter was calibrated usin t fing a rans er
ato a d counter. or the R-band calibration, the

n s o is e H& is denoted by n& Similarly transfer oscillator and counter were used to

or a s ightly larger II, another resonanor a h i l, onance occurs wheii the frequency of a C-band oscillator, the fifth harmonie armonic

is denoted b Te y N2. wo identical resonances occu
ing o is e d II, o w ich was zero-heat to the R-band signal. The

ounter was also used in conjunction with NMR

e opposite direction. From E s. ~3, and '4'
i an

follows th tws a
qs ( ~ . zn ~~~~'it . uxmeter for accurate determination of the ma tmagne ic

f= Wp+Sng(D/Wp) The absorption measurements were made using a

f= Wp 2n2. — Cary model 14 spectrophotometer and a cold-finger

type cryostat designed by H. Hersh and supplied b
e . S. Martin Company. The sample was clamped

upp ie y

D = —(Wp/4) (Hp/H g)

with a phosphor-bronze leaf spring over a slot in the

(5) copper block which forms the bottom of the helium
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Pro. 5. Ground-state
splitting of Cr'+ in
Ga208 for zero static
magnetic field. The
traces show power ab-
sorbed by the sample
when a sweep field of
310-6 peak-to-peak is
applied.

(4

tl I' ~ e»(((i i.)fig f
? ' „, , ~ I 8I I(i

~4

PS(4 I I 4 ( i (1144 4 il

'
I L~lp,
--~""4 I, I aa Ia il i,(

![fi(44!4'4::".".'-::::::iii44'"".",".::'—I;='=;,: M,

( ~ 4

'
ilil

reservoir. A series of measurements at room tempera-
ture, liquid-nitrogen temperature, and liquid-helium
temperature were taken without removing the sample
from the cryostat to allow quantitative comparison of
the three traces. This precaution was necessary because
of inhomogeneous chromium concentration in the
samples and the difhculty of reproducing the part of the
crystal through which the light beam passed.

Fluorescence measurements were performed using a
1-m Jarrell-Ash high resolution spectrometer. The
grating has 7500 lines/in. and is blazed such that, for
wavelengths near 7000 A, the instrument operates in
eight order. Light from either a 150-W projector lamp
or an AH6 high-pressure mercury arc was used to
excite the samples. The light passed through a water
filter and then through a blue-green glass color Alter
that peaks at approximately the same wavelength as
the blue absorption of Cr'+ in Ga203. The fluorescent
light was fi.ltered with a red glass color Alter and focused
on the entrance slit of the Jarrell-Ash spectrometer.

IV. EXPEMMENTAL RESULTS

The results of the zero-6eld measurements are shown
in the oscilloscope traces of Fig. 5. These photographs
are traces of reQected power versus magnetic field for
the 8-band spectrometer described previously. In each

case, the total sweep amplitude is 310 G. Frequency
increases from the top to the bottom trace. For the
center trace, f equals Wo and all four resonance lines
coalesce. The two traces adjacent to the center one are
for an f greater and less than WD by equal amounts.
This corresponds to the case shown in Fig. 4, analyzed
previously. All four lines are clearly apparent. The top
and bottom traces are for a somewhat larger departure
of f from Wo, and again f differs from Wo by equal
amounts on each side of 8'0. In this case, the sweep is
insufficient to enable the outer lines to be observed,
since the lines closest to H=O have shifted out to the
sweep extremity. Approximate values for D, E, and 8'0
follow immediately from such a set of measurements by
use of Eq. (5) or the equivalent, if the crystal orientation
is known. In attempting to adjust f to equal Wo, it is
difficult to see a difference in the trace for very small
changes in f near Wo. Therefore, for an accurate
measurement of 8"0, the peak separation for the
—

~3
—++~3 and —

~
~—++-,' resonances for several fre-

quencies on each side of 8"0 was determined. The
peak. separation was then plotted versus f; the point of
intersection gives 8"0, which was found to be 35.178
&0.005 kMc/sec.

The complete set of spin Hamiltonian parameters
was calculated from the I-band measurements. Reso-
nance fields were determined at several frequencies for
H parallel to the s axis and at the extrema of the curves
in Fig. 3. The spin Hamiltonian parameters were then
allowed to vary in the expressions relating f and H for
these special directions until a self-consistent set was
obtained. For the s axis along L010j the results are

D= —14.009+0.005 kM c/sec,

Z=+6.142+0.005 kMc/sec,

g, = 1.978&0.001,

g„=1.978&0.001,

g, = 1.983+0.001.

The excellent agreement of measured and calculated
values is shown in Fig. 3. The solid curves represent
theoretical values for the complete spectrum calculated
from the spin Hamiltonian using the above parameters.
The data points represent experimental results ob-
tained at room temperature and at the same frequency
for which the calculations were made. A set of measure-
ments taken at 34.77 kMc/sec was also in excellent
agreement with the values calculated at this frequency
using the above spin Hamiltonian. The information
contained in the spin Hamiltonian is best summarized
in the curves of Fig. 2, which show the splitting of the
energy levels versus magnetic 6eld for the 6eld along
the principal axes. The approximate angular spectrum
for any frequency can easily be sketched from the
results presented in Fig. 2.

A typical I-band resonance has a linewidth of about
95 G and is almost independent of temperature. Results
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contributed to the net absorption shown in Fig. 6. No
absorption was observed between 8000 and 3000 A, as
the visible transparency indicates. At approximately
2800 A, there is a steep edge, characteristic of a band-
to-band transition. This edge undergoes a blue shift of
approximately 100 A when the temperature is reduced
to 77'K. It is therefore safe to ignore the optical spec-
trum of the host material in interpreting the Cr'+ data.
Some fine structure is present in the edge; this could
be due to residual impurities or perhaps exciton eRects.
Further study of thin samples will be undertaken to
clarify this point. It would also be interesting to in-
vestigate whether the edge absorption is accompanied
by photoconductivity. This could de6nitely establish
that a band-to-band transition is involved and give
further information on the existence of excitons.

The positions and half-widths of the R-line Quores-
cence of Cr'+ in Ga203 as a function of temperature are
summarized in Table I. At room temperature, the lines

TABLE I. Positions and widths of R-line fiuorescence for
Cr'+ in P-Gaq03.

Temperature

Rj

Position Half-width
A A

Position Half-width
A A

Room
77'I
4'K

6900
6883

24
10

6966
6955,
6955

40
3
1.5

are very broad and incompletely resolved. At 4.2'K, it
was not possible to resolve the ground-state splitting
of the R2 line. The ground-state splitting of 35.18
kMc/sec should produce a peal~ separation of 0.57 A for
the R2 line. The residual linewidth of the components
is too large to permit such a splitting to be resolved.
Since Peter and Schawlow' have reported that the
ground-state splitting could be resolved at 4.2 K in
their Qux-grown samples, similar samples produced in
this laboratory were investigated. It was expected that
the linewidth of the Qux samples would be smaller
than that of an equivalent Qame-grown sample because
of lower inhomogeneous internal strain. The Qux

samples, however, had a linewidth approximately twice
that of the Qame-grown samples, arid, again, the ground-
state splitting was not resolved. It seems probable,
therefore, that the lines are broadened by pair interac-
tions, as is the case in concentrated ruby. Lines re-
sembling the pair spectra reported for ruby have been
observed in the Ga~03 Quorescence but have not been
investigated in detail. The concentration of the samples
can only be estimated, but it is probably a few tenths
of one percent. This concentration should be sufFicient
to produce the observed broadening.

The Quorescence lifetime of the metastable 'E level
was investigated by exciting a crystal with a Qash tube
strobe unit. The emitted light was observed through

an interference filter with a photomultiplier tube, and
the signal was displayed on an oscilloscope. The ob-
served decay times were 0.23, 2.8, and 3.5 msec, re-
spectively, at room temperature, 77 and 4.2'K. Inter-
pretation of the low-temperature measurements is
complicated by the fact that trapping of the resonance
radiation is believed to occur. Another sample con-
sisting of approximately 50 small crystals with a total
volume approximately the same as the first sample was
also studied. The observed decay times in this case
were 0.22 and 1.7 msec at room temperature and 77'K,
respectively. The reduced 77 K decay time suggests the
need for further experiments to determine whether
radiation trapping actually occurs. In this connection,
it would be perferable to begin with a single crystal and
examine the eRect on the 77'K decay time produced by
breaking the crystal into smaller and smaller pieces,
finally ending up with a fine dispersed powder. For a
large ruby, radiation trapping can account for an ob-
observed decay time four times as long as that of the
state lifetime. ' The results obtained for the Gag03
crystal suggest that either the trapping effects are much
more pronounced than for ruby or that the 'E lifetime
for Ga203 has a substantially greater temperature
dependence.

The Quorescence eKciency of crystals grown from
different starting materials varied considerably. In fact,
for most samples, no Quorescence could be observed.
The best Quorescing crystal, and the one used for the
Quorescence measurements reported here, was grown
from material suspected of containing significant foreign
impurity concentration in addition to the chromium.
It is also a curious fact that the crystals that did not
Quoresce exhibited severe losses at X-band frequencies
independent of magnetic field. These losses were suK-
cient even for the smallest samples to lower the cavity
Q considerably. Without exception, samples that fluo-
resced appreciably did not exhibit this anomalous lossy
behavior. There is some evidence to support the specula-
tion that the presence of iron impurities is responsible
for these eRects. The EPR spectrum of iron in Ga~03
was studied in samples that nominally contained only
iron. From these results, the presence of iron in the
sample that Quoresced well was established. A chro-
mium-doped crystal to which some iron was intentionally
added exhibited some Quorescence, but the e%ciency
was considerably below that of the best crystal. Further
studies are required to more completely understand the
Quorescence process in this material and to determine
the conditions that favor high Quorescence efIiciency.

The results of the paramagnetic resonance experi-
ments and calculations suggest that Cr'+ in Ga203 might
be successfully employed as the active material for a
microwave maser operating at frequencies up to
about 50 kMc/sec. However, a diKculty in obtaining

'F. Varsanyi, D. L. Wood, and A, . L. &chawlow, Phys. Rev,
Letters 5, 544 (1959).
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large single crystals is encountered. Although boules
several grams in weight are readily produced, Ga203 has
a strong tendency to twin in the growth process. This
results in samples built up of small needle-like single
crystals, some of which have their b axis in one direc-
tion, and the remainder their b axis in the opposite
direction. Even if large single crystals cannot be pro-
duced, it may be possible to overcome this de.culty by
judicious choice of sample orientation. The possibility
of using Cr'+ in Gaq03 as the active material in an
optical maser is somewhat less promising, although well
worth considering. All of the required characteristics
are present to some extent. The linewidth of a few A is
greater than would be desired but could possibly be
reduced by almost an order of magnitude with refine-
ments in crystal preparation techniques. Experiments
to determine the factors that so strongly aRect the
quantum efFiciency wouM also be required for perfecting
the growth technique. However, it is significant that
the quantum efficiency of the best Quorescing samples
produced to date is not very diRerent from that of ruby.
Another important consideration is whether E-line light

is absorbed by the excited system. Experimental in-
vestigation of this question has not been performed.
On the basis of experiments completed at this time, with
the sample quality presently available and the difhculty
of fabricating a laser rod, it appears that the operation
of this system as a laser would be marginal, at best.
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Electronic Band Structure of Arsenic. I. Pseudopotential Approach*

L. M. FALICOV AND STUART GOLIN
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The electronic band structure of arsenic is studied by means of a pseudopotential approach. The pseudo-
potential has been chosen by (a) fitting the "atomic" pseudopotential of Ge to a four-parameter curve and
(b) adjusting the parameters slightly so as to allow comparison of the various theoretical curves with the ex-
perimental data. The energy bands are determined by diagonalizing a fairly large (=90)(90) secular
determinant. Spin-orbit coupling is included u Posteriori. Group-theoretical analysis is carried out throughout
the Brillouin zone and use is made of the classification of the levels as well as the compatibility relations. It
is found that the holes are located at T, the center of the hexagonal face. The electrons are probably dis-
tributed in six equivalent pockets, each one located along a binary axis in a pseudohexagonal face, near its
center I..

1. INTRODUCTION

~ 'HE group-V semimetals, As, Sb, and Bi, have been
for a long time the center of interest of many

investigators both from the theoretical and the experi-
mental points of view. ' The main reason behind this
wide interest lies in the fact that a small eRective
number of carriers makes transport and equilibrium
properties relatively easy to measure as well as easy to
interpret in terms of a few para, meters.

However the over-all band structure of the semi-

*Work supported in part by the National Science Foundation
and the U. S. Once of Naval Research.

' For a summary of the present state of the many facets of the
field see, for instance, the proceedings of the Topical Conference
on Semimetals, New York, IBM J. Res. Develop. 8, 215 (1964),
and the many references quoted there,

metals has remained, up to now, virtually untouched.
This is so because the small number of eRective carriers
is in this case a drawback rather than an advantage,
since only a minute region of the Brillouin zone can be
reached by the standard experimental techniques. In
addition the relatively low symmetry of the A7 (arsenic)
structure complicates the theoretical approach. But
without a reasonable overall energy-level diagram,
complicated experimental measurements like optical
properties' or behavior upon alloying' cannot be reliably
interpreted.

Of the three group-V semimetals, arsenic is the one

'M. Cardona and D. I.. Greenaway, Phys. Rev. 133, A1685
(1964).' See Ref. 1 for work on Si-Sb alloys and for further references.




