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Two-photon spectroscopy of B excitons in CdS
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High-resolution spectra are obtained for the free A and B excitons in CdS by two-photon
absorption photoconductivity techniques at 1.8 K. At zero applied magnetic field, spectra
are shown which indicate for the first time the presence of anisotropy splitting of the B(2P)
exciton states. The first observation of the B(3P) exciton state at B=0 T then allows the
conclusion that both the effective Rydberg and the anisotropy parameter of the A and B ex-

citons are the same. This further indicates that the A and B valence-band masses are equal.
These conclusions are confirmed by the first observation of the Zeeman splitting of the
B(2P+i) and B(3P+i) exciton states at fie1ds up to 10 T. Fine-structure splitting of the

B(2P+i) and B(2P i) states results from an effective g factor for the B valence band of
gI, ——0.7+0.3.

INTRODUCTION AND BACKGROUND

There have been a number of studies over the past
20 years that have provided detailed information
about the nature of the free A exciton in CdS and its
behavior in a magnetic field. Linear spectroscopy
using one-photon absorption, one-photon emission
or luminescence, or one-photon reflectance tech-
niques allowed various features of the magneto-
optical effects in the A-exciton spectrum to be inves-
tigated. ' The primary features were Zeem an
splittings and diamagnetic shifts from which effec-
tive masses and g factors for the conduction band
and A valence band were extracted. The A-exciton
spectra of cadmium sulfide has also been extensively
investigated using two-photon absorption (TPA)
techniques. ' This form of nonlinear spectros-
copy has several advantages over one-photon spec-
troscopy: (1) less sensitivity to crystal surface quali-
ty and crystal thickness (since TPA is a bulk effect);
(2) different selection rules allowing different eigen-
states to be investigated; and (3) more transitions are
possible because of the flexibility of using two pho-
tons of different polarization.

The A valence band as well as the conduction
band have been well characterized in previous stud-
ies (see Table IV of Ref. 14). In contrast, little in-
formation is available about the 8 valence band.

This is due to the difficulty in obtaining well-
resolved free-exciton spectra. In this paper we in-
vestigate free excitons associated with the 8 valence
band using two-photon spectroscopy techniques.
Application of a magnetic field allows Zeeman split-
tings and diainagnetic shifts of the 8—free-exciton
states to be observed. The results and analysis pro-
vide new, quantitative information about the 8
valence band.

High-purity, single-crystal platelets of CdS were
used in the as-grown condition. "Good" crystals
[those showing clear resolution of the A (2Po) lines
at 8=0 with full width at half maximum (FWHM)
linewidths -0.3 meV] had dark-roam-temperature
resistivities &106 Qcm. The free-exciton spectra
were taken by observing the increase in light absorp-
tion as monitored by the increase in sample conduc-
tivity as a function of photon energy. This has pre-
viously been shown to be a sensitive method of in-
vestigating TPA effects in InSb (Refs. 15 and 16)
with cw lasers and in CdS (Ref. 14) with pulsed
lasers.

A Q-switched yttrium aluminum garnet laser was
used to produce two light beams, one tunable
(1700~trito„&1834 meV) from a dye laser and the
other fixed at %co;,=784 meV produced by stimulat-
ed Raman scattering. ' The visible and infrared (ir)
beams were made to overlap in time and were com-
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bined collinearly before being focused onto the sam-
ple. The samples were mounted in a Dewar contain-
ing pumped liquid He at 1.8 K. The optical Dewar
tail was mounted in a 2-in. Bitter magnet solenoid
having radial access to the light in a Voigt configu-
ration. The applied current, c axis, and B field were
all parallel. Spectral scans were taken via a comput-
er that read the photoinduced voltage from a boxcar
integrator with an analog-to-digital converter while
scanning the tunable dye laser through a stepping-
motor-shaft-encoder combination.

From the group theory of the C6, double group
one can determine both the radiation selection rules
for the excitonic states of CdS and the nature of the
magnetic field splittings of the various levels. A full
analysis for the A-exciton problem was summarized
by Seiler et al. ' for I'-point transitions. Specific re-
sults pertaining to one-photon absorption of the B
excitons are given by Mahan and Hopfield's and for
two-photon absorption (in ZnO) by Dinges et al. '

The symmetries of the B exciton at the I point, are
obtained from the direct product of the I 7

conduction-band symmetry, the I'7 (B) valence-band
symmetry, and the symmetry of the hydrogenic
functions (I'i for S or Pp functions, I 5 for the pair
of P+ functions}.

Radiation selection rules for both one- and two-
photon absorption follow from this while recogniz-
ing that the radiation-matter interaction has symme-
try I'i for the electric field parallel to the crystal
c axis (E~ ~c) and I s for Ej.c. Two-photon interac-
tions thus have the symmetries I ~, I 5 and
(I i+I 2+I'6), respectively, for the configurations
(~ ~, [ ~), (~ ~,l), and (l,I). The allowed radiative transi-
tions (I',„„«pXrjpipggpiipp containing the symmetric
irreducible representation) are summarized in Table
I, for the zero magnetic field case.

To obtain expressions for the magnetic field split-
tings of either transitions requires the forms of the
exciton eigenfunctions. The presence of splitting
can alternatively be deduced from consideration of
the symmetry of the field itself, either as a perturba-
tion in the C6„symmetry group, or as the cause of
symmetry reduction to Cs. For all but the 2I'&(P+ i)
states, the eigenfunctions are easy to find. They are
just the symmetry adapted basis functions based
upon the I 7 conduction, I 7 valence, and hydrogenic
functions. The valence-band eigenfunctions are dis-
cussed by Mahan and Hopfield. ' Ignoring the k.p
mixing of the bands, and omitting the relatively
small spin-orbit mixing of the Z states into the 8
levels the essential form of the eigenfunctions is
given by (X+iY)(,I, and (X—iY)pl, . The conduction
states we term f, and &, . Symmetry adapted exci-
ton functions are included in Table I. The I s pair
are degenerate in the absence of an applied magnetic
field. The I i,I 2 states are, strictly speaking, the an-
tisymmetric and symmetric combinations of the
functions shown. When the field splitting is larger
than the crystal-field splitting of the excitonic levels,
then the eigenfunctions will be those I i, I q com-
binations of specific spins (the functions written
out). Only the 2I 5(P+i) states are not uniquely
specified by group-theoretical analysis; they are ap-
propriate linear combinations of the four functions
shown. We will not consider this case any further
since the (~ ~,J.} geometry was not used in the present
experiment.

For states other than I 5(P+i) we obtain the mag-
nitude of the g value by defining the conduction-
band spin-splitting, f, —$„to be g,p~8, the valence
splitting,

(X+iY ) t), (X i Y)tl,—, —

TABLE I. CdS B-exciton states and their symmetries. The allowed one- and two-photon
transitions and their polarizations are shown for EJ.c and E~

~

c. The corresponding eigen-
functions and g values in the presence of a magnetic field B

~ ~

c are also given.

Polarization
State Symmetries One-photon Two-photon

SPO I5

(I,I)
(ff, ff) or (i,l)

Eigenfunctions

(X+iF ) lp T,S,PO

(X—iF ) Tg g,S,PO

(X+iF)&I,I,S,Pp
(X—iF)Tl, T,S,PO

g values

I
g~'+g

I

I g& +g~ I

p+

2I5

(X+IF)&„T,P
(X—iF)Tql, P
(X+iF ) gp g,P+
(X—ir)»T, P+
(X+iF)lp T,P
(X- y) T. l'.P,

I &gp+A +ge I

12gp —A —ge I
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to be given by g~ and the hydrogenic orbital split-
ting, P+ P—, by 2g„. The tabulated g values fol-
low from the forms of the eigenfunctions. A further
consequence of the field is that the selection rules
for the I i, i'z states become mixed; thus, for both
states one-photon absorption is allowed for E~ ~c and
two-photon absorption for either (f/, //) or (l,l) con-
figurations.

RESULTS

8=0

2588

coy + IIcuIR (mey) —B EXCITONS

2590 2592 2594
I I I

2596
I

2598
I

TPA results for the free 8 excitons at zero mag-
netic field are shown in Fig. 1 in the upper three
traces. Also shown for direct comparison is a high-
resolution TPA spectra for the A excitons. Several
conclusions can be drawn from this figure. (1) The
quality of these CdS crystals is "good" because there
is a clear resolution of the splitting between the

A (2Pp) and A (2P+i) spectral positions. The
FWHM linewidth for the A (2P+i} state is 0.3 meV.
The signal-to-noise ratio is also sufficient to resolve
the n=3 and n=4 A excitons at 8=0 T. A more
detailed analysis of these A (2P) and A (3P) excitons
was presented earlier by Seiler et al. ' Clearly, the 8
excitons have a much larger FWHM linewidth
(values froin -0.7~1.1 meV have been observed in
"good" crystals, with an average over five spectral
runs equal to -0.9 meV). The 8-exciton lines are
broader because their lifetimes are shorter than
those of the A excitons. (2) Since the 8 excitons
have larger linewidths, it has been difficult to ob-
serve the anisotropy splitting between the B(2Pp)
and 8(2P+, ) states. However, we show in Fig. 1

three spectral scans of the B(2P) region that con-
sistently show strong evidence for the presence of
the 8(2Pp) component as indicated by the asym-
metry in the line shape. Although the B(2Pp) state
is not clearly resolved, we estimate that its position
is at 2590.2+0.2 meV. In spectra where a good
baseline could be established, subtracting off a large
symmetric 8(2P+i) peak, resulted in a peak at this
position. This is the first observation of this state.
The anisotropy splitting of the 8(2P) state is thus
estimated to be
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B(2P+i)—B(2Pp)=0.6+0.2 meV,

compared to that of the A (2P},

A (2P+i )—A (2Pp) =0.69+0.02 meV .

(3) The energy separations between the 3P+i and
2P+~ states are also the same within the uncertain-
ties. For the A exciton, this splitting is 3.97+0.11
meV and for the 8 exciton 3.8+0.2 meV. This also
represents the first time that the 8(3P)-exciton state
has been observed. See also Fig. 2 at 8=0 for a
clear resolution of the 8 (3P)-exciton state.

Several important conclusions can now be made
from these observations. Points (2) and (3} give
strong support that the effective Rydberg R '
(=pie l2A'iK ) and the anisotropy parameter y
(=piKi/p~~K~~) of the 8 excitons are equal to those
of the A excitons. Thus

~~y + +~IR ~mey) —A EXCITONS

FIG. 1. Two-photon photoconductivity spectra for the
A and B free excitons in CdS at B=O T. The bottom
trace A shows the high resolution of the A excitons with
the A (2PO) —A (2P+ ~) anisotropy splitting clearly
resolved. The three upper traces show spectra of the B
excitons which have a much larger linewidth. The pres-
ence of a B(2PO) component is indicated by the asym-
metric lineshape in the vicinity of the dashed line near the
2PO state. The instrumental resolution of 0.1 meV is nar-
rower than the intrinsic linewidth of the excitons.

R~ =R„*"=27.4+0.S meV

and

y =y =0.797+0.013

(see Ref. 14 for the A-exciton values}. Assuming Ki
and K~~ are the same for both the A- and 8-exciton
regions implies that

(i) pi =pi ——(0.158+0.002)mp

and
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Table II shows the results of previously measured

values of the excited B-exciton states and the results
of this study. Our position for the B(2P+i) state is
in excellent agreement with the TPA studies of Staf-

=(0.210+0.003) mo] and (ii) p[[=p[[ or

FIG. 2. Photoconductive response vs total photon ener-

gy %co„+fur;, near the 8-exciton region for various mag-

netic fields. The magnetic field B was parallel to the hex-

agonal c axis in a Voigt configuration with E perpendicu-

lar to c for the two photons at a lattice temperature of
Tl. ——1.8 K. The presence of the overlapping A (4P) exci-

tons is indicated.

ford and Sondergeld and Jackel and Mahr. ' Tak-
ing into account the anisotropy by using Faulkner' s

analysis as was done for the A exciton'" determines
the B energy gap to be

Eg ——2598.0+0.2 meV .

Hopfield and Thomas determined the position of a
B(n =2) state to be 2590.8 eV, which is in excellent
agreement with our B(2P+i) level [presumably their
state was a B(2S) level because they used one-

photon spectroscopy].

8+0

The application of a magnetic field allows shifts
and Zeeman splittings of individual exciton states to
be measured. In fact, magneto-optical studies allow
determination of exciton parameters and the corre-
sponding energy-band parameters of the semicon-
ductor. Figure 2 shows the effect of the magnetic
field on the B—free-exciton spectra. At B=O T
both the B(2P) and the B(3P}are clearly seen. A
study of Fig. 2 shows one major feature: the B(2P}
state splits into two parts, presumably 2P+~ and
2P i states. At fields )7 T, there also appears to
be a fine-structure splitting to these 2P+i states. We
shall return to this feature later. At fields )6 T,
the B(2P) spectral region becomes very complex due
to the overlapping of the A (4Po,4P+ i)-exciton
states. The energy positions of these photoconduc-
tive peaks are plotted in Fig. 3 as a function of mag-
netic field. This shows the complex nature of the
exciton structure and can be used to identify the
spectral features shown in Fig. 2. We also point out
that this is the first time the magnetic field depen-
dence of the A (4P) excitons has been determined.
The B(2Po) state could not be identified in any of
the spectral features present at finite magnetic
fields.

According to Table I for (l,l) polarization two
exciton states of symmetry I,+I 2 and I'z can be
observed with effective g factors of

[ 2g„—g, —ge ~

TABLE II. Measured values of excited 8-exciton states (in meV).

Energy
level

One-photon
emission

[Litton et al.
(Ref. 4)]

Nguyen
et al.

(Ref. 10)

Two-photon absorption
Stafford Jackel

and Sondergeld and Mahr
(Ref. 9) (Ref. 13) Present work

2S
2Po
2P+ )

3S
3Po
3P+)
4S

2585.2

2589.2

2590.7

2593.5 2590.5 2590.8
2590.26+0.2
2590.86+0.05

2594.6%0. 1
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FIG. 3. Peak positions in total photon energy
Ace„+ fur;„ for the A(2P), A(3P), A(4P), B(2P), and
B(3P) excitons as a function of applied magnetic field B.
The solid points were determined experimentally while the
lines for the A(2P) and A(3P) represent the variational
calculations done in Ref. 14. Straight lines are drawn
through the A(4P) levels. The lines drawn through the
B(2P+) and B(3P+) points are the same as the theoreti-
cal variations of the A (2P+ ) and A (3P+ ) levels.

mej =0.210+0.003m p

gives mI, j ——0.64+0.17mp. This mass value is the
same as that of the A band which agrees with the
conclusions of the zero magnetic field results dis-
cussed earlier.

The fine-structure splitting of the 8(2P+) states
can be used to determine ge froin g,ff —) gg+gJ'g
For fields )7 T, the fine-structure splitting of these
states does appear to be evident in Fig. 4, indicated
by the down-pointing arrows. From the experimen-
tal splitting, g,ff——1.1+0.3, which along with

g, =—1.78 gives g~
——0.7+0.3. Also shown by

dashed arrows are the A(4Po, 4P+) exciton states.
At 9 T the region around the B(2P+ ) is rather com-
plex making identification of the spectral features

and
) 2g&+g, +go ), respectively. The Zeeman

splittings are given by EE=g,ffp~B, where pz is
the Bohr magneton. Thus the average splitting of
these two symmetry states is given by

) 2gq (
=6.4+0.4

from our data. Using the definition of

g~ mo( 1lmoj —1/——,m)j

and

TL )SK

A(4Po)

P
CI

2588
1 I I I

2594

licoii + lieu(R (meV)

2600

FIG. 4. High-resolution photoconductive spectral
scans in the region of the B(2P) exciton at various mag-
netic fields. The dashed lines show the overlapping A (4P)
excitons, while the solid arrows pointing down indicate
the fine-structure splitting.

difficult. We point out that these spectral features
are reproducible from run to run.

The high resolution obtainable by the two-photon
spectroscopy technique is illustrated in Fig. 5, where

a spectral scan over both the A- and B-exciton re-

gions at B=10 T reveals a wealth of structure.
Principal features that can be clearly identified are
shown. Additional structure is present which has
not been identified as yet. Again we point out that
the photoconductive spectral features are reproduci-

ble, so that each peak no matter how small is physi-
cally meaningful. The dominant spectral features
arise from the excitons and not just transitions be-

tween Landau levels. This conclusion is in contrast
to an earlier conclusion by Shah and Damen that
excitonic effects are apparently not important for
N & 2, where N is the Landau-level number.

The lines plotted in Fig. 3 for the A(2P) and
A (3P) excitons represent the theoretical dependence
obtained from variational calculations as explained
in Ref. 14. Straight lines are drawn through the
data points representing the A(4P) states; no at-
tempt was made to calculate their dependence on
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FIG. 5. High-resolution two-photon spectra for B=10T, showing the complexity of the A- and B-exciton struture.

field because of the difficulty of carrying out varia-
tional calculations for the higher excited states. The
lines shown for the B(2P) and 8(3P) states are the
shifted replicas of the theoretical variation of the
A(2P+i) and A(3P+i) states with magnetic field.
Consequently, the good correspondence shown in
Fig. 3 reflects the fact that the paraineters of the 8
exciton are very similar to those of the A exciton.

SUMMARY AND CONCLUSIONS

The results of our two-photon spectroscopy mea-
surements and analysis are shown in Table III along
with the few values determined by other experiments
and the theoretical results of Mahan and Hopfield. 's

Our results for y, msi, and gA differ most signifi-
cantly from the values estimated previously as
shown in Table III. We believe that our measure-

ments represent the most direct and hence most ac-
curate means of determining these values at present.

In summary, we have for the first time (1) shown
evidence for the anisotropy of the 8 valence band by
giving evidence for the presence of the 8 (2Pp) exci-
ton at 8=0 T, (2) observed the 8(3P) exciton at
8=0 T, (3) determined the magnetic field depen-
dence of the A (4Pp 4P+ i) excitons, (4) observed Zee-
man splitting of the 8(2P+i)- and B(3P+i)-exciton
levels, and finally (5) given evidence for the fine-
structure splitting of the 8(2P+i)- and 8(2P i)-
exciton states. Consequently, we can conclude that
two-photon spectroscopy is a valuable technique of
investigating semiconductor energy-band structures.
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