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Abstract 

We have measured and calculated the reflectivity 

spectra of CdTe and HgTe. The measured and calculated 

reflectivities are compared and prominent features of the 

reflectivity spectra are identified with critical point 

transitions in specifiC regions of the Brillouin zone. 

The symmetry and contribution to the reflectivity of 

important critical points are investigated. Empirical 

pseudo potential calculations of the band structure and the 

'-., imaginary part of the frequency-dependent dielectric function, 

with spin-orbit effects included, are also presented. 

t Present address: Department of PhYSics, Brandeis University, Waltham, 

Massachusetts 02154. 



Intro duc tion 

The measurement of the optical reflectivity of semiconductors in the 

visible and ultraviolet has in recent years yielded much information concerning 

the band structure of both diamond and zincblende type crystals. rr:he simi-

larities in the re.flectivity spectra of various semiconductors in this group 
I 

and calculated band structures and optical constants have been helpful in inter-

preting th.e measurements. At present much effort is devoted to fine structure 

which can be observed when samples are cooled to low temperatures. 

We have obtained detailed reflectivity spectra for CdTe and HgTe 

at 15 and lOOK respectively. The experimental procedures are described 

in the next section. We have also calculated the energy band structures of I 

these compounds using the empirical pseudo potential method1, 2 as modified 

by Weisz, 3 and Bloom and Bergstresser 4 to include spin-orbit coupling. 

In addition we have calculated the imaginary part of the frequency-dependent 

dielectric function" E2(W) and the reflectivity, R(w).In the energy range 

considered, almost all the structure in E
2

(W) and the reflectivity may be 

explained by direct electronic transitions at specific regions of the Brillouin 

zone. We identify structure in E2(W) and R(w) with critical point interband 

transitions. The symmetry, energy and location, in the zone of important 

critical points are determined and their contributions to E2(W) andR(w) are 

investigated. 

Experiment 

The reflectivity measurements are made with a 218 MacPherson 

monochromator fitted with a special low-temperature reflectometer as 

d 'b d ' , 5 escrl e ill a prevlOUS paper. 

J 



.. 

The ultraviolet radiation was produced by a hydrogen d. c. glow 

discharge, through a pyrex capillary, between aluminum-tungsten electrode:::, . 

Typical operating conditions were 500 rnA and 600V. 

The reflectometer was separated from the monochromator by means 

of a lithium-fluoride window, evacuated by a pressure of about 10-
9 

mm Hg to 

avoid contamination of the sample surface. The incident and reflected beams 

were measured by a E. M. I. photo-multiplier coated with sodium, salicylate. 

The optical system (polarizer and mirror) allows measurements on a sample 

surface as small as 2mm by 4mm. The samples were cleaved outside the 

reflectometer and transferred immediately to the vacuum chamber. 

Method of Calculation 

, The empirical pseudopotential method is described in detail 

elsewhere. 1,2,6,7 Spin-orbit coupling is included using the model of Weisz:3 

for white tin as modified by Bloom and Bergstresser. 4 The initial form fac-
I 

tors for CdTe 
2 

and HgTe8 with which the calculations were initially started 

were slightly modified to improve the agreement between the experimental 

and theoretical reflectivities. The two spin-orbit variables 
7 

"'1 and "'2 were 

constrained to have the same ratio as the splittings (of the p-levels) in the 

free atoms as determined by Herman and Skillman. 9 This left only one 

adjustable parameter which was varied to give the correct splitting of the 

valence, bands, at r for CdTe, and at L for HgTe. 

The en~rgy band structures were calculated at 356 points through-

out l8 of the Brillouin zone. Lowdin perturbation theory10 as modifi(:jd by Prust J1 ,1 

was used. For CdTe, 15 plane waves were treated exactly at r while 98 



- 4 -

extra plane waves were taken into account through the USwdin perturbation 

scheme.1 The corresponding values at r for HgTe are 59 plane waves 

treated exactly and 54 plane waves treated through perturbation theory. The 

energy band structure calculated for HgTe, using the form'factors derived 

in this work, is accurate to within O. 1 eV. For CdTe the identification of 

reflectivity structure with specific interband transitions, as presented in 

this paper, is unchanged when more plane waves are treated exactly and the 

form factors are slightly modified. 

The scheme for the calculation of €2(w) and R(w) from the band 

structure is given in references 1 and 6. The lattiCe constants (adjusted to 

0 00 

o K) used in these calculations are 6.48 A for CdTe and 6.45 A for HgTe. 

Results 

The electronic band structures of CdTe and HgTe in the principa 1 

symmetry directions are shown in Figs. 1 and 2. The imaginary part of 

the dielectric function €2(w) for CdTe and HgTe appear in Figs. 3 and 4; 

the experimental and theoretical reflectivities are shown in Figs. 5 and 6. 

Important features of the experimental and theoretical reflectivities are . 
I 

compared in Tables I and II.. Spin-orbit splittings calculated at symmetry 
. , . 

points appear in Table III. Table II compares the form factors derived in 

this work with those with whiCh the calculations were initially started. 

Interpretation of Reflectivity Structure 

CdTe. The fundamental gap of 1. 59 eV
12 

at r(4- 5), (i .. e. between baJ}ds 4 and 5), 
.. 

produces the usual MO singularity in E2(W) at the threshold energy of 1. 59 eVe 

", 
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The spin-orbit splitting of the valence bands at r is 6 0 = 0.91 as deterl1}.ined 

b 1 . ddt . t 1 3-1 5 Th 1 f h . y severa m epen en expenmen s. e va ue 0 t e spm-

orbit parameter 7 was adjusted to reproduce this value. 

The two peaks at 3.42 and 3.97 eV in the calculated reflectivity 

are caused by spin-orbit split 1\(4- 5), and 1\(3- 5) transitions respectively. 

These are consistent with the experimental values of 3.46 and 4.03 eV. 

The spin-orbit splitting of the valence bands at L is 6 1 = L(3-4) = 

L
4

,5 - L6· = 0.57 eVe This agrees very well with the values of O. 57 eV 

obtained by Cardona and Greenaway]4 at 770 K. The energy of the top 

valence band at L is - 0.40 .eV with respect to the energy at r 8V ' 

The calculated R(w) rises sharply between 5.02 and 5.07 eVe 

This is caused by 6(4- 5) transitions occurring at (0. 7,0,0) in the zone. 

The experimental reflectivity also rises sharply in this energy range and 

has a peak at 5. 18 eV •. The calculated reflectivity has a peak at 5.27 eV 

caused by (4-5) transitions from the critical point (0.9, 0.2, 0.2) inside 

the zone. 

The calculated R(w) has two adjacent peaks at 5.47 and 5.52 eV 

that correspond to the main peak in the reflectivity data at 5.53 eVe The 

5.47 and 5.52 eV peaks are caused mainly by 6(4-5) and 6(3-5) transitions 

respectively. The major contribution to the strength of E2(W) and R(w) comes 

from the L:( 4- 5) transitions; 6( 3- 5) transit ions account for only 20 perc ent 

of the value of E 2(w) at 5.52 eV. 



The small shoulder extending from 5.67 to 5.73 eV in the calculated 

reflectivity is caused by (4-6) transitions from the critical points (0.35,0.07, 

0.07) at 5.63 eV and (0.2,0,0) at 5.73 eVe 

The 'two small peaks at 6.07 and 6. 17 eV in R(w) result from (3- 6) 

transitions near (0.35,0.07,0.07) and (0.3,0,0) respectively. r(4-6) transi-

tions at 6. 13 eV make a small contribution to the 6. 17 eV peak. The corres-

ponding structure in the experimental R(w) is a slight shoulder extending 

from 5.95 to 6.0 eV. TlE assignment of 6. 13 eV to r (4-6) transitions 

agrees very well with the results of photoemission experiments. 16, 17 

The large peak in the calculated reflectivity at 6.67 eV is caused 

by (4-6) transitions from, a large volume of the zone centered at (0.6,0.5,0.2). 

This peak is broadened by L(4-6) transitions at 6.79 'eV and 1\(4-6) transitions 

,at 6.89 eVcoroing from the point(O~ 36,0.36, 0.36) in the zone. Transitions 

at 6.8 to 7. ° eV near the zone edge from W to K make a negligible contri-

bution to this peak contrary to the suggestion of reference 17. The small 

peak at, 7. 13 eV in E 2(w) and R(w) arises mainly from volume (4-7) transi­

tions near (0.6, O. 3, O. 14); L:(2- 5) transitions also contribute to this peak. 

The 7.38 eV peak in the calculated R(w) is caused by (3- 6) transi-
"-

, 

tions from a large volume centered at (0.6,0.5,0.2) with an average transition 1, 

energy of about 7.36 eV. The experimental peak occurs at 7.44 eV. 

The 7.63 eV peak in E
2

(W) corresponds to the 7.6 eV peak in the 

reflectivity data. This peak is caused by (3-7) transitions from a volume near 

(0.6,0.2,0.1) and is not related to the 6.82 eV peak through spin-orbit 
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splitting of the bands at L as suggested by Cardona and Greenaway. 14 

Our result that the 6. 8 and 7. 6 eV peaks are caused by transitions to 

dillerent final states are consistent with the photoemission studies of 

Shay ~nd Spicer. 17 

The over-all agreement between the theoretical and experimental 

reflectivity data is very good for CdTe.- The enhancement of the experi-

mental peaks at L may be caused by exc itonic effects. We will discuss 

this further in the final section of this paper. 
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HgTe. At the r point this compound is a zero-gap semiconductor with the 

conduction and valence bapds degenerate at r 8. Away from r, we expect the 

energy of the top valenc~ band to increase slightly, i. e. HgTe is in principle 

a semimetal. Unlike CdTe and most other zincblende 

structures, HgTe has an inverted order of bands r6 and r 8, as,first 

suggested by Groyes and Paul. 18 The spin-orbit splitting of the top'valence 

bands at r is about 0.30 V a~ 1. 50
K. 19,20 This agrees very well with the 

calculated value of 0.30 eV. The calculated spin-orbit splittings 

6 0 = r8V - r7V and 6 1 = L4, 5V - L6V are 0.94 and O. 62 eV respectively. 

The splitting of the valence bands at L was fitted to 0.62 eV by adjusting 

the spin-orbit parameter. 7 The experimental value of 0.64 eV was· 

obtained,by Cardona and Greenaway14 at 77oK. 

The peaks occurring at 2.32 and 2.92 eV in the calculated reflec-

tivity are caused by spin-orbit split L(4- 5) and L(3- 5) transitions at 2.25 

and 2.87 eVe These peaks correspond to the experimental peaks at 2.25 and 

2.87 eV. The experimental reflectivity has a shoulder starting at 

4.18 eV caused by (4-5) transitions extending from 4.0 to 4.2 ,eVe The 

matrix element for these transitions has a maximum near 4.03 eV; the 

theoretical reflectivity does not have conspicuous structure at this energy 

because of the sharp rise of the reflectivity resulting from other sets of 

transitions. Hc;>wever, a calculation of the modulated reflectivity, 

·1 dB ' . 
R,~) . __ ,,:¥ shows that R(w) does have a small peak near 4.03 eVe 

t' 

ot.-' 
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The calculated reflectivity has a shoulder beginning at 4. 47 eV 

arising from volume (4-5) transitions from a region of th e zone centered 

at (0.8, 0.2, 0.2) with an average transition energy of 4.42 eVe Transitions 

from nearly the same region of the zone give rise to the 5.27 eV peak in CdTe 

and were associated with the critical point (0.9, 0.2, 0.2). For HgTe the 

corresponding critical point is at (1, O. 2, O. 2) and the transition energy is 

4.61 eV. These transitions do not give rise to a peak because of the sharp 

rise of the reflectivity spectra leading to the main peak at 4.87 eV. 

The peak at 4.87 eV in the theoretical R(w) is caused mainly by 

L:( 4- 5) 'transitions occurring at points near K. The strength of this peak 

is increased by X(3- 5) transitions at 4.71 eV. The contribution of the 

L:( 4- 5) transitions to this peak is more than four times as large as the con­

tribution of the X(3- 5) transitions.· The corresponding reflectivity peak is 

at 4.98 eVa 

The peak at 5.02 eV in the calculated reflectivity is caused by 

(4- 6) transitions from a large volume of the zone near r and around 6.. '1'he 

r(4-6) transitions at 4.92 eV and the critical point transitions at 5".00 and 

5.02 eV from (0.14,0,0) and (0. 14, O. 07, O. 07) contribute to this peak. 

The reflectivity decreases very slowly between 5.07 and 5.17 eV because 

of (4-6) transitions. The X(4-6) transitions at 5.09 eV and (4-6) transi­

tions from a group of points near 6. give rise to a local maximum at 5.12 eV 

in the matrix element for (4- 6) transitions. This is in addition to the larger 

maximum occurring at 5.02 eVe 
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The experimental reflectivity has two small peaks at 5.45 and 5. 62 

eV. The 5.45 eV peak is, most probably, caused by X(3-6) transitions at 5.43 

eV and r(4-7) transitions at 5.44 eV. The contributions of the X(3-6) transi-

, tions is about 3 times as large as the contributions of the r( 4-7) transitions. 

The matrix element for both sets of transitions has a maximum at 5.47 eV, 

but any associated reflectivity structure seems to have been absorbed in 

the broad peak cent~red at 5.57 eV. This 5.57 eVpeak is caused by (3-6) 

critical point transitions at 5.52 eV from (0.2,0,0) and at 5.57 eV from 

(0.15,0.07,0.07). 

The large and broad peak in the reflectivity data at 6. 53 eV is 

caused by volume (4-6) transitions from a region of the zone ceQtered at 

(0. 6,0. 5,0. 3); L( 4-6) transitions at 6.49 eV also contribute to this peak. 

The theoretical reflectivity peak occurs at 6.63 eV and is in fairly good 

agreement with the experimental "·alue. Cardona and Greenaway14 assign 

the 6.53 eV peak to L(4-6) transitions. 

The peak at 7.07 eV in the calculated R(w) arises from (3-6) 

transitions from a, region of the zone centered at (0.6, O. 5, 0.3). The magni-

tude of this peak is much smaller than the corresponding spin-orbit split 

volume (4-6) transitions at 6.63 eVe The experimental reflectivity, however, 

does not show a corresponding peak. There is also no contribution to this peak 

from L(3-6) transitions at 7.10 eV even though this peak is close in energy. 

The peak at 7. 57 eV in the calculated reflectivity is caused by 

volume (4-7) transitions at an average energy of 7.47 eV from a region of 

the zone centered at (0.6,0.4,0. 1). In addition L(3-7) transitions at 7.36 eV 

.. 

, , 
i 

1 . 
j 

I ' 
! ~ 
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also contribute to this peak. The L(3-7) transitions contribute 30 percent 

of the value of the E,,(W) peak at 7.38 eV. The spin-orbit split L( 4-7) transi­
t:, 

tions at 6. 75 eV have weak matrix elements and do not give rise to any oeaks . 

The peak at 7.88 eV in R(w) is caused by volume (3-7) transitions from a 

region of the zone centered at (0.6,0. 3,0. 1). The experimental reflectivity 

peak corresponding to the 7.57 and 7.88 eV peaks in the theoretical reflec-

tivity is the broad peak at 7.6 eV. 

The peaks at 8. 17 eV in E
2

(W) and 8. 32 eV in R(w) are caused by 

volume (3-7) transitions from a region of the zone centered at (0.6,0.3,0.1). 

The spin-orbit split (3-7) transitions from this region contribute both to the 

7.88 and 8.32 eV peaks. 

Scouler and Wright21 assign their 7.5 and 8.25 eV peaks to 

spin-orbit split L(3,4-6) transitions and deduce a 6
1 

value of 0.75 eV. This 

value for 6
1 

seems to be too large compared to the value of 0. 62 eV obtained 

from the spin-orbit split L(4- 5) and L(3- 5) transitions at 2.25 and 2.87 eV. 

The value of 6 1 obtained from L(4-:- 6), ~(3-E)) transitions in our case is 

0.61 eV, close to the value of 0.62 obtained from L(4- 5), L(3- 5) transitions. 

Discussion of Results 

The enhCillcement of some experimental peaks relative to the theore-

tical peaks, particularly near the first .A and L transitions, are probably 

caused by excitons. The effect of the Coulomb interaction between electrons 
,-

and holes on the four different types of critical points has been investigated 

by several authors.
22

-
27 

The effect of such interacUons on an Ml type 

critical point occurring at Lor "L-like" points where m
1 

= m
2 

> ° and 

for the case I m3 1 »ml with m1, m2, m3 being the principal effective 
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\ 

masses has been calculated by Kane. 27 His calculations indicate that the 

most characteristic feature of an Ml critical IX>int, with electron-hole 

Coulomb interactions taken into account, Is the sharp dropoff in E2(W) 

and R(w) near the critical point. This is particularly evident in the case 

of CdTe where the reflectivity drops sharply at 3.46 and 4.03 eV. According 

to Kane's calculations the small structure in the measured reflectivity at 

3.60 and 4.20 eV ,actually correspond to the M1 critical point transitions 

near L. The prominent peaks at 3.46 and 4.03 eV are to be associated 

with the electron-hole bound state. The binding energy of the exciton is 

given by the energy difference between the M1 structure at 3.60 eV and 

the main peak at 3.46 eV and is about 0.14 eV. In HgTe the binding energy 

of the exciton' has been assu~ed to be sma1l28 (about 0.04 eV). If this is the 
, . 

ease, the corresponding M] structure is not expected to be resolvable 

experimentalLy .. 

In many cases our resolution was, not sufficient to discuss all the calculated 

critical points. Tabl~s I and~II contain only prominent critical points. 

i 

~ 
1 

" ! 

,. 

i 

! 
i 
i . 
! , 

i , 
'; 
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Table II 

Table III 
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Table Captions 

CdTe. Theoretical and experimental reflectivity structure at J 50 K 

and their identification. The symmetr~ location in the zone and the 

transition energy at the critical points are given. 

HgTe. Theoretical and experimental reflectivity structure at JOoK 

and their identification. ' The symmetry, location in the zone, and 

the "transition energy at the critical points are given. 

Calculated spin-orbit splittings for CdTe and HgTe. 

Comparison of the CdTe and HgTe form factors (in Ry) obtained 

in the present work (on top) with those of Refs. 2,8. 



Table I 

Reflectivity Structure Associated Critical Points (CdTe) 

Theory Exper. Location in Zone 

1. 59 eV 1. 59 eV r(4-5) (0,0,0) 

3.42 - 3.46 1\( 4- 5) (0.43, 0.43,0.43) 

3.97 4.03 1\(3- 5) (0.43, O. 43, O. 43) 

5.02 \ - Volume near 6(4-5) (0.7,0,0) 

5.27 5.18 (4-5) (0.9,0.2,0.2) 

5.4:7 2:(4-5) (0.7,0.7,0) 
5.53 

5.52 6 (3- 5) (0.7, 0,0) 

(4~6) (0.35, O. 07, 0.07) 
5.67 5.68 

6(4-6) (0.2,0,0) 

6.07 (3-6) (0.35, O. 07, 0. 07) 
5.95 

6.17 6(3- 6) (0.3,0,0) 

6.67 6.82 Volume (4-6) (0.6, 0.5, o. 2) 

7.13 - V 0 lum e (4-7) (0. 6, O. 3, O. 14) 

7.38 7.44 Volume- (3-6) (0.6, 0.5,0.2) 

- 7.6 Volume (3-7) (0.6, 0.2, 0.1) 
---

• "'-i. 

Sym 

M
O 

Ml 

Ml 

-

Ml 

M2 

Ml 

- -

-
-

M1 

-
-
-
-

{) 

c p energy 

1. 59 eV 

3.39 -

3.95 

5.05 

5.27 

5.42 

5.51 

5.63 

5.73 

6.07 

6.14 

6.62 

7. 10 

7.36' 

7.6 
., 

,. 

I 
f-J 
+:-

. I 



Reflectivity Structure 
/ 

Theory Exper. 

° eV ° eV • 
2.32 2.25 

2.92 2.87 

4.03 4.18 

4.47 -
-

-" -
4.87 4.98 

5.02 5.10 

- 5.45 

5.57 5.62 

6.63 6.53 

7.07 -
7.57 

7.6 
7.88 

8.32 8.3 
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Table II 

Associated Critical Pomts (HgTe) 

Location in Zone 

r(4-5) (0,0,0) 

L( 4- 5) (0. 5, 0. 5, 0. 5) 

L( 3- 5) (0. 5, 0. 5, 0. 5) 

Volume near 6(4-5) (0.6,0,0) 

Volume (4-5) (0.8,0.2,0.2) 

X(3-5) (1,0,0) 

K(4-5) (0.75,0.75,0) 

6(4-6) (0.14,0,0) 

(4-6) (0.14,0.07,0.07) 

X(3-6) (1,0,0) 

r(4-7) (0,0,0) 

6(3-6) (0.2,0,0) 

(3-6) (0.15,0.07,0.07) 

Volume (4-6) (0.6,0.5,0.3) -
Volume(3- 6) (0.6,0. 5,0.3) 

Volume(4-7) (0.6,0.4,0.1) 

+ ' Volume(3-7): [6-13J (0.6,0.3,0.1) 

Volume(3-7): [5-14t (0.6,0.3,0. 1) 

+rn this notation the bands are numbered 

consecutively with the doubly degenerate 

top valence bands at rand L numbered 

"7 and 8. 

, 
, 

8ym c
p 

energy 

MO ° eV 

M1 2.25 

M1 2.87 

- 4.03 

,- 4.42 

M 1 4.71 

M') 4.82 
<-J 

- 5.00 

M2 5.02 

M1 5.43 

- 5.44 

M1 5.52 

- 5.57 

- 6.53 

- 7.02 

7.47 
-

7.75 

- 8.2 
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Table III Calculated spin-orbitsplittings for CdTe and HqI'e 

'. CdTe HgTe 

0.91 • 
rSV - r7V 0.94 

rSC - r 6V 
\ 0.30 

L4J5V - LSV 0.57 0.62 

X7V - X6V 0.46 , 0.35 

rSC - r 7C 0.13 O. 51 

L4 , 5C- L6C ' 0.06 0.26 

.. ' 
• 

II) ! 
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Table TV 

VS(3) VS(8) VS(ll) 0(3) 0(4) 0(11) VA(12) 
spin~orbit 

;'" 
parameter 

-0.200 -0.012 0.027 0.168 0.075 0.028 0 0.0014 
CdTe 

-0.20 0.00 0.04 0.15 0.09 0.04 0 

-0.262 -0.035 0.05 O. 10 0.042 0.02 0 .. 019 0.0028 
HgTe 

-0. 23 -0.025 0.03 0.095 0.08 0.03 0.03 
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Figure Captions 

Electronic band structure of CdTe in the principle symmetry 

directions. 

Electronic band structure of HgTe in the principle symmetry 

directions. 

Imaginary part of the dielectric function, E2 (w) of CdTe. 

Imaginary part of the dielectric function, E
2

(W) of HgTe. 

Experimental and theoretical reflectivity spectra of CdTe .. 

Experimental and theoretical reflectivity spectra of HgTe. 
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