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The exciton spectra of CdSe has been observed and identified 
by optical reflection, absorption and Zeeman structure at 1.8°K. 
The reflection and absorption spectra indicate the presence of two 
nonoverlapping exciton series. From observed optical selection 
rules, the conduction band is identified as having r 7 symmetry. 
The two series correspond to the T$ and T7 valence bands split by 
the crystal field by approximately 200 cm-1. A third series, at 
higher energies, has been observed in absorption corresponding to 
a r 7 valence band state split by spin-orbit effects from the other 
two states by approximately 3490 cm-1. The » i = l , 2, 3, and 4 
states of the first (r9) series, the n%—\ and 2 states of the second 
(first VT) series, and the #3=1 state of the third (second TT) 
series have been observed and identified in absorption. The series 

limit of the first series, corresponding to the band gap, has been 
measured to be 14 850 cm-1. A semi-empirical theory of exciton 
structure in the presence of an external magnetic field developed 
in the effective mass approximation has been used to obtain the 
band parameters at K = 0 of CdSe from observed exciton spectra. 
The effect of the finite photon momentum has been observed 
through changes in the Zeeman structure of the ni = 2, P states 
upon 180° rotation of the magnetic field in the plane perpendicular 
to the crystal C axis. Some deviations between experiment and 
the theoretical predictions of the ellipsoidal effective mass theory 
have been observed. The relation between these deviations and 
the possibility of toroidal energy surfaces in CdSe is discussed 
briefly. 

INTRODUCTION 

THE observation and interpretation of the exciton 
spectra in semiconductors gives detailed in­

formation concerning the electronic band structure of 
the material in question. This is to report on such 
observations in wurtzite cadmium selenide.1 The 
identification and subsequent interpretation was facili­
tated by measurements of the magneto-optical effects 
of the spectra. A qualitative understanding of the 
spectra is obtained from a review of the allowed band 
symmetries at K=0 in crystals of Cw* symmetry. The 
exciton symmetries and selection rules are obtained 
group theoretically. A quantitative comparison with 
an anisotropic exciton mass theory, which will be 
outlined, permits evaluation of the electron and hole 
mass and g-value parameters. 

As pointed out by Birman,2 Glasser,3 and others, if 
one considers the valence band as P-like and the 
conduction band as S-like in the II-VI wurtzite class 
of semiconductors, at K=0 the conduction band in­
cluding spin will have a I \ symmetry, and the valence 
band will be split into three doubly degenerate states 
with the symmetries r9, r7, and r7. The valence band 
splitting is due to the spin-orbit and crystal field effects. 
The exciton states then will reflect these symmetries, 
as well as the symmetries of the hydrogenic state of the 
exciton in the center of mass.4,5 The states observable 

* Supported in part by the Office of Scientific Research, United 
States Air Force. 

t Preliminary reports of this work were given at the meeting 
of the American Physical Society, March, 1961, and at the 
Conference on Semiconducting Compounds, Schenectady, New 
York, 1961. 

% National Science Predoctoral Fellow. 
1 Gross, et al., have also reported on the observation of lines in 

the absorption edge of CdSe, however without identification. 
E. F. Gross and V. V. Sobolev, Zhur. tech. Fiz. 26, 1622 (1956). 

2 J. L. Birman, Phys. Rev. Letters 2, 157 (1959); Phys. Rev. 
114, 1490 (1959). 

3 M. L. Glasser, J. Phys. Chem. Solids 10, 229 (1959). 
4 G. Dresselhaus, J. Phys. Chem. Solids 1, 14 (1956). 
5 H. Haken, J. Phys. Chem. Solids 8, 166 (1959). 

by dipole radiation will be those whose representation6 

is either Ti or T5 corresponding to polarizations E||C 
and E±C, respectively. These remarks are summarized 
in Fig. 1 for S-, P-, and Z)-hydrogenic states. 

Using the K p method to second order, Casella7 and 
Rashba and Sheka8 have shown that the secular de­
terminant specifying the energy surface for bands of 
T7 symmetry may contain linear off-diagonal terms. 
These terms give rise to a linear K dependence of the 
band energy resulting in a toroidal energy surface 
which has its minima away from K=0. The determinant 
applicable for bands of T9 symmetry contains only 
diagonal quadratic terms. Thus in the effective-mass 
approximation for exciton states, the defining equation 
may be written as a Hamiltonian matrix deduced from 
the secular determinants defining the relevant band 
edges.4,9 The ellipsoidal approximation is defined as 
the case which neglects all off-diagonal terms in the 
Hamiltonian matrix, and considers the diagonal ones 
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FIG. 1. The band symmetries and their relative energies are 
indicated as is compatible with the observed optical selection 
rules for three exciton series in cadmium selenide. With the light 
polarization parallel and perpendicular to the C axis, dipole 
transitions to the Ti and Ts states, respectively, are allowed. 

6V. Heine, Group Theory in Quantum Mechanics (Pergamon 
Press, New York, 1960). 

7 R. C. Casella, Phys. Rev. Letters 5, 371 (1960). 
8 E. I. Rashba and B. I. Sheka, Fiz. Iverd. Tela, Collected 

Articles 2, 162 (1959). 
9 J. M. Luttinger and W. Kohn, Phys. Rev. 97, 869 (1955). 
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to be equal. This model will describe the experimental 
results if the following assumptions characterize the 
properties of cadmium selenide. 

1. The band extrema are at or very near K = 0 . 
Their shape is parabolic with the double degeneracy 
carried at least to second order in K. With this assump­
tion one may write the exciton equation as a simple 
hydrogenic Schrodinger equation including mass and 
dielectric anisotropy. These anisotropics are cylindrical 
with the crystal C axis, the axis of rotation. 

2. The resultant exciton mass anisotropy is small, 
allowing first-order perturbation calculations to be 
made for the energy states as well as for the magnetic 
field effects. 

3. The valence band splittings are larger than the 
exciton binding energies allowing one to neglect mixing 
between valence bands. 

4. The energy of the longitudinal optical phonon is 
much greater than the exciton binding energy, allowing 
low-frequency dielectric constants to be used in the 
calculations with no corrections for polaron effects.5,10 

The ellipsoidal model is still useful even when one 
or more of the above assumptions is invalid. If the 
deviations are small one can include their effect as a 
perturbation. 

The observed spectra has been interpreted on the 
basis of this model. Deviations are observed which are 
discussed in terms of the possibility of toroidal energy 
surfaces of the T7 bands. Finally, electron g values 
obtained are compared with the theory of Roth et aL11'12 

THEORY 

In the ellipsoidal model the effective-mass Hamil-
tonian for an exciton in the presence of an external 
magnetic field can conveniently be considered as a sum 
of terms.4'13 

where 

ft2 [ 1 d2 Id2 Id2} 
3Ci= + + 

2m[fxxdx2 fxxdy2 iiz dz2) 

e2 

(x2+y2+r'h2)~K (2) 

(Ax d A y d A Z d] 
5C2=-2ip0\ + + , (3) 

[Ax dx A x dy A z dz) 
10 T. Muto, Suppl. Progr. Theoret. Phys. (Japan) 12, 3 (1959). 
11L. M. Roth, B. Lax, and S. Zwerdling, Phys. Rev. 114, 90 

(1959). 
12 L. M. Roth, Phys. Rev. 118, 1534 (1960). 
13 The Hamiltonian is written in the following coordinate system 

R = i(r,-f-rA), 
r=rc—rh, 

which is the coordinate system used by Dresselhaus. This system 
was chosen because one cannot define a center of mass trans­
formation for excitons formed from degenerate bands in the 
general case. The relative coordinate, r, is the one which appears 
in the formalism. 

e2 f 1 1 1 ) 
3C3 = ^ — \-A2+-Ay

2+-A2 , (4) 
2mc2{^x fix nz J 

3C4=4/3o E (geySey+ghySh7)Hyy (5) 
y—x,y,z 

ifi2 \KX d Ky d Kz d 1 
3C*i= + H f, (6) 

2m [ Ax dx Ax dy Az dz\ 

\KX Ky Kz } 
WK2=M—Ax+—Ay+—AA, (7) 

I Mx Vx Vz J 

fl2 f 1 1 1 } 
3C*3 = — \ - K 2 + - K 2 + - K 2 , (8) 

in which m is the free-electron mass, ny is the reduced 
effective mass of the exciton in the direction 7, 

1 / m m \ 

fxy \mey" mhl*J 

with rney* and m^* respectively the electron and hole 
effective masses in the direction 7. Also 

/3Q=eh/2mc, 

A = * ( H X r ) , 
and 

1 / m m \ 

AT \me 7* mhy*/ 

Since we assume that the valence and conduction 
band extrema are at K = 0 , the wave vector of the light 
which creates the exciton is K which represents the 
position of the exciton in K space. One recognizes the 
origin of the terms to be as follows. 3Ci is the Hamil­
tonian for a hydrogenic system in the absence of 
external fields with the possibility of mass and dielectric 
anisotropics included. The dielectric constant trans­
verse to the crystal c axis (taken as the z direction) is e, 
and erj is the dielectric constant in the z direction. 5C2 is 
the linear (Zeeman) magnetic field term. 3C3 is the 
quadratic (diamagnetic) magnetic field term. X4 is a 
convenient representation of the spin energy in the 
presence of an external magnetic field. We note that 
due to the small effective reduced mass of the exciton 
and the large dielectric constant of CdSe, the radii of 
the exciton states will be much larger than the corre­
sponding hydrogen state radii. Hence since spin-orbit 
and spin-spin coupling is proportional to r~3 and is 
thus quite small, it is legitimate to write the magnetic 
field perturbations in the above Paschen-Bach limit. 
The last three terms are the familiar K-p term, the 
K-A term due to the magnetic field, and the familiar 
K2 term, respectively. If the exciton Hamiltonian is 
written in the center-of-effective-mass system, the 
K-p term may be eliminated and the K2 term cast in 
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the form, 

where 

¥( 1 1 1 
EK=- — Kx

2+—-Ky
2+— K2 [, 

2 lilf* M, Mz 

M 7 = (we7*+wuT*). 

(9) 

We, however, retain the present form and will choose 
as zero-order basis functions those which permit this 
simplification. 

It will be convenient to consider the total Hamil-
tonian, 5C, as a zero-order Hamiltonian, JCo, plus 
perturbation terms. 3Ci is written in the following form: 

oC 1 —- oC0"T "Ca. 

where 

d2\ Id2 

5Co= M — + — ) + 
h2 f 1 / . 

2m[fix\dx2 dy2/ \xz dz2J 

:lx
2+y2+—z2) (10) 

3 C a = - —] ( x 2 + / + 7 7 - 1 2 2 ) ^ - ( x 2 + / + " 2 2 ) j . (11) 

The zero-order state functions which satisfy the 
equation 

3e<£y=JE/*y (12) 

are related to the hydrogenic state functions, ^y, by 

$j(x,y,z) = 0*,/M»)* î(*,y> WM*)**) , (13) 

on a scale where the first Bohr orbit is 

aJ=(hym*)W^=<to(*/vL^K (14) 

The energy 22/ is related to the energy of the corre­
sponding state in the hydrogen atom by14 

£ / = W « 2 u ) £ i H . (15) 

It will be convenient in calculating matrix elements 
to use the hydrogenic functions tyj(x,y,z) instead of 
$j(x,y,z). The matrix elements of the operator Q(x,y,z) 
can be written as 

(&i(x,y,z) | Q (x,y,z) \ $3{x,y,z)) 
= (*i(x,y,z) | Q(x,y, W/O**) \ %(x,y,z)) 

= (i\Q(x,y,(vx/ixz)h)\j) 

= «IQ'li>, (16) 

and are most easily computed when written in this 

14 Different states of the same exciton series are indicated by 
the letters i, j , etc., such that, for instance, tii is the principal 
quantum number of the state i. Since the mixing between different 
exciton series is not included, being very small, there should be 
no confusion between this notation and that used to indicate the 
respective series (»i, n2, m). The energies E, of a given series are 
taken with respect to the appropriate band edge. 

form. The prime indicates that the operator has been 
transformed. 

The anisotropy perturbation is obtained from the 
matrix elements 

<;|3c«'|j>. 

The calculation is facilitated by writing 

3CB'= («yei?*r)[l- ( 1 - a cosV)-*], (17) 

where 
a= l — ̂ x^x/fJ'z^z^ l — Vx/HzV-

Since we expect the perturbation approach to be 
accurate only to first order and then only if a is small, 
the actual calculations may be made from the expansion 

3Ca
;= - (e*/«7*r) (Ja cos20+fa2 cos40+ • • •). (18) 

The selection rules for this operator are 

h—lj=even, nti—tfij—O. 

These matrix elements, as well as those for the magnetic 
field perturbations, can be obtained by standard means 
and hence will not be presented here. Instead only the 
transformed operators and selection rules will be given.15 

In the case where H||C, the linear magnetic field 
perturbation is obtained from 

where 

1 

A, 
(19) 

-i[x y—)y 

\ dy dx/ 

which has the selection rules 

The quadratic terms for H||C are obtained from the 
operator 

1 e2 1 
3CS'=-- H *(**+?), (20) 

8 mc2 fix 

which has the selection rules 

h—lj=0, ± 2 ; m—Wj=0. 

In the case where H ± C (H along x) the linear mag­
netic field perturbation takes the form 

W2f=-it3o—Hx(-) i—y * - ) . (21) 
Ax Vx/ \A3 dz fxz dy/ 

16 There are a number of references for the calculation of matrix 
elements involving hydrogenic state function. We list here a few 
of the more general references. H. A. Bethe and E. E. Salpeter, 
Quantum Mechanics of One- and Two-Electron Atoms (Academic 
Press, Inc., New York, 1957); P. M. Morse and H. Feshbach, 
Methods of Theoretical Physics (McGraw-Hill Book Company, 
New York, 1953), Vol. I and Vol. I I ; E. T. Whittaker and G. N. 
Watson, Modern Analysis (Cambridge University Press, New 
York, 1927), 4th ed. 
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I t is convenient to write this term as follows: 

1 1 / d d\ 
W2'=l3o—HxaLx-ipo—HM y—+z—), (22) 

Ax Ax \ dz dy/ 
where 

2 W \A, \xj 

\/lxz\^/Ax MA 

2\fjLx/ \Az \xj 

I t can be shown that the matrix elements 

<H^£)ly> 
vanish if fti—fij. For tij^tij the contribution due to this 
term is small enough to be neglected such that the 
linear magnetic field perturbation for Hj_C is obtained 
from the standard Lx operator. This operator has the 
selection rules 

fii—nj=li—lj=07 mi—mj—±\. 

For H ± C the quadratic perturbation takes the form 

1 e2 1 
3 C 3 ' = - — -HxKy*+z*\ (23) 

8 tnc2 \xz 

which has the selection rules 

k—^=0, ± 2 ; m,— my=0, ± 2 . 
We next consider the perturbation due to the K p 
term. 

i¥tKx d Ky d i^/MA* d\ 
aczi'= + + - ( - ) - • (24) 

2m{ Ax dx Ax dy Az\fj,x/ dz) 

The matrix elements 

(fci'li) 
vanish if tii=ti3\ Taking this perturbation to second 
order we can make use of the sum rule4,9 

?:k'(E»-Ej°yi{(i\py\k)(k\px\j) 

+(i\p*\k)(k\py\j)}==-~mv£y\&ij, (25) 
where 

Ei0=E« and* p = - i f t v . 

The perturbation energy, EKI, due to this term is 
easily seen to be 

EKi= - (h2/Sm){ W A * 2 ) ( # * 2 + i ^ 2 ) 

+ (txz/A*)K*}. (26) 

The perturbation energy, EKz, due to the last term is 

EKZ=HKZ'= {hy%rn){(\/}xx){K*+K*) 

+ {\/lxz)K?}, (8) 

combining these two terms we obtain to second order 
'mK 

EK=EKI+EKZ= (h2/2){ {\/Mx){K*+Kf) 
+ (1/MZ)K*}. (27) 

This result, as mentioned above is dependent on the 
choice of zero-order basis functions made. 

For completeness we include the K-A term 

^K2f = Wo/^)Kyl(iJix/fjiz)hHx-xHz2 (28) 

for light propagation in the y direction. In the case 
H|[C the selection rules for this operator are 

li—h= ± 1; mi—Mj= d= 1, 

such that in this configuration one expects the 2S and 
2P±i states to be mixed. Considering the band extrema 
t o l i e a t K = 0 , 

Ky—n2w/\ 

where n is the index of refraction (in CdSe n~2.2 in 
the optical region) and X is the wavelength of the 
incident light. For the ni=2 state, the matrix elements 
connecting the 2P±X states with the 25 states are about 
\ the magnitude of those causing the linear Zeeman 
splitting of the 2P ± i states. One would thus suspect 
that, due to this mixing, the 25 state would become 
observable at high fields in E||C. However, we have 
seen only the 25z, longitudinal exciton state in this 
polarization identified by the fact that its intensity 
vanishes when the light is incident exactly perpendicular 
to the crystal C axis.16 Thus an upper bound is placed 
experimentally on the magnitude of this matrix element 
warranting our neglect of it in the energy calculations. 

The energies of the exciton states of principle 
quantum number # i = l , 2 of the first series, in the 
presence of an external magnetic field both along z 
(H||C) and along x (Hj_C) have been obtained to 
first order. The hydrogenic states fyj(x,y,z) and the 
corresponding exciton energies for H||C are given for 
observable states in Table I. 

One should recall4 that the wave function associated 
with the exciton is 

^ e x = E XKetKh{K'n)^Ke(re)^Kh{rh), 
Ke,Kh 

where \f/Ke and ypKh are Block functions associated with 
the conduction and valence bands and XKe>Kh(

K>n) is 
the Fourier transform of 

x=eiK'RX(r). 

Now it is x (f) which satisfies the equation 

3CX(r) = £X(r) 

16 J. J. Hopfield and D. G. Thomas, J. Phys. Chem. Solids 12, 
276 (1960). 
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TABLE I. Eigenfunctions and energies for H\\C first series ni = l, 2,. 

State C*v Observed Function Energy* 

15 

2S 

2P0 

2P±i 

2P±i 

r5 

r5 

r5 

r5 

ri-r2 

EJLC 

E±C 

E±C 

E±C 

E||C 

RuYf/arf. E1«Zl+ia+ (3/20)a*l+*Hz*+i{ghz-gez)l3oHz 

Ri.Y#/fa. £i°[l + i a + (3/20h2l+<rHz*-i(ghz-gez)(30Hz 

RuYf/arf. E2°Zl+ia+(y20)a*l+U*Hz*+Hghz-geZ)(3oHz 

R2sY<P/(3hae E« 0 [ l+ la+(3 /20V]+14o-W-J(g f c , -g„ ) /3o^ , 

RipYi»/arft E2°tl+fa+(9/28)a*3+6*H*+Ughz-geZ)PoHz 

RipYiO/fSvx, E2
Qll+ia+(9/28Wl+6*H*--!i(ghz-gez)(3oHz 

RtpYrVavi. £ 2 ° [ l + i « + (9/140)a2]+12<r^_ [l/kx-i{ghz+gtzy]p,Hz 

RtvYHW. £ 2
0 Cl+ io : +(9 /140)Q !

2 ]+12( r^ 2 +Cl /A a ; - i t o 2 +^) ]^o^ 

RipYcl/atf. ^° [ l+Ja+. (9 /140)o«]+12i r£r ,»- [ l /A, -J (g* , -^ , ) ]^oH, 
RtpYHfa. ^°[l+J«+(9/140) a«]+12flr£r,»+[l/Aa,-i(g*,-^)]^o-ff, 

a Where a=i(ei/mci)ao2^/ixx^)rJ. 

in the absence of a magnetic field. We have chosen the 
functions $(r) as zero-order approximations to the xOO 
and included the electron and hole spin indices to take 
into account the band splitting in the presence of a 
magnetic field. To obtain optical selection rules one 
must, of course, consider the transformation properties 
of the functions ^ex. In Table I we give the irreducible 
representations, T, of the group C§v (transition between 
states at K==0) corresponding to the functions ^ex, for 
those states observable by dipole radiation. The ener­
gies of observable exciton states for H.L.C are given in 
Table II. Note that the S states in this table will be 
observed only in the polarization E_I_C. With H_1_C 
the spin contribution of the hole is approximately zero 
(ghx~0), since the valence band splitting is large com­
pared to the spin magnetic energies effectively 
quenching the hole spin along the crystal C axis. Only 
the exciton states of principle quantum number 
» i= l , 2 are treated since an essentially different 
approach must be used for higher n states. This is due 
to the fact that the large exciton radius for these states 

TABLE II. Energies for H_1_C first series wi = 1, 2,. 

State Energy a 

1S+ 

1S~ 

2S+ 

25-

2PX+ 

2PX~ 

2Py+ 

2Py~ 

2P + 

2Pz~ 

£ i ° [ l + h + ( 3 / 2 0 V ] + fa/n&Hf+igtJoH, 

£ i ° [ l - H a + ( 3 / 2 0 V ] + W / i « W - W o f f . 

£«°[l+la+(3/2O)a
s]+140»,//*,VW+te.*i8ofl r , 

E20Ll+h+(y20)a^+U(^/fXz)aHx
2-hgeAHx 

£2°Cl+ia+(9/140V]+6U//x,VF a ;
2H-Jg f t r /3o^ 

E20ZlJtia+(9/140)a^+6(Mx/Mz)aHJ~ige^oHx 

^2°Cl+fa+(27/140)a2]+12(MiB/^VFa:
2+kex/3oi7a;+7r 

£20Cl+fQ!+(27/140)a2]-r-12(Ma!//i2Vi7a;
2-igexi8o/^+7r 

£ 2 ° [ l + ! a + (27/140V]+12 Oi,//*, )<rHx*+igexp0Hx -TT 

E2QLl+ia+(27/140)a^+l2(jix/fjLz)<THx^igex^Hx--ir 

* Where 

results in magnetic field perturbations, through the 
diamagnetic, 3C3, term which strongly mix states of 
different principle quantum number. Already in the 
ni= 2 states this mixing is observed. The mixing through 
this term between the ni=2 and ni=3 states has been 
calculated and included in the theoretical curves but 
not in the tables. A deviation between theory and 
experiment still exists at high fields indicating that 
the mixing between the ni=2 and still higher states is 
becoming considerable. 

EXPERIMENTAL PROCEDURE 

The experiments were performed on CdSe single 
crystal platelets of 0.5 to 5 fi thickness with the crystal 
C axis (i.e., z) in the plane of the platelet. The crystals, 
mounted strain free, were immersed in liquid helium 
at 1.8°K or lower for all experiments. A concave grating 
spectrograph in a stigmatic Wadsworth mounting was 
used in the second order. The dispersion is about 2.1 

E 11 c 
H « 0 

14650 14750 14850 
Energy (cm ) 

14950 15050 

FIG. 2. The spectra observed for a 0.5-ju crystal. The unlabeled 
lines at energies less than the ni=l are due to impurity excitons. 
These and other lines observable in other crystals are variable 
from crystal to crystal. The calibration emission lines are iron 
lines third-order, which overlap the second-order absorption 
spectra, 
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E II C 

0 

Li 
17900 18000 18200 18400 18600 

Energy (cm*" ) 

FIG. 3. This spectra indicates the ^3=1 line of the third series 
as observed with the same crystal as in Fig. 2. This spectrum 
however was taken in the first order. We have observed this line 
only with the very best strain free extremely thin crystals. 

A/mm with a measured resolving power using 103a-F 
Kodak spectrographic plates of greater than 70 000. 
The magnet was calibrated to 0.1% with current 
stability of the order of one part in 105. Emission lines 
from various sources were imposed on each plate for 
calibration purposes. The spectrum was obtained from 
the plates by a recording densitometer. 

EXPERIMENTAL RESULTS AND INTERPRETATION 

Typical absorption spectra observed for a single 
crystal about 0.5 fx thick are shown in Figs. 2 and 3. A 
reflection spectra for a thicker crystal is shown in Fig. 
4. This data gives evidence for three exciton series 
which we associate with a single T7 conduction band 
and the three valence bands. Within a given exciton 
series, one not only expects nearly hydrogen-like energy 
spacing but also that the intensities will fall approxi­
mately as n~z.17'18 With reference to the group theo­
retical selection rules of Fig. 1, the band symmetries 
are obtained from the observed optical selection rules 
of the exciton IS states. The excited exciton states of 

14700 14800 14900 
Energy In cm" 

FIG. 4. The reflection spectra in both polarizations from a 
thicker crystal than that of Figs. 2 and 3 is given. This, as well 
as the absorption data, indicates that the first series results from 
a r7—r9 transition and that the second series results from a 
T7—V7 transition. 

17 G. Dresselhaus, Phys. Rev. 106, 16 (1957). 
18 R. J. Elliott, Phys. Rev. 108, 1384 (1957). 

the first and the second series are sufficiently narrow 
to allow one to obtain information from observed 
magnetic field effects. We shall discuss now the first 
series (see Fig. 5). The discussion of the second series 
is facilitated by the use of the band parameters obtained 
from the interpretation of the first series. 

The experimental energies of the excited states of 
the first series, T9, and the identification thereof, as 
made by the selection rules and magnetic splittings, 
are shown in Figs. 6 and 7 for E||C and the two magnetic 
field orientations and in Fig. 8 for H||C and E_LC. AS 
is apparent from the figures, the ^ i=3 and higher 
states have energies at high fields larger than the zero 
field series limit. Such lines in the past have been 
usually identified with transitions between "Landau" 
levels in the conduction and valence bands. With the 
polarization E||C, (Fig. 6) at zero magnetic field one 

E 11 c H 11 c 
H» 33.64 kgouss 

2P-I 30., 

Energy (cm"1) 

FIG. 5. The excited exciton states of the first series are shown 
E||C and H||C. The spectra was taken with the crystal oriented 
such that the light vector was not perpendicular to the crystal 
C axis. The misalignment was about 5°. The lines labeled 2PQL 
and 2SL are not observed when the crystal is aligned properly. 
Recall that the zero field series limit is 14 850 cm-1. The crystal 
from which this spectrum was obtained was thicker than that of 
Figs. 2 and 3 but not as thick as that of Fig. 4. 

expects to observe only Ti exciton states. As indicated 
in Fig. 1, only one of the %=2 states will be observed. 
Application of the magnetic field, H||C, mixes the Tx 
and T2 states (which are accidentally degenerate) 
giving the characteristic linear splitting. From the 
large diamagnetic shift of these states one may deter­
mine the reduced exciton mass \xx (refer to Table I).19 

With H.LC and E||C (Fig. 7) the Ti and T2 2P±1 states 
are mixed with the TB Po state, allowing the latter state 
to be observed. The zero-field energy for the 2P0 state 
is determined by extrapolation. The 2PQ and 2P±i zero 
field splitting determines the anisotropy a, and hence 
measures the ratio iix/vz. This ratio is also determined 
independently by comparing the diamagnetic shift of 

19 The dielectric constants of CdSe are known to be 

€x = 6 = 9 .7 , € z = €7} = 1 0 . 6 5 . 

[D. Berlincourt (private communication).] 
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the IP states with H||C to that with H_]_C, as indicated 
in Table II. These two determinations of this ratio are 
in excellent agreement as shown in the Appendix. At 
this point one can calculate the series limit and the 
energies of the tii=l and wi=3 states. The theoretical 
and experimental values are given in the Appendix. 

The determination of the band mass parameters and 
g values rests largely upon the linear Zeeman effects. 
In a magnetic field H||C the only difference between the 
splittings within the ellipsoidal model of the 2P±i 
states with symmetries Y\— T2 and those with the 

14890 r-

14880 

3D+ 2 Medium 

14870 

«6 14860 I -

14850 

14840 I -

14830 I -

14820 \r 

2 P + | Strong 

2SL Weak 

2P_, Sfrong 

0 10 20 30 
Magnetic F ie ld (k i logauss) 

FIG. 6. The energies of the excited exciton states of the first 
series are plotted against magnetic field with the field and polari­
zation parallel to the crystal C axis. In all cases the propagation 
direction of the light was nearly normal to the plane of the platelet 
and normal to the field. This figure includes data from three 
crystal samples. The lines labeled 2SL and 2P0L have the proper­
ties as described by Hopfield and Thomas for longitudinal excitons. 
That is their intensity is dependent upon the orientation of the 
light propagation vector relative to the C axis. When these vectors 
are exactly perpendicular the line is unobservable. 

symmetry T5 is in the sign of the contribution of the 
electron spin magnetic moment. This difference in 
splitting is a measure of the electron g value parallel 
to the crystal C axis. If one could observe the splitting 
of the 25 state all g values could be determined. From 
the linewidth, at high field, we determine the upper 
bound \gez—ghz\ < 1.0 thus allowing an estimate of A,. 
By comparing the value of Ax with that of ixx one 
obtains the transverse hole and electron effective 
masses. We have assumed that the effective mass of 
the hole is greater than that of the electron as is 
reasonable. 

H JL c E II c 

* Fie ld Direct ion 1 
• F ie ld Direction 2 

Strong 

14860 i— 

14850 I— 

14840 1— 

14830 1— 

14820 

Py"Strong 

Px Strong 
Px Strong 

"Pz" Strong 

7 n i I i 
10 20 30 

Mognetic Fie ld (k i logauss) 

FIG. 7. The energies of the excited exciton states of the first 
series are plotted against magnetic field with the field perpen­
dicular and the polarization parallel to the crystal C axis. The 
propagation direction of the light was normal to the plane of the 
crystal platelet and normal to the field. This figure includes data 
obtained from three crystal samples. 

With the magnetic field perpendicular to the C axis 
a determination of the longitudinal mass parameters 
can be obtained. A plot of w2 vs # 2 theoretically yields 
a straight line of slope (a/VAx)

2 (see Table II). TT can 
be obtained by comparing the energies of observed 

I 4 9 0 0 r -

I 4 8 8 0 H 

14840 

.14820*— 

10 20 

H (k i logauss) 

FIG. 8. The energies of the excited exciton states of the first 
series are plotted against magnetic field with E ± C and H||C. 
This figure includes data from two crystal samples. 
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H2 (kilogouss2) 

FIG. 9. The quantity w2 (see Table II) obtained experimentally 
from 

7r2=-iiE{2Py±)-E(2P2
±)22 

is plotted against H2. The straight line drawn through that data 
points has the theoretical slope (a(3o/Ax)

2 and intercept 

{£ 2 °[>+(9/70V]}2. 

The fact that the data points do fall rather close to a straight line 
shows a striking agreement between theory and experiment. 

states. In Fig. 9 we have plotted the experimental 
values of T2 against H2 and used the slope of the 
resultant straight line to determine a, and thus the 
longitudinal band parameters. The small energy differ­
ence between the two cases of H along x and H along 
—x may be ascribed to the transverse electron spin 
energy. As previously mentioned the transverse hole 
spin g value is very small. 

The parameters obtained have been used to calculate 
the energies, with H||C and Hj_C, of all observable 
#1=1 , 2 states, both E||C and E ± C . The results of 
these calculations are plotted in Figs. 10 and 11 along 
with the experimental data. The theoretical curve for 
the 2S state lies uniformly about 1 cm - 1 below the 
experimental points. I t should be noted that this curve 
has been shifted upwards by 1 cm - 1 in Fig. 10. As will 
be discussed later this and other effects may be caused 
by the presence of toroidal energy surfaces. Due to 
the linewidths, the P_i and PQ T5 states in a magnetic 
field cannot be resolved, however the observed resultant 
line is in good agreement with prediction. From the 
E ± C data only the electron spin g value was 
determined. 

Agreement with the ellipsoidal model appears to be 
poor for the T5 states at zero field. We observe only 
two lines, Ej_C, one located at the expected position 
of the 2PQ state and the other approximately 4 cm - 1 

higher than the extrapolated energy of either the r$ 25 

or 2P±i states. Casella20 has made preliminary calcu­
lations including the possibility of conduction band 
toroidal energy surfaces as a perturbation to the 
ellipsoidal model. The preliminary results indicate that 
at zero field the splittings between the 25 and 2P±1 T5 

states should be in excess of that predicted by the 
ellipsoidal model, and that these states are mixed with 
each other. I t is felt that no conclusions may be drawn 
at this time. 

The higher states of the first series as observed in a 
magnetic field must be analyzed by the method of 
Elliott and Loudon.21 The identification is easily made 
by comparison with their theory at high fields, and by 
using the optical selection rules and the predictions of 
the ellipsoidal model, with the band parameters ob­
tained from the analysis of the ni~2 states, at low 
fields. 

Some comments need to be made concerning intensi­
ties. In general with magnetic field the intensities of all 
exciton lines increase. The ni—3 and higher excited 
states usually cannot be observed at zero field. This 
increase in intensity is to be expected,21,22 from the 
large diamagnetic effect upon the exciton orbits. The 
most striking intensity effects, as indicated in Fig. 12, 
occur with the magnetic field perpendicular to the C 
axis. Due to the finite wavelength of the light and the 

H II C 

14845 
2 ?i r r r 2 s t 0 , e 

2S 

2 P,r,-Instate 
2 2 , 1 , State 
2P0r5Stote 

10 20 30 
Magnetic Field (kilogauss) 

FIG. 10. The ni==2 states with the magnetic field along the C 
axis are shown in both polarizations as compared with the theory. 
Only the data of the P states is used to determine the parameters 
nceessary for the theoretical predictions. 

20 R. C. Casella (private communication). 
21R. J. Elliott and R. Loudon, J. Phys. Chem. Solids 15, 196 

(1960). 
22 J. J. Hopfield, Reported at the Conference on Semiconducting 

Compounds, Schenectady, New York, 1961, J. Appl. Phys. Suppl. 
32, 2277 (1961). 
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FIG. 11. The wi = 2 states are shown in the E||C, H_L_C con­
figuration as compared with the theory. Photon momentum 
effects are observed in this configuration similar to those reported 
for CdS by Hopfield and Thomas. 

lack of inversion symmetry, one set of the n\—2P 
states has a large intensity with the field in one direc­
tion, the other set with the field in the opposite di­
rection. The energy difference between respective 
components is due to the transverse electron magnetic 
moment contribution. The details of this intensity 
pattern are the same as for CdS given by Hopfield23,24 

and thus will not be reiterated here. 
The interpretation of the data is more difficult for 

the excited states of the second series than for the first 
series. The lines are broader by approximately a factor 
of 3 and the intensities are considerably less. With 
these experimental limitations in mind we have made 
the following interpretation. As indicated in Fig. 1, 
the 2S, 2P0 and 2P±X states may be observable in both 
polarizations. Assuming the applicability of an el­
lipsoidal model for these states, the data of Fig. 13 
indicates that the 2P±i state lies higher than the 2P0 

state. 
Due to the large anisotropy apparent in this series 

the perturbation calculation is not valid, but rather a 
variation approach is necessary. However, the experi­
mental zero field splitting indicates an effective mass 
ratio, Mz/Vx, greater than in the first series. An al­
ternative interpretation is that the large zero-field 
splitting observed is due to the fact that in this case 
the energies of both the conduction and valence bands 
may contain terms linear in wave vector at K=0. 

23 J. J. Hopfield and D. G. Thomas, Phys. Rev. Letters 4, 357 
(1960). 

24 J. J. Hopfield and D. G. Thomas, Phys. Rev. 122, 35 (1961). 

As indicated in Fig. 6, states are observed in E||C 
radiation which do not obey the dipole selection rules 
for K=0. These lines, labeled POL and SL, are observed 
only when the light is not incident exactly perpendicular 
to the C axis. Their intensity increases with increasing 
deviation from perpendicularity. This is just the 
description of Hopfield and Thomas16 for the longi­
tudinal exciton. The ISL exciton, associated with the 
ground state, has been observed at 14 730 cm-1. Other 
absorption lines have been observed always at lower 
energies than the ground state, that is, at higher 
binding energies. We have found that these lines are 
variable in intensity from crystal to crystal. Further, 
they have associated nearly always the same linear 
Zeeman effect with |g n | = 1.65 |gj.|=0.5. Thus we 
attribute these lines to excitons associated with im­
purities and defects in the crystal. 

As pointed out by Roth11'12 one may use the effective 
mass formalism to calculate from known band sym­
metries, energies and effective masses, the electron g 
value associated with the conduction band. For CdSe 
we have found the electron effective mass to be nearly 
isotropic and the crystal field splitting in the valence 
band to be very small compared both with the spin-
orbit splitting and with the band gap. With these 
considerations it appears that Eq. (A5) of Roth et al.,n 

may be applied to the case at hand if we assume that 
only the bands discussed contribute to the relevant 
matrix elements. These assumptions imply a nearly 
isotropic electron g value. In the present notation this 
equation reads 

a~2 = ( m \ 2EB{ 

3EQ-\-2ES{ 

(29) 

where E0 is the band gap and JESO is the spin-orbit 

H= 19.61 kilogauss 
H along +X 

14810 
Energy cm 

FIG. 12. Densitometer traces are shown of the excited states of 
the first series E||C and HJ.C for H along -\-x and for H along 
—x. Note the large intensity changes in the 2PZ and 2Py states 
upon reversal of the field. The 2Py state observed with H along 
+x corresponds in energy to the higher energy shoulder on the 
2Py absorption line observed with H along —x. 
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FIG. 13. The experimental points and curves for the #2 = 2 
states of the second series are plotted against magnetic field with 
H||C and both E||C and Ej_C. The error bars in the figure indicate 
the experimental linewidths for the various lines at different 
magnetic field strengths. I t was noted that as the magnetic field 
strength increased the linewidths decreased and the line strengths 
increased. This was true in general except for S states. 

splitting of the valence band. Using we*=0.13 m, 
£8O=3500 cm-1 and £0=15OOO cm"1, Eq. (29) gives 
g«~+l . l . The value deduced from the T5, r i - r 2 2P±i 
state splitting using the ellipsoidal model and the 
assumption that mex*<tnhx* is ge— — 0.6db0.1. We 
believe that the assumption is valid and that the 
application of Eq. (29) to CdSe should give roughly 
the correct result. This may suggest that either the 
identification of the T5 2P±i state is in error or that 
conduction band toroidal energy surfaces have lifted 
the accidental degeneracy of the T6 and Ti—T2 2P±i 
states present in the ellipsoidal model at zero field. 

CONCLUSION 

The ellipsoidal model has allowed us to interpret the 
observed exciton spectra of CdSe and to obtain the 
effective mass parameters of the conduction and valence 
bands. Good quantitative agreement is obtained with 
the few exceptions mentioned above. These possibly 
may be attributed to toroidal energy surfaces. The 
significant difference between this spectra and that of 
CdS,24,25 is that in CdSe the crystal field splitting is 
greater than the exciton binding energy while in CdS 

it is not. Thus one would expect much less valence 
band mixing due to the exciton states in CdSe than 
in CdS. This is evidenced by the fact that transitions 
are observed in CdS forbidden by the group theoretical 
optical selection rules considering isolated bands, while 
in CdSe only allowed transitions are observed. 
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APPENDIX 

Series I 

From the H||C diamagnetic shift we determine the 
reduced effective mass of the exciton in the x direction, 

/Xx=0.100z±: 0.005. 

The relative zero field positions of the ni=2 states 
gives us a measure of the anisotropy parameter. 

a=0.32±0.02. 

Now since a— (1—juxex/ju2e2) and we know the values 
of ex and ez (ex=9.7, 6^=10.65) this gives 

Mx/M,=0.75d=0.04. 

The comparison of the H±C diamagnetic shift with 
the H||C diamagnetic shift gives 

M*/M. 2 =0 .77±0 .04 

in good agreement with the anisotropy determination. 
From either of these we have ^2=0.13±0.01. The 
effective Rydberg for this series is 106±5 cm-1, and 
the series limit, hence the band gap, is £^=14 850 
±2.0 cm-1. The effective Bohr radius a0

/==54 A. Using 
these numbers the ^ i = l and ni=3 states may be 
compared with that experimentally observed. 

State Experimental Calculated 

IS 14 727 i l c m - 1 

2P0 14 818.6±0.3 cm"1 

2P±i 14 822.5±0.2 cm"1 

3P±1 14 839 ± 1 cm"1 

14 736 ± 6 cm"1 

26 R. G. Wheeler and J. 0 . Dimmock, Bull. Am. Phys. Soc. 
Ser. II, 5, 178 (1960). 

14 838.0±1.5 cm"1 

The band mass parameters and electron g values are 

Wex*=0.13db0.01 m w f t/=0.45±0.09 m 
wez*=0.13±0.03 m mh*>.m 
|gex|=0.51db0.05 \gez\ =0.6 ±0.1 

There is some evidence that the electron g values are 
negative. The Zeeman splitting between the 2P+1, 
Fi—T2 and r 5 states indicates a negative g€z. 
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Series II 
The experimentally observed states and their energies 

are 
State Energy 

IS U931±3axr1 

2 S - 2 P ± 1 IS 032±2 cm-1 

2 P0 15 022=b3 cm"1 

The series limit may be estimated to be 15 050db 15 cm-1 

with an effective rydberg of Ry= 120±10 cm-1. 

The effect of interband electron-electron scattering (electron-
hole scattering, light hole-heavy hole scattering, etc.) on the 
electrical transport phenomena is studied with a variational 
method obtained by a generalization of Kohler's variation 
principle to a multiband conductor. To this end we make the 
following assumptions: (1) The electronic structure is given by 
parabolic conduction and valence bands, separated from each other 
by AE2>JIBT; the valence band may be twofold degenerate; 
(2) The average occupation numbers of electronic eigenstates are 
given by Fermi-Dirac statistics; (3) The dynamical interaction 
between charge carriers is described by a shielded Coulomb 
potential. 

I. INTRODUCTION 

IN a previous paper1 the effect of electron-electron 
scattering on the electrical transport phenomena was 

studied on the basis of the free-electron approximation 
and under the assumption of a shielded Coulomb 
potential describing the pair interaction between con­
duction electrons. The allowed electron eigenstates were 
restricted to one band only. For such a simple model, 
because of momentum conservation in a single (non-
umklapp) scattering process, the electrical conductivity 
is not affected in its zero-order approximation. However, 
in first and higher order, the electrical conductivity 
changes. The reason for this change lies in the energy 
dependence of the perturbation / i , which, as a conse­
quence of the electron-lattice interaction, adds to the 
unperturbed Fermi-Dirac distribution /0. The perturba­
tion / i is modified because electron-electron scattering 
randomizes energies. The effect on the electrical con­
ductivity of semiconductors is shown in Fig. 1, assuming 
electron-ion scattering as the primary scattering source. 

1 J. Appel, Phys. Rev. 122, 1760 (1961), hereafter referred to 
as A. 

Series III 

The IS state was observed at 18 218±10 cm-1, with 
an estimated series limit at 18 340±20 cm-1. 

The difference in the series limits between the first 
and second series corresponds to a crystal field splitting 
of the valence band of 200dbl5 cm-1. The difference 
between the limits for the first and third series corre­
sponds to a spin-orbit splitting of the valence band of 
3490±20cm-1. 

Assuming nondegenerate semiconductors, we consider acoustical 
and optical phonon scattering and ion scattering, besides electron-
electron scattering. Quantitative results are obtained for the 
electrical conductivity, the heat conductivity, and the Seebeck 
coefficient, including the ambipolar effect. The results can easily be 
applied to cases of physical interest; we discuss here hole-hole 
scattering and mobility of p germanium, intercarrier scattering 
and mobility of intrinsic germanium, transient conductivity 
of charge carriers in germanium produced by short pulses of high-
energy electrons, intercarrier scattering and its influence on the 
heat conductivity, and the Wiedemann-Franz ratio of intrinsic 
semiconductors. 

The effect of electron-electron scattering becomes 
more important for the electrical conductivity when the 
electrons are distributed over two or more partly filled 
energy bands. Transition metals and intrinsic semi­
conductors are examples of a multiband structure. In 
considering the electrical conduction of such substances, 
it is convenient to distinguish between intraband and 
interband electron-electron scattering processes. The 
former have been discussed in A, while the latter may be 
understood as scattering processes in which each of the 
two participants belongs to a different band (the first to 
a conduction band, the other to a valence band, etc.). 
The transition probabilities are the same whether each 
of the two electrons stays in its original band or whether 
the two electrons exchange bands. Both direct and ex­
change transitions will be called interband scattering 
processes. Physically, the difference between intraband 
and interband scattering is trivial: In the first case the 
momentum conservation in a single scattering event 
implies the velocity conservation v1+v2=Vi /+v2

/, 
whereas in the second case usually Vi+v2?

£Vi/+V2/. In 
other words, interband scattering processes affect the 
electrical conductivity primarily because of a current 
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