
Lawrence Berkeley National Laboratory
Recent Work

Title
NONLINEAR OPTICAL EXCITATION OF SURFACE EXCITON-POLARITONS IN ZnO

Permalink
https://escholarship.org/uc/item/7j98h1p7

Author
Demartini, F.

Publication Date
1977-02-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7j98h1p7
https://escholarship.org
http://www.cdlib.org/


Submitted to Physical R~view Letters LBL-6059 
Preprint ~ l 

NONLINEAR OPTICAL EXCITATION OF 
SURFACE EXCITON -POLARITONS IN ZnO 

F. DeMartini, M. Colloci, S. E. Kohn, and Y~.~ ~'CSr-~~n/ C 0 

February 1977 

~\ 'M : ... : __ "v~ '.:E 
3~~!!J<: r:i ':-' '..:\~:. ~'~i-\ TORY 

MAR 30 1978 

LiB:.:.,r .. Ry AND 

:Jo,_;uMENTS SEC~ ;·JoN 

Prepared for the U. S. Energy Research and 
Development Administration under Contract W -7405-ENG-48 

For Reference 

Not to be taken from this room 

.. 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain cmTect information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



_, p 0 ~.} 0 t4 7 D t] 'J .:.-·~ 

~ 9 

Submitted to Physical Review Letters 

NONLINEAR OPTICAL EXCITATION OF 
SURFACE EXCITON-POLARITONS IN ZnO 

F. DeMartini, M. Colloci,t S. E. Kohn, andY. R. Shen 

FEBRUARY 1977 

Prepared for the U. S. Energy Research and 
Development Administration under Contract W-7405-ENG-48 

ton leave from the Universita de Firenze, Firenze, Italy 

LBL-6059 



0 0 1 r'l li,: 7 0 ti .(. ".# 'i.i 6 0 ""' 

-!
Submitted to Physical Review Letters 

NONLINEAR OPTICAL EXCITATION OF 
SURFACE EXCITON-POLARITONS IN ZnO 

F. DeMartini 

Istituto di Fisica dell 'Universita', 
via Tari 3, 80138 Napoli, Italy 

and 

Istituto eli Fisica "G. Marconi", 
00185 Roma, Italy 

and 

M. Colocci,t S. E. Kohn, andY. R. Shen 

Department of Physics, University of California 
Berkeley, California 94720 

and 

.Materials and Molecular Research Division 
Lawrence Berkeley Lab, Berkeley, California 

FEBRUARY 1977 

ABSTRACT 

LBL-6059 

Dispersion and damping characteristics of surface exciton-

polaritons in ZnO have been measured by nonlinear optical tech-

nique. Optical mixing was used to excite surface exciton-polari-

tons .while surface roughness was used to couple the surface 

waves out. The results were used to deduce characteristic para-

meters of bulk excitons in ZnO. 

tOn leave from the University of Florence, Italy 
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Surface exciton-polariton has long been a subject of extensive theo

retical studies. 1 Experimental research on the subject has however been 

2 very rare. So far as we know, Lagois and Fischer have conducted the 

only measurement of the exciton-polariton dispersion in ZnO using the 

method of attenuated total reflection (ATR). The difficulty lies in the 

fact that excitons exist only at low temperatures and the ATR method is 

not easily applicable to surface polaritons with relatively short wave-

lengths. We have recently proposed that surface polaritons can be in-

. 3-5 vestigated by nonlinear optical techn~ques. In this paper, we report 

the first experiment on nonlinear optical excitation of surface exciton-

polaritons. We show that the surface exciton-polariton waves are radia-

6 tive because of sur'face roughness, and detection of the radiative sur-

face waves enables us to measure both dispersion and damping of the sur-

face exciton-polaritons. 

Surface polaritons only exist in the reststrahlen band of a crys-

tal. For a semi-infinite anisotropic crystal "b" bounded by an isotro

pic medium "a", the dispersion relation for polaritons is given by7 (we 

use the notations of Ref. 4) 
r 

2 2 e: e:b (e:b - e: ) 
( ' 

" (w) a z x a 
K + i K ) = c e: e: -e:Z 

x x · bx bz a 
(1) 

where e:bx and e:bz are respectively the dielectric constants of the crys

tal along the surface wave propagation directionx and along the surface 

normal z. Surface polaritons only exist when e: < 0 and e: > e: or 
bx bz a 

e:bz < O. 

As shown in Ref. 4, if the crystal lacks inversion symmetry, optical 

\ 
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mixing of two laser beams at w
1 

and w
2 

can induce a nonlinear polariza

tion P(Z)(w = w
1 

+ w
2

) = ~(2 ) : E(w
1

)E(w
2

) at k = k
1 

+ k2, which may 

generate a bulk em wave at w in the crystal. No such propagating bulk 

wave can however be generated if w falls into the reststrahlung band; 

instead, if k~- K~ is larger than k~(w) and kb(w), a surface TM wave 

can be excited. When sufficiently s~rong damping is present, the excited 

surface wave in the crystal is given by (assuming P( 2) = 0) 
z 

E(b) (w) = -----,:-A __ ___,.,.. 
(k - K') - i K" 

X X X 

(x ~z + z kx)P~2 )exp[i(kxx - wt) + i ~zz] 
(2) 

where A and k's are defined in Ref. 4. A surface polariton wave propaga-

ting on a smooth surface is of course nonradiative. In the presence of 

surface roughness, it can however be coupled out into a radiative mode. 

The radiative output should be proportional to the power of the excited 

·surface wave 

I(w1kx) « J IE(b)(w)! 2 dx dy 

,~(2) + + 2 
(3) 

X . E(w1)E(w2) 
X « 

(k - K' )2 + K"2 
X X X 

We notice that the output I(w) versus k is a Lorentzian. Its maximum 
X 

appears at the point where the phase matching condition kx = klx + k2x = 

K' is satisfied. This corresponds to resonant excitation of the surface 
x· 

wave at K'(w). The Lorentzian half-width on the other hand is described 
X 

by the damping constant K" of the surface polariton wave. 
X 

We were interested in studying surface exciton-polaritons in ZnO by 
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the nonlinear excitation method described above. We chose w1 = w2 in our 

experiment so that only one exciting laser beam was needed. Our experi-

mental setup is shown in Fig. 1. A Q-switched ruby laser was used to 

pump a dye laser generating a tunable laser beam at w
1 

around 1.712 eV. 

-1 
The laser beam had a linewidth less than 1.5 em , a beam diameter of 

about 8 mm, a pulsewidth of 30 nsec, and a peak power of about 50 KW. It 

was focused onto the plane surface of ZnO by an f = 25 em. focal lens 

through the wedged side of the crystal. For a given w1 , the wave vector 

klx could be varied by varying the incidence angle e with respect to sur

face normal. This was achieved by translating the incoming laser beam 

parallel to the lens axis. The angular resolution was limited to approx-

imately 0.5°. 

The crystal was immersed in superfluid liquid helium at 2.0° K. The 

radiation output at w = 2w1 was monitored through the roof-top prism 

placed on top of the crystal. The prism was supposed to couple out the 

non-radiative surface wave into a directional beam. Then, the output 

should depend strongly on the spacing between the surfaces of the prism 

and the crystal -- decreasing exponentially with increasing spacing if 

the spacing is appreciably larger than the wavelength. We found, how-

ever, the output was independent of the spacing and was spread over a 

large solid angle. We have therefore concluded that surface roughness. 

of the crystal was responsible for our observation. The crystal surface 

was first optically polished and then chemically etched in order to re-

2 8 
move the exciton-free layer. ' This surface treatment produced pits 

of several hundred A in size. They should be very effective 

in coupling out the surface polaritons into radiative modes. 6 Unfortun-
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ately, limited by our apparatus, we were not able to measure quantitatively 

the angular distribution and polarization dependence of the radiative out-

put. 

The output was monitored by a photomultiplier after filtering out the 

fundamental laser light. Actually, in our experiment, the incidence angle 

of the laser beam on the crystal surface was larger than the total reflec-

tion angle, so that only scattered laser light could leak through the sur-

face under investigation. For each given w = 2w1 , we measured the output 

I(w) as a function of kx = 2klx' Each data point was taken by averaging 

the signals from - 10 laser shots. Some examples are shown in Fig. 2. 

The ZnO crystal had its c-axis along x in the direction of the sur-

face wave propagation. We studied only the surface polaritons associated 

with the c-exciton in ZnO. The dipole matrix element for the c-excitonic 

transition is allowed only for polarization parallel to the c-axis. 

Therefore, using the single-oscillator model to describe the contribution 

of the c-exciton to the dielectric constant, we have 

(4) 

= £ 
(X) 

where wT is the transverse exciton frequency, r is the damping constant, 

(e: - e: ) is proportional to the oscillator strength of the excitonic 
0 00 

transition, and e: > 0 is the background contribution to the dielectric 
00 

constant. We have neglected the anisotropy in e: • With the incoming 
00 

laser beam polarized in the plane of incidence (the x- z plane), the 
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induced nonlinear polarization was dominated by the x-component 

P(2)(w) 
X 

~ 

With the incoming laser beam polarized along y, the induced nonlinear po-

~ 

larization had only the x-component 

p(2)(w) = 
X 

In both cases, with x~i)- 2.9 x 10-8 esu and xj;)- 8.7 x 10-8 esu,
9 

we 

8 estimated a maximum output at w of - 10 photons per pulse if the crystal 

surface were smooth and the prism with a spacing of the order of a wave-

length were used to couple out the excited surface polaritons. We how-

4 ever observed only - 10 photons per pulse. This further supports our 

conviction that the observed output was the result of surface roughness. 

For each w, our experimental results of l(w) versus k could be fit-
X 

ted by a Lorentzian curve as shown in Fig. 2. We could then deduce K' (w) 
X 

and K" (w) for the surface polaritons from the peak positions and the half-
X 

widths of the curves respectively with very good accuracy. The results 

are shown in Fig. 3 in comparison with the theoretical curves calculated 

from the dispersion relation of Eq. (1) and Ebx and Ebz given by Eq. (4). 

We found that the dispersion curve K' versus w was rather insensitive to 
X 

r in the range between 0 and 5 meV, but K" versus w was a strong function 
X 

of r. By least-square fitting the experimental data points in Fig. 3 

with the theoretical curves, we obtained £
00 

= 6.15 ± 0.01, wT = 3.421 ± 

0.0001 eV, £ = 6.172 ± 001, and r = 0.25 ± 0.05 meV. As shown in Fig. 3, 
0 
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the theor~tical curves agree well with the experimental data except that 

close to wT, the observed K~ was pr~sumably dominated by the angular 

spread of the focused laser beam. Compared with E
00 

= 6.15, wT = 3.4213 

eV, E = 6.188, and r = 0.5 meV reported in the literature, 8 the only 
0 

serious discrepancy appears to be that our value of (E - E ) is a factor 
0 00 

of 1.7 lower. The larger value of (E - E ) has the effect of shifting 
0 00 

the dispersion curve upward by about 1 meV. We present in the following 

a discussion on 'the possible causes of our discrepancy even though we 

may question the accuracy of (E - E ) determined earlier by the linear 
0 00 

reflection method.
8 

(1) Surface roughness responsible for the radiation damping of 

surface polaritons may lead to a downward shift of the dispersio~ curve. 

This has been shown theoretically and experimentally for surface plas-

6 mons. The shift can be of the order of 1 meV for surface pits with a 

mean size of a few hundred A. Since surface roughness was instrumental 

in pur observation of surface polaritons, it could be the major cause of 

our discrepancy. (2) Surface contamination also leads to a downward 

shift of the dispersion curve. However, we believe our etched sample 

surface was not sufficiently contaminated to cause any appreciable shift. 

Our measured dispersion curve is also about 2 meV lower than the one 

measured by Lagois and Fischer using the ATR method. 2 We have not been 

able to find any good reason to resolve the discrepancy. It is somewhat 

difficult to deduce from their report the accuracy of their K' measure-. 
X 

ment. We are also not sure whether they have taken the anisotropy of E 

into account in their theoretical calculation. Uncertainty in the gap 

thickness between the prism and the crystal in their case might shift 
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the data points, but it cannot explain the discrepancy. Their sample 

was in cold helium gas at - 8° K while our sample was immersed in liquid 

helium at 2° K. Since the dielectric constant of liquid helium is 1.058,
10 

our surface polariton dispersion curve should be down-shifted from theirs 

by- 1 meV, but not as much as 2 meV. Finally, we expect that surface 

roughness would shift the dispersion curve as much in their case as in 

our case since their surface treatment of the sample was similar to ours. 

More work with controlled surface roughness is needed to resolve this 

discrepancy. 

In conclusion, we have demonstrated here that nonlinear optical ex-

citation can be used to study surface exciton-polaritons. This is the 

first time the damping parameters of surface exciton-polaritons were di

rectly measured. The results enable us to deduce also the properties of 

bulk exciton-polaritons. Compared with other methods, ours is more 

straightforward and yields direct information. Surface roughness was re-

sponsible for our present observation. With controlled surface condi

tions, one should be able to use this technique to study the surface ef

fects on surface exciton-polaritons in quantitative detail. 

We would like to thank C. S. Chen for his technical assistance. 

This work was supported by the U. S. Energy Research and Development 

Administration. We also would like to acknowledge the support of, a NATO

D2417 joint program between Universita di Roma and University of Califor

nia at Berkeley. 
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Figure .Captions 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Experimental setup. The inset shows the wave vector relation. 

Experimental results of normalized I(w,llk ) versus llk at 
X X 

four output frequencies. The solid curves are Lorentzian 

used to fit the data points. 

Measured dispersion and damping characteristics of surface 

exciton-polaritons in ZnO. (~------- K' versus w; 
X 

+ ---.,.... K" versus w). The solid curves are calculated 
X 

from Eqs. (1) and (2) using £
00 

= 6.15, £
0 

= 6.172, wT = 3.421 

eV, and r = 0.25 meV. 
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