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High-resolution spectra are obtained for the free A excitons in CdS by two-photon ab-
sorption using photoconductivity techniques. At zero applied magnetic field the anisotro-
py splitting of the 2P and 3P exciton states is observed and interpreted with an anisotro-
pic effective-mass Hamiltonian. The energies of these states are measured as a function of
magnetic field up to B~10 T. The magnetic field dependences are analyzed in terms of
linear Zeeman splitting and diamagnetic interactions. At low fields the diamagnetic con-
tribution gives the usual quadratic field dependence but deviates significantly at higher
fields. At a given field, the deviation is found to increase dramatically with increasing
quantum number n. This deviation is fitted by variational calculations developed by Lar-
sen, which take into account the interaction of states through the diamagnetic term in the
Hamiltonian. The magnetic field dependence of these states allow us to determine the
masses as m;=(0.210+0.003)m, and mj=(0.64+0.2)m,. At B =0 the narrow laser
linewidths (0.05 meV) allow an accurate determination of the A-exciton binding energy of
27.4+0.8 meV and the anisotropy parameter of 0.797+0.013 from which the energy gap
E:=2582.51-0.2 meV at T=1.8 K is calculated. Finally, the temperature dependence of

the A gap is determined.

I. INTRODUCTION

Excited states (n >2) of the free exciton in CdS
have been studied previously by linear absorp-
tion' 3 and two-photon absorption (TPA).*~?
Magnetic field effects on these excitons were stud-
ied up to B =3 T by Hopfield and Thomas' in
high resolution and up to B =10 T by Shah and
Daman® with moderate resolution using one-
photon techniques. Daman et al.” studied 2P exci-
ton states by two-photon magnetoabsorption
(TPMA) techniques for a magnetic field of 5 T
parallel to the hexagonal ¢ axis. Through polariza-
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tion studies they were able to understand the Zee-
man splitting of the 2P, states and fine structure
splitting of the 2P|, 2P_, and 2P, states. We
present here the results of high-resolution, TPA
magneto-optical experiments on the free-exciton
excited states in CdS up to B~10 T. Both Zeeman
splitting and diamagnetic shifts of the n =2 and

n =3 exciton states are investigated. At these
fields the higher-lying exciton states show consid-
erable deviation from quadratic diamagnetic
behavior. This deviation is explained by consider-
ing level interactions or state mixing using varia-
tional calculations due to Larsen.’ The high reso-

7666 ©1982 The American Physical Society



25 TWO-PHOTON MAGNETOSPECTROSCOPY OF 4-EXCITON . .. 7667

lution obtained in the present experiment enables
us to determine some material parameters of CdS
more accurately than in previous studies.

CdS has a hexagonal wurtzite structure.!” This
structural anisotropy causes crystal-field splitting,
which interacts with the spin-orbit coupling to
split the valence band into three bands, 4, B, C,
each twofold degenerate with spin considered. The
lowest band gap is due to the A-valence band and
is at the Brillouin-zone center at E;:Z.SSZ ev.
The conduction band with electron mass
m,~0.2mq produces free excitons associated with
each valence band having an effective Rydberg of
~27 meV and a ground-state radius of ~30 A.
The pioneering work of Hopfield and Thomas' uti-
lized a magnetic field to study these excitons using
one-photon absorption. They determined values
for the exciton binding energy, electron and hole
masses, the electron and hole spin g factors and
analyzed the Zeeman splitting and diamagnetic
shifts up to B=3 T. At these fields the magnetic
perturbation on the wave functions is weak in com-
parison to the Coulomb interaction, while at higher
magnetic fields the Lorentz force on the exciton
becomes comparable to the Coulomb force. As a
result, the wave functions contract to such an ex-
tent that deviations from quadratic diamagnetic
behavior occur. The magnetic field causes mixing
of the B =0 wave functions through the ordinary
diamagnetic perturbation. This interaction is
known to couple states having Al =0,+2 and
Am;=0 for all principal quantum numbers (An=~0
or An =0). Higher-lying energy levels tend to re-
pel lower states down in energy. This effect
reduces the quadratic dependence of the levels and
eventually causes it to once again approach a
linearlike dependence. This departure from the
low-field behavior is expected to occur at lower
fields for excited-state excitons. This occurs be-
cause the wave functions are much larger and
hence have a smaller Coulomb interaction to over-
come. Thus, we expect to see n =3 exciton states
deviate much more from a quadratic dependence
than n =2 states at a given field.

The energy-level spectra of the free excitons are
produced in the present study by two-photon ab-
sorption. In this particular experiment two pho-
tons are simultaneously absorbed, where one is
fixed in energy and the other is tunable and their
sum is made equal to the exciton level. Since both
photon energies are below the gap, the absorption
occurs throughout the bulk of the sample, which
places less importance on the sample surface. The

absorption is monitored by the photoconductivity
of the samples and the spectral resolution is deter-
mined by the linewidth of the laser which is less
than 0.05 meV. To our knowledge this is the first
time that the photoconductivity technique has been
used to obtain the TPA spectra of free excitons in
semiconductors.

II. EXPERIMENTAL WORK

The single-crystal samples of CdS were high-
purity platelets of 10~*-cm thickness grown from
the vapor phase. The crystals used were all in the
as-grown condition. Overall sizes were approxi-
mately 1X5 mm? with the hexagonal ¢ axis lying
in the platelet plane parallel to the longest side.
Indium electrodes were attached to the surface by
melting pure indium onto the samples at 410°C
while in a nitrogen environment. 6-um-thick
indium-gold ribbon was used for the contact wires.
Patterns obtained on a Tektronix I-V curve tracer
at both very low and very high voltages were sym-
metric, indicating good Ohmic contacts. To mini-
mize any possible external strain on the crystals,
the samples themselves were not epoxied or glued
directly to any base. Instead, all samples were
placed on polished sapphire substrates and only the
flexible ribbon wire was carefully glued to the sap-
phire. Typical room-temperature resistivities of
“good” crystals were ~10° Q cm in the light, while
dark resistivities were > 10% Q cm. [Good crystals
showed clear resolution of the 4 (2P) line from
the 4 (2P, ) line at B =0 with full width at half-
maximum (FWHM) linewidths ~0.3 meV.] We
expect that N; —N, < 10'® cm ™3, indicating some
degree of compensation. Voltages up to 45 V were
applied across the sample (E <100 V/cm) without
affecting the spectra. Of the half-dozen samples
tried only one half showed the narrow B =0 spec-
tral linewidths; the others had 4 (2P) linewidths
approximately twice as wide.

The spectrum of the exciton states was taken by
observing the increase in light absorption as moni-
tored by the increase in sample conductivity as a
function of photon energy. This method has been
used previously by Button et al.!! and more recent-
ly by Seiler et al.'? in studying two-photon-induced
photoconductivity in InSb using CO, lasers. Pho-
toconductive structure using one-photon spectros-
copy has been observed at the positions of the free
excitons.!® The exact mechanism causing breakup
of the excitons into free electrons and holes is a
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FIG. 1. Schematic diagram of two-photon magnetoabsorption spectroscopy equipment. The doubled-YAG laser out-
put is divided by a beam splitter (BS) in order to pump a tunable dye laser and triple-pass stimulated-Raman-shifting
cell. The unwanted Stokes and anti-Stokes outputs of the cell are attenuated by filters (F). The infrared and visible
beams are combined by a dielectric mirror (M). The absorption as a function of total photon energy was monitored by

measuring the photoinduced conductivity change.

matter of conjecture; presumably it occurs through
interaction with defect or impurity centers.!*

A Q-switched yttrium aluminum garnet (YAG)
laser was used to produce two light beams as seen
in Fig. 1, one tunable at fiw,~1.8 €V from a dye
laser and the other fixed at #iw;,=0.7840 eV pro-
duced by stimulated Raman scattering.!* The
YAG second harmonic at A=0.532 um was divid-
ed by a beam splitter in order to simultaneously
pump the tunable dye laser using LD688 dye and a
Raman-shifting cell. The 50-cm-long cell con-
tained hydrogen gas at 450 psi. The pump beam
was focused three times inside the cell by initially
using a 50-cm focal-length lens placed outside the
cell and two concave mirrors (25-cm radius of cur-
vature) mounted inside the cell. Triple passing the
cell allowed lower threshold power, approximately
one half that obtainable with a single pass. The
third-Stokes-shifted ir light was selected by block-
ing the unwanted Stokes and anti-Stokes light by a
long pass filter (0.57 pm) and a 1-mm-thick silicon
window. After the visible and ir beams were made
to overlap in time they were combined collinearly
using a dielectric mirror that reflected the red light
while transmitting the ir. The beams were then
focused onto the sample using a 30-cm focal-length
spherical lens. The peak power of the ir beam was
about 5 kW while the visible beam was the order
of 10—100 W. The sample was mounted in a
variable temperature Dewar containing pumped
liquid He at 1.8 K or flowing He gas for higher
temperatures. The optical Dewar tail was mounted

in a 2-in. bore Bitter magnet solenoid having radial
access to the light in a Voigt configuration. The
applied current, ¢ axis, and B field were all paral-
lel. A 10-MQ resistor in series with a battery was
placed across the sample. The photoinduced volt-
age change across the sample was extracted by a
low-pass — high-pass filter combination, then am-
plified between 10 and 1000 times. This output
was sampled by a boxcar integrator of gatewidth
0.1 msec. The spectral scans were taken via a
computer that read the boxcar output with an
analog-to-digital converter while scanning the tun-
able dye laser through a stepping-motor-shaft-
encoder combination. Fluctuations in the photo-
conductivity signal at 60 Hz were eliminated by
locking the laser pulses to a subharmonic of the
60-Hz line frequency.

Spectra were also taken in a single-beam experi-
mental configuration, where #iw;, was one half the
exciton energy. With additional pump power, the
dye laser output could be directed into the Raman
cell producing “tunable,” near-infrared light. The
single-beam setup was found to give spectra
without the flat background present in the two-
beam spectra. Also alignment was much easier
since the overlap of two beams is not necessary.

III. THEORY

A. Free-exciton energy levels

The energy-level spectrum of the free excitons in
CdS can be conveniently calculated within the
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effective-mass approximation. The basic Hamil-
tonian appropriate to this anisotropic situation has
been derived in detail by several authors using
slightly different parameter notations suitable for
perturbation or variational solutions. Using a
center-of-mass coordinate system where the

—#? 32 3

e

center-of-mass motion is set equal to zero, the ef-
fective one-particle Schrédinger equation for an
electron-hole pair interacting with each other by
the Coulomb field in a wurtzite-type material such
as CdS can be written as'®

2

21, 5?4-3};? 2 8z

F(")=EF(7) . (1

KK x4y + (K /K222

Here z is parallel to the ¢ axis, F(T) is the exciton envelope function, E =E., —E,, K, and K| are com-
ponents of the dielectric tensor, and u, and p| are components of the effective reduced-mass tensor of the

exciton, i.e.,

(2)

F(T')=EF(7’). (3)

1 1 1 1 1 1
=7 +—T7 —_—'l'l_+——n_ .
Ky mg mp Ky m, h
Making the substitution
, . K,
x'=x, y'=y, z—K”z,
Eq. (1) becomes
# | + 0? # K, @ e?
2”1 ax12 ayl2 2”” K“ aZIZ K(x12+yl2+z'2)l/2

It is convenient to write Eq. (3) in the dimension-
less form

92 92 2
ax dy?  0z? ()=EFir),

where we have dropped the primes, and the units
of length and energy are given by
#K . poet

apg=——, R*= ’
B™ pe? 2K

(5)

“and are, respectively, the reduced Bohr radius and
the effective Rydberg binding energy. The aniso-
tropy parameter y=(u,K,)/(u K| ). This same
equation was given by Faulkner for solving the
donor impurity-level case in silicon and germanium
at zero magnetic field.!”

In the presence of a uniform external magnetic
field parallel to the ¢ axis and using a cylindrical
gauge where the vector potential A=(BXT)/2 re-
sults in the addition of several terms to the one-
particle Hamiltonian of Eq. (3):

mh—m?

m,
———lan+n2(x +y%)/44+8,8.:m/2 ,
m;,+

where n=upB/#* is a dimensionless measure of
the strength of the magnetic field B, the effective
Bohr magneton up =e#/2u,c, L, is the z com-
ponent of the orbital angular momentum operator,
g, is the parallel component of the exciton g fac-
tor, and S, is the z component of the exciton spin
angular momentum. The first term linear in B is
due to the ordinary Zeeman effect arising from the
AP terms for the electron and hole, while the last
term, also linear in B, is due to the interaction of
the electron and hole spins with the magnetic field.
The middle term represents the diamagnetic effect
arising from the 42 term which is usually con-
sidered to be quadratic in B; at high enough mag-
netic fields and/or for higher excited exciton states
considerable deviation from a quadratic behavior
can be expected as a result of the strong mixing of
states of different principle quantum number.

In order to calculate the eigenvalues of the Ham-
iltonian in Eq. (4) for the 2P levels at B =0 and
the diamagnetic part of the Hamiltonian in Eq. (6)
we employ the following variational trial func-
tions®:

2 -~
'/J2P+ =pe —AeAT ’

—A,p?—A,F
'/’21’0 =ze »
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TABLE I. Calculated energy levels of the 4 excitons in CdS. Variational calculations of
the binding energy, in units of #*, are compared with those of Faulkner (Ref. 17) and Prad-
daude (Ref. 19). B =0 at =0 and B~7.5 T at n=0.1.

n=0 7n=0.1
Anisotropic model [7'3=(0.729)!3=0.900] Spherical model (y=1)
Energy level This paper Faulkner This paper Praddaude
2P, 0.3010 0.3009 0.3239 0.3248
2P_ 0.2656 0.2656 0.3995 0.4017
3P 0.1342 0.1342 0.1381 0.1398
3P_ 0.1183 0.1184 0.1583 0.1624

where 7F=(p*+az?+ B2, p*=x*+y2. The vari-
ational parameters9 Ay, Ay, a, and B are optimized
for each state and magnetic field of interest by
minimizing

(Yop | H | ¥2p ) /{thop | p) .

The 3P eigenvalues are computed by using the
trial functions'®

o 2_ 2 24172
¢3P1=P(2—§")e D" —E(p+£2%) +Ci¢2Pi )
Ysp,= z(2—EP)e —Dp?—E(p?+£22)1/2 +Cotzp,

where 7=(p?+822+6%)!/2. The variational
parameters D, E, &, 8, and 6 are optimized in a
fashion similar to the 2P case. The C parameters
were determined by forcing orthogonality between
3P, and 2P, and between 3P, and 2P, for each
choice of the other parameters.

The accuracy of these 2P and 3P variational cal-
culations can be seen from the results given in
Table I for both =0 and 7=0.1. At zero field
we compare our results with those of Faulkner!’
who used the Rayleigh-Ritz approach to determine
the values of #* for certain values of y. Using a
value of ¥=0.729 which corresponds to his tabu-
lated 7!/3=0.900 gives excellent agreement for the
various energy levels shown in Table I. Solutions
in a magnetic field (y=0.1) are compared to the
more accurate spherical results of Praddaude!®
obtained by expansion of the wave function in
Laguerre polynomials for hydrogenlike atoms in a
magnetic field. Our calculated binding energies, in
units of #*, are lower than Praddaude’s by 0.0009,
0.0022, 0.0017, and 0.0041 for the 2Py, 2P_, 3P,
and 3P_ states, respectively. This is to be expect-
ed from a variational calculation. However, the
relative spacings of the energy levels E (2P, )
—E(2P0), E(3P0) —E(ZP()), and E(3Pi)
—E(2P,) levels are generally in closer agreement:

Praddaude’s, + 0.0769, —0.1850, —0.1624; our re-
sults, + 0.0756, —0.1858, and —0.1656, respec-
tively. As we shall see later, these errors are ap-
proximately the same as the uncertainties in field-
dependent energy shifts of each of the respective
levels. Consequently, we expect our variational
calculations to adequately explain the data.

B. Two-photon absorption

The basic theory of two-photon processes was
formulated by Goppert-Mayer in 1931.2° Using
second-order perturbation theory and making the
dipole approximation gives the probability per unit
time per unit volume W?(E) that the system
makes a transition from an initial state i to a final
state f of energy E =#i(w,+w,) above the ground
state, while the field loses one quantum each of en-
ergy #iw; and #iw,.2' Thus,

2 2
27 | edo edo
WO(p)= 27 |20 | |22 (2) (2
(E) # | me me 47"
X 8(Ej — E; — iy —Fioy) )

where Ay, and A, are the magnitude of the vector
potentials of the radiation beams polarized in the
fixed directions €, and €,, and 4 },2) is the compo-
site matrix element given by

AP=S (Pyre)(P6y)
S =&\ BB —fio,

(i;f] '/6\2 )(i;]; '?1 )
E;—E; —#w,

®)

Here Py; and Pj; are matrix elements of the dipole
operator and the sum is over all possible intermedi-
ate states I. The quantity usually measured in a
TPA experiment is 8 which is related to the transi-
tion rate per unit volume by the expression
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W 2(E)

B=(iw+#iw,) I,

A knowledge of the laser beam properties both in
space and time is needed to determine 8 and a lack
of complete beam characterization can lead to
large uncertainties. As pointed out by Bechtel and
Smith,? the absorption may depend upon the laser
pulsewidth because absorption by two-photon-
created excess carriers is not negligible.

For the purposes of this study we are interested
in the two-photon resonance condition given in the
8 function of Eq. (7). Thus whenever E;—E;
=%iw, +#iw, we expect to observe a maximum in
the two-photon absorption and hence the greatest
photoconductive response. The complications just
mentioned should not affect this resonance condi-
tion.

The transition probabilities depend upon the
light polarization as seen in Eq. (8). There have
been several calculations and tabulations of the
form of these angular dependences in order that
they might be readily available for the analysis of
experimental data. Inoue and Toyozawa?® gave the
angular dependence of two-photon transitions in
which either the initial or final state transforms ac-
cording to the totally symmetric representation of
the point group. This work was subsequently ex-
tended by Bader and Gold** to (1) the allowed
transitions between states belonging to all irreduci-
ble representations of the point group and (2) the
double-group representations encountered when
spin-orbit coupling is included. Both Stafford and
Sondergeld® and Nguyen et al.* found no evidence
for TPA to final S-exciton states, in contrast to the
work of Pradere and Mysyrowicz.” The polariza-

tion dependence of these matrix elements was used
by Nguyen et al. to show that the 1S-exciton
ground state is an effective intermediate state when
one photon from a dye laser is nearly resonant
with the 1S exciton energy, while the other photon
is produced by a CO, laser.

The allowed TPA selection rules at the I point
can be determined from group theory applied to
the Cgp symmetry of CdS-type crystals. The sym-
metries of the 4 excitons are then a result of the
I'; conduction band and I'y valence-band sym-
metries along with the symmetries of the hydro-
genic states of the exciton in the center-of-mass
coordinate system. We summarize the results in
Table II where various exciton states, their decom-
position into various symmetries, and the allowed
one- and two-photon transitions are given. For
E||c, the dipole radiation representation is I'; and
for Elc, it is I's. A magnetic field parallel to the
hexagonal axis of the crystal represents a perturba-
tion of symmetry I',. Group theory can then be
used to calculate g values for all the exciton states
as shown in Table II.

IV. RESULTS AND CONCLUSIONS

The TPA spectra near the 4 exciton region are
shown in Fig. 2. The lowest observable exciton
states are the 2P levels. Even though a I'g 1S or
28 transition is allowed in TPA, no evidence for
their existence was found. These observations were
first made by Stafford and Sondergeld® and later
by Nguyen et al.* using TPA. Evidently the oscil-
lator strength for this g state is very small. At

TABLE II. CdS exciton states and their symmetries. The allowed one- and two-photon
transitions and their polarizations are shown for Elc (1) and E[ |e (|]). The corresponding g

= .
values for B||c are also given.

Possible One-photon Two-photon
State symmetries allowed allowed g values
18,28 Is,T Ts(1) | 8el|—&ny; |
Le(1,1) | &e)1+8&n)1 |
2P, T, T Ts(1) | 8e)|—8n)) |
. Fe(1,1) | &eli+&n1 |
2Py, ;15 T3,04,T5,T I's(1) | 28411 —8eii—8n; |
Ty, Ta(]]) | 2841 +8el — 8 |
LpToLLoor LD |28 +8e—8n |

Te(l,1) | 281 —&e1+8n)) |
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FIG. 2. Photoconductivity vs total photon energy
fiw, +fiw;, near the A-exciton region in CdS platelets for
various magnetic fields. The magnetic field was parallel
to the hexagonal ¢ axis in a Voigt configuration with E
perpendicular to ¢ for the two photons at a lattice tem-
perature of T; =1.8 K. The instrumental resolution
R =0.1 meV is narrower than the intrinsic linewidths.

B =0 the 2P states clearly show the expected an-
isotropy splitting corresponding to 2P (m;=0)
and 2P, (m;=+1). The 2P structure has allowed
contributions from both the I';,I"; and the I'g sym-
metry states which lie close in energy so that one
cannot resolve them at B =0. At B=10 T, there
is fine-structure splitting observable in the 2P,
state which is caused by the slightly different g
factors for the I';+I', and the I'q states. Similar
splitting at B =0 has been seen by Hopfield and

Thomas' and Nguyen et al.* For the 3P states the
signal-to-noise ratio at B =0 was lower, resulting
in poor resolution. In order to extract the peak po-
sitions many scans were taken on several samples.
Zero-field results of the 3P, and 3P, states report-
ed here are averages of these scans. This is the
first experiment with enough resolution to resolve
this anisotropy splitting of the 3P states. Zero-
field positions of the observed A-exciton states in
CdS are given in Table III where a comparison is
also given with the one-photon results of Hopfield
and Thomas' and Litton et al.? and the two-
photon results of Stafford and Sondergeld® and
Nguyen et al.* There is in general very good
agreement.

The result of fitting our variational calculations
to our data gives values for the effective Rydberg
R* =27.4+0.8 meV and the anisotropy parameter,
¥=0.797+0.013. Using our data and the less-
accurate first-order perturbation approach of Hop-
field and Thomas, whose state energies involve a
mean Rydberg Z* and a different anisotropy
parameter ¥, gives Z* =29.5 meV and ' =0.234.
This may be compared with Hopfield and Thomas’s
results of 28+1 meV. Using #* =27.4 meV and
the energy levels for the anisotropic s1tuatlon puts
the energy gap for the 4 valence band at E
=2582.5+0.2 meV at T=1.8 K. When a mag-
netic field is applied, the n >2 peaks show both
Zeeman splitting and diamagnetic shifting to
higher energies. Although the n =3 peaks shift to
larger energy more rapidly, their splitting is seen to
be nearly the same as for the n =2 peaks. At
higher fields, substructure in the 2P, state and ad-
ditional structure in the region of the 3P states are
observed.

The energy positions of these peaks are plotted
as a function of magnetic field in Fig. 3. The six
states 2P, 2P, 3Py, and 3P, are clearly observed
with the exception of 2P, and 2P _ at high fields,
which appear to have merged together. This is the
first time that the 3P states of CdS have been in-
vestigated in a magnetic field. An important result
immediately apparent from Fig. 3 is that the 3P-
exciton states become linear in B at relatively low
fields in agreement with the theoretical calculations
of Praddaude.!® Thus, the linear slopes of the ex-
citon states become “Landau-like.”?%2¢

The linear Zeeman splitting between P, and P_
pairs is shown in Fig. 4 for both the n =2 and
n =3 states. The straight line is a best fit to the
2P, states and results in g2 =6.39 +0.08, where
the energy splitting is defined by AE =ggupB.
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TABLE III. Experimental values of the zero-field A-exciton energies in CdS. All energies given in eV.

One-photon results

Transition energy

Two-photon results

Energy Hopfield Litton Stafford and Nguyen

level and Thomas (Ref. 1) et al. (Ref. 3) Sondergeld (Ref. 6) et al. (Ref. 4) This paper

1ST 2.5524 2.5537

1S, 2.55455 2.55455

28 2.57458

2P, 2.57508 2.5754 2.57464
2.57521 2.5745

2Py, 2.57575 2.5762 2.57533

3S 2.57841

3P, 2.5789
2.57891 2.5815

3P4 2.5793

3Dy, 2.57977 2.57923

n=4 2.58094 2.58018 2.5809

The splitting of the 3P, states gives the slightly
smaller value of g2f =6.09+0.20. According to
Table II the 2P,T'¢ state should have a g factor of
| 8e||+8ny |- However, splitting of this line is not
observed. If somehow the two-photon selection
rule for this state allowed transitions to a I's sym-
metry level, then a g factor of | g, —g | would
be predicted. Using g, |=—1.78 and g;,=—1.15
gives g.r=0.63 which is small enough such that
the splitting would not be observed at the low
fields where the P, state is clearly resolved from
the P_ state. We identify the observed fine-struc-
ture splitting of the 2P state with the I'|+ T,
and the I'q states. Thus the average g value of
these two lines from Table II is g = | 2gu) |
=|2(1/mj—1/m})| =6.39+0.08. The energy

difference of the fine-structure spliltting of the 2P

states is (3 | 28, +&—8hi1| —7 | 28,1 —8e)
+8h|| | BB = |&e|| —8n)||ppB. Thus at B=10
T, the observed splitting of 0.29 meV gives
| 8|, —8n|| =0.50. This compares favorably with
the results of Venghaus et al.?” of |g.;—g |
=0.56 +0.05, with g,;|=1.79+0.1 and
8n)|=1.2310.1 and the results of Damen et al.,’
| 8e||—&g| | =0.55+0.05.

In order to extract the quadratic diamagnetic
contribution to the experimental energy shifts,

hwy +hwi, (eV)

B (T)

FIG. 3. Peak positions, in total photon energy #iw,
+#iw;,, for the 2P and 3P A excitons in CdS platelets as
a function of applied B field. The solid points were
determined experimentally and the solid curves are
theoretically obtained from variational calculations of
the diamagnetic shifts along with use of the experimen-
tal g factors.
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FIG. 4. Zeeman splitting of the 2P and 3P A excitons
(m;=+1) in CdS as a function of magnetic field. The
solid points represent the doublet splitting of the 2P
and 2P _ pair, while the open circles are splittings of the
3P, and 3P_ pair. The solid line is a linear fit to 2P
with ge(2P+) =6.39+0.08.

one-half of the Zeeman splitting is subtracted from
the P state and added to the P_ state. The re-
sults for both 2P, and 3P, are plotted as a func-
tion of B? in Fig. 5. The lower dashed curve is a
straight-line fit to the experimental 2P, points at
low fields, B <3 T. For B >3 T the points deviate
significantly; at B=10 T the separation is 28%.
The deviation from quadratic behavior of the 3P,
states is even much more pronounced. The slope
at B =0 gives the coefficient of the diamagnetic
term from simple theory.! The upper dashed
straight line near the 3P, states has a slope 6
times that for the 2P, as expected from this
theory.

The diamagnetic shifts for the 2P and 3P states
were calculated using the variational method
described in the theory section. The solid lines in
Fig. 5 show the results of these calculations. The
fit is quite good. In Fig. 6 the diamagnetic shifts
versus B are shown for all the exciton states. Ex-
cellent agreement is found between the experiment
and theory. We note here that only one adjustable
parameter p; was used to fit the field dependence
of all six exciton states simultaneously. The best

25
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FIG. 5. Diamagnetic shift of the 2P, and 3P4 4-
exciton peaks in CdS as a function of applied B field
squared. The solid points represent the 2P shift and the
open circles are for 3P. The diamagnetic shift is deter-
mined by subtracting one-half the Zeeman splitting from
the total magnetic-field-induced shift. The lower dashed
straight line is a fit to the 2P excitons at low fields. The
solid curves are theoretical values determined from a
variational calculation which includes level interactions.
The upper dashed curve is a straight line with six times
the slope of the lower dashed curve.

value was found to be u; =0.158+0.002, using
A* =27.4 meV and y=0.797, which were deter-
mined previously from the B =0 energies. As a fi-
nal test, the sum of the diamagnetic contribution
from the theory and the experimentally determined
Zeeman splitting is shown in Fig. 3 for all 2P and
3P states. Again, very good agreement is seen be-
tween the experimental points and the theory.
Using our experimentally determined values for
#Z* and p, in Eq. (2) gives a value of the mean
dielectric constant K =8.9+0.2. This and other
material parameters are listed in Table IV along
with values determined by other experiments.
Individual values for the electron and hole
masses will now be extracted from our data in the
most self-consistent manner. Two methods give
results for both m;} and mj: (a) using our values
for u, and g,|, and (b) using our values for 1, and
the exciton translational mass determined from
resonant Brillouin scattering experiments.?® These
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TABLE IV. Material parameters for CdS. The values given are for low temperature (T =1.8 K) and for the 4
valence band.

Parameter Definition Present results Other results  Reference Comments
wet .
R* 3 27.44+0.8 meV from B =0 energies
2#K
28+1 1
v {piKy) 0.797+0.013
(K
32 0.793 1 from 7' =0.222 of
Y+3 L4
Ref. 1
in terms of
anisotropy 7’
in Ref. 1
Ef 2.5825+0.0002 eV
2.582 eV 31
1 1]
Hy l T+—T (0.158+0.002)m from diamagnetic shifts
me M and fit to variational
calculations
0.16)m, 1
(0.16+0.03)m, 27
K =(K.K))"? pe” 8.9+0.2
1Ky Y PT .9+0.
8.5 10
8.7 29 unpublished results of
Barker and Summers mentioned
in Ref. 29
| 8ej—&ny; | 0.50+0.15 0.62+0.06 1
0.56+0.05 27
0.55+0.05 7
12, | 2L 1 6.39+0.08
“H m i'l m el .27 1 V.
6.60 1
m; (0.210+0.003)m,q from u; and g,
(0.205+0.003)m, 28 from p, and exciton

mass of (0.89+0.1)m,
given in Ref. 28

(0.204+0.010)m, 1
(0.190+0.002)m, 29

mj (0.64+0.02)m, from p, and 8
(0.685+0.013)m, 28 from p, and exciton

mass of (0.89+0.01)m,
given in Ref. 28
(0.7+0.1)my 1
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DIAMAGNETIC SHIFT (meV)

B(T)

FIG. 6. Diamagnetic shift of the 2P and 3P 4 exci-
tons in CdS as a function of applied B field. The exper-
imental points for the P, states are the field-induced
shifts, and the points for P are obtained by taking the
average of the P, and P_ field-induced shifts. The
solid curves were determined from Larsen’s variational
calculations as described in the text. Only one adjust-
able parameter u; =(0.158+0.002)m, was needed to
simultaneously fit all curves.

results are tabulated in Table IV along with previ-
ously published results, including those of Henry
and Nassau? for m,.

The temperature dependence of the 4 gap is
shown in Fig. 7. The low-temperature data points
were determined from the energy of the 2P, level
at B =0 as a function of temperature. Above
T =35 K the peak could not be observed above the
noise level. Our data smoothly connects with re-
sults from luminescence by Benoit a la Guillaume
et al.’® and reflectivity by Thomas and Hopfield.*!

In summary, we have shown that high-resolution
two-photon-induced photoconductivity spectra are
useful in studying absorption processes in semicon-
ductors. The chief advantage of two-photon ab-
sorption is that it is a bulk process, and for strong
absorption does not demand micrometer-thick sam-
ples or special attention to sample surfaces. The
high resolution allows us to determine the anisotro-
py splitting of the 2P and 3P free-exciton states at

2.582

2.580

> 2.578 N
<o
w B
2.576 —
PRESENT RESULTS 4
o BENOIT A LA GUILLAUME ET AL.

2574 o HOPFIELD AND THOMAS |

2572 | Il 1 | L 1 1

(0] 20 40 60 80

TEMPERATURE (K)

FIG. 7. Temperature dependence of the 4 energy gap
in CdS. The solid points for E: were derived from the
positions of the 4 (2P+) exciton peaks by subtracting a
constant binding energy (assuming a temperature-
independent effective Rydberg). The open squares are
from luminescence studies of Benoit a la Guillaume
et al. (Ref. 30) and the open circle is from the reflectivi-
ty measurements of Thomas and Hopfield (Ref. 31).

zero magnetic field. These states show the expect-
ed linear Zeeman and quadratic diamagnetic
dependence at low field. At higher fields the ener-
gy levels show a departure from the quadratic
diamagnetism. This is especially striking for the
higher quantum level 3P states. At these fields

(B >2 T) the 3P states show a linear field depen-
dence similar to the Landau-level behavior. These
effects are due to the mixing of states via the di-
amagnetic interaction. The magnitude of the devi-
ation is fitted quite well by a variational method
due to Larsen. Also, at the higher fields (B >6 T)
we see evidence of fine-structure splitting of the
levels due to the small difference of the electron
and hole spin g values. Finally, accurate values for
the effective Rydberg and energy gap are deter-
mined by the zero-field exciton levels, as well as
the effective electron and hole masses from the
Zeeman splitting and diamagnetic interactions.
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