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Symmetry and phase determination of second-harmonic reflection from calcite surfaces

S. K. Andersson, M. C. Schanne-Klein, and F. Hache
Laboratoire d’Optique Quantique du CNRS, Ecole Polytechnique, F-91128 Palaiseau Cedex, France

~Received 16 July 1998; revised manuscript received 28 September 1998!

We perform second harmonic reflection~SHR! on the calcite surface perpendicular to thec axis. First, we
record the signal as a function of the azimuthal angle of the sample, which clearly evidences theC3v symmetry
of this surface, and we show that the nonvanishing background of thep-polarized SHR is an indication of a
complex-valued nonlinear susceptibility. Then, we measure the relative phases of the susceptibility tensor
components with a method that was used recently to study thin films. We vary the state of polarization of the
fundamental beam with a rotating quarter waveplate which introduces some phase difference between the
different polarization components. This method appears to be an easy and efficient way to measure the phase
of SHR on a crystalline surface. Furthermore, comparison of both sets of experiments shows very good
quantitative agreement, even though the origin of this phase difference is not perfectly clear.
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I. INTRODUCTION

Second-harmonic reflection~SHR! has proved to be a sen
sitive tool for studying surfaces and interfaces.1–3 The SHR
originates mainly in a dipolar second-order contribution
allowed by the breakdown of the centrosymmetry at the s
face. The symmetry of this surface dipolar susceptibility te
sor is directly connected to the symmetry of the surface. T
same applies for bulk quadrupolar contributions and surf
contributions due to the discontinuity of the dielectric co
stant at the surface. Therefore SHR as a function of
sample rotation about its surface normal allows for the
termination of the structural symmetry of any surface. Su
measurements of the azimuthal anisotropy of SHR have b
thoroughly applied to study various surfaces.3–10 An equiva-
lent way to determine the surface symmetry is to rotate
polarization of the fundamental beam impinging on t
surface,11,12 usually by way of a half-waveplate.

Another interesting issue in SHR is to determine t
phase of the surface susceptibility tensor components.
possible from such measurements to get insight into the
gin of the nonlinear response and into the relevant mic
scopic phenomena. The usual method is to measure inte
ences between the SHR signal and bulk second-harm
generation~SHG! in a nonlinear reference~usually quartz!
from the remaining fundamental.13–15 Recently, other meth-
ods have been proposed,12,16–19which provide only the rela-
tive phases of the different tensor components but are m
more direct. They consist in modulating the state of pol
ization of the fundamental beam by inserting rotating wa
plates, and relating the SHR pattern to the complex-val
susceptibility tensor components and the waveplate rota
angle. Using a quarter-waveplate has proved to be more
ficient than using a half-waveplate to extract the phase
ference in the SHR signal because it introduces directl
phase difference between the various polarization com
nentsp ands of the fundamental beam.17,20 This remarkable
property has already been exploited to study phase dif
ences induced by the handedness of chiral molecules de
ited on a surface.16,21 In particular, it makes it possible to
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measure nonlinear circular dichroism16,21–24 ~difference of
SHR for a left or right circularly polarized fundament
beam!, which has proved to be a very sensitive tool to stu
chirality. Such experiments have also been performed
achiral well-organized Langmuir-Blodgett films, either wi
half-~Ref. 12! or quarter-~Ref. 19! waveplates.

We propose here to extend this method to a crystal s
face and determine both the relative phases of the susc
bility tensor components and the structural symmetry of
surface. It allows us to get physical insight into the crys
surface as the phases and moduli of all the surface susc
bility components are measured by the same experiment.
have performed such measurements on a calcite cry
which is a rhomboedric crystal. This birefringent centrosy
metric crystal was studied quite early and optical seco
harmonic generation was observed in its bulk, due to quad
polar effects.25–28 But no SHR has been reported yet on th
crystal or other noncubic crystals to our knowledge. First,
have performed the usual experiments with a rotat
sample. It proves that the surface perpendicular to the
traordinary orc axis exhibits a threefold symmetryC3v as
expected from the calcite structure. Furthermore, some n
vanishing background in the azimuthal SHR pattern indica
that the tensor components are complex valued. Then,
have performed quarter-waveplate experiments which g
clear evidence of complex-valued tensor components
also indicate aC3v symmetry. A comparison of both types o
experiments shows very good quantitative agreement.
two experiments turn out to be complementary, the first o
giving easily the structural symmetry of the surface, wh
the second one gives a direct measurement of the phas
the nonlinear susceptibility.

After this Introduction, we briefly give the theoretica
background for SHR on aC3v surface in Sec. II. We then
describe the experimental setup in Sec. III. Section IV
devoted to the results obtained when rotating the sample
Sec. V when rotating the quarter-waveplate. We discus
Sec. VI the possible origins of the complex components
our SHR from calcite, before concluding in Sec. VII.
3210 ©1999 The American Physical Society
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II. THEORETICAL CONSIDERATIONS

Second-harmonic generation from a crystalline surf
originates mainly in dipolar second-order contribution
characterized by a second-order susceptibility whose sym
try properties are determined by the symmetry of the surfa
This second-order susceptibility is usually given in the cr
talline frame, but experimental measurements give its ten
components in the laboratory frame, so that it is relevan
connect these two tensors.7,8 In the following, we derive this
connection in the particular case of calcite. Calcite is a b
fringent rhomboedric crystal, whose extraordinary axis is
c axis. In this section, we only deal with the surface perp
dicular to thec axis. This surface has aC3v symmetry when
one considers not only the surface atoms but also the
layer of inner atoms. Letx,y,z be the crystalline frame, with
z[c, and where we definex and y so that the plane o
symmetry of the surface isyz. The nonvanishing compo
nents of the second-order dipolar susceptibility in that fra
are given by2

xyyy
~2! 52xyxx

~2! 52xxxy
~2! 52xxyx

~2! [x22
~2! , ~2.1a!

xxxz
~2! 5xxzx

~2! 5xyyz
~2! 5xyzy

~2! [x15
~2! , ~2.1b!

xzxx
~2! 5xzyy

~2! [x31
~2! , ~2.1c!

xzzz
~2![x33

~2! , ~2.1d!

where we have used the usual contraction of the last
indices on the right hand side of these equations. These
polar susceptibility components are real if far away from a
resonance and complex in the neighborhood of a one
two-photon dipolar resonance.

Let now XYZ be a laboratory frame, obtained fromxyz
by a rotationR of angle w around z([Z). The plane of
incidence of the incoming light is chosen asYZ ~see Fig. 1!.
The transformation of the tensor components obeys the
lowing law:

x IJK
~2! 5RIi RJ jRKkx i jk

~2! , ~2.2!

FIG. 1. Geometry of SHR on rotating calcite.XYZ is a fixed
laboratory frame andxyz is a crystalline frame rotating with the
sample.
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where the uppercase~lowercase! letters refer to the labora
tory ~crystalline! frame. Applying this formula to our geom
etry, we are able to get the laboratory susceptibility ten
relevant for our experiment

xXXX
~2! 52xXYY

~2! 52xYXY
~2! 52xYYX

~2! 52x22
~2!sin3w,

~2.3a!

xYYY
~2! 52xXXY

~2! 52xXYX
~2! 52xYXX

~2! 5x22
~2!cos3w,

~2.3b!

xXXZ
~2! 5xXZX

~2! 5xYYZ
~2! 5xYZY

~2! 5x15
~2! , ~2.3c!

xZXX
~2! 5xZYY

~2! 5x31
~2! , ~2.3d!

xZZZ
~2! 5x33

~2! ~2.3e!

One can see that the angular dependence is cos3w or
sin3w, in accordance with the surface symmetry. A simi
calculation may be carried out for the other surfaces~parallel
to the c axis!. However, given that the symmetry is muc
lower (C1v), there are many different terms and we will n
give them here.

With these coefficients, it is now possible to express
second-harmonic field generated through this surface co
bution. It is relevant to introduce thes andp polarizations for
the fundamental as well as for the second-harmonic beam
the laboratory frame, we haveEs(v)5E(v)(1,0,0) and
Ep(v)5E(v)(0,cosu1,sinu1) for the fundamental beam an
Es(2v)5E(2v)(1,0,0) and Ep(2v)5E(2v)(0,2cosu1,
sinu1) for the harmonic one whereu1 is the incidence~re-
flection! angle of the fundamental~harmonic! beams~see
Fig. 1!. Given that the SHR field is proportional to the tot
polarization, we can obtain the dependence ofE(2v) with
the crystal anglew from the previous calculation.

Let us write16

Ep,s~2v!5 f p,sEp
2~v!1gp,sEs

2~v!1hp,sEp~v!Es~v!.
~2.4!

To calculate the parametersf ,g,h, one must carefully intro-
duce the Fresnel coefficients that describe the transmis
of the electric field through the crystal surface. We do n
distinguish between the fundamental and harmonic beam
efficients because experiments are performed off resona
and the dispersion is negligible. It is simpler to introdu
tX ,tY , and tZ ~with t i5Eini

/Eouti
,i 5X,Y,Z) rather thants

and tp ; an expression oftX ,tY , andtZ can be found in Ref.
2. To take the calcite birefringence into account, we dist
guish between the two indicesn2p ~for Y andZ) andn2s ~for
X) whose expressions are derived in Appendix A. They
calculated asn2p51.61 andn2s51.65. As they are very
close, the birefringence effects are not expected to be
matic. Neglecting the walk-off and the difference of prop
gation direction for the two beams into the calcite crystal,
numbersf ,g,h are calculated as

f p52x22
~2!tY

3 cos3 u1 cos 3w22x15
~2!tY

2 tZ sinu1 cos2 u1

1x31
~2!tY

2 tZ sinu1 cos2 u11x33
~2!tZ

3 sin3 u1 , ~2.5a!

gp5x22
~2!tX

2 tY cosu1 cos 3w1x31
~2!tX

2 tZ sinu1 , ~2.5b!

hp522x22
~2!tXtY

2 cos2 u1 sin 3w, ~2.5c!
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f s5x22
~2!tXtY

2 cos2 u1 sin 3w ~2.6a!

gs52x22
~2!tX

3 sin 3w, ~2.6b!

hs522x22
~2!tX

2 tY cosu1 cos 3w12x15
~2!tX

2 tZ sinu1 . ~2.6c!

As expected for aC3v surface,f ,g,h exhibit a threefold
symmetry upon the azimuthal angle. The modulated par
these coefficients (cos 3w and sin 3w) only depends onx22

(2)

whereas the other components will contribute to their c
stant part. These expressions are not strictly rigorous du
the approximations made. However, as already stated,
birefringence is not very strong for this geometry, and t
error should therefore be less important than the one du
the plane wave approximation utilized here. As we are
interested in a precise quantitative determination of the
plitude of x (2), this error is not relevant.

Until now, we have only considered surface-dipo
second-order contributions to SHR. However, it is w
known that bulk quadrupolar contributions are important
calcite.25 This contribution originates from a nonlocal pola
ization P5xQE¹E and depends on a quadrupolar susce
bility xQ ~rank-4 tensor!. The symmetry of calcite being3m,
this susceptibility tensor has eight independent compone
as given in Ref. 26:x1,1,x1,2,x1,3,x3,1,x3,3,x1,4,x4,1, and
x4,4. Using the same procedure as described for the dip
contribution, one can calculate the quadrupolar tensor in
laboratory frame. After a straightforward but tedious calc
lation, we obtain exactly the sameA cos 3w1B or A sin 3w
dependence forf, g, andh, with A andB being summations
of different quadrupolar tensor components. More genera
all the contributions to the SHR are intrinsically determin
by the surface symmetry and exhibit a threefold symmetry
in Eqs.~2.5! and ~2.6!. The only specificity of every contri-
bution is the sets of parametersA and B and their relation-
ships. Finally, the expressions~2.5! and~2.6! describe quali-
tatively well the SHR, even though it does not allow one
take properly into account the effects of birefringence.

III. EXPERIMENTAL SETUP

The SHR from single-crystalline calcite surfaces has b
measured using a Nd :YAG laser at 1.064mm. Calcite is
transparent at this wavelength and at its second harmo
532 nm. Our calcite crystal is carefully oriented with resp
to its optical axis, and cut and polished to obtain a cu
sample with a side dimension of about 1 cm. We have
possibility to study both a surface perpendicular to the o
cal axis and another one parallel to the optical axis. We
easily spatially separate between the relevant signal from
first surface and the one from the back surface. The cryst
fixed on a rotating stage, and we can rotate it about its
face normal as displayed in Fig. 2. The surface norma
coincident with the optical axis when studying the surfa
perpendicular to the optical axis.

Our mode-locked,Q-switched YAG laser delivers serie
of 150 ps pulses with a repetition rate of 400 Hz and o
pulse of about 100mJ is selected. The stability of the laser
checked with a reference beam obtained by splitting a
percent of the main beam to measure bulk SHG in a sm
KDP crystal with a photodiode. However, the reference s
of
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nal is so stable that no normalization is necessary. Very p
p-polarized light is achieved with a Glan prism and thereaf
the beam passes al/2 or al/4 quartz plate. By rotating the
waveplates it is possible to vary the polarization of the bea
The weak second-harmonic signal generated in the wa
plates is rejected with a Schott red filter. The beam is th
focused down onto the surface of the sample with a 65-m
focal-length lens without damaging the polarization of t
beam. The angle of incidence is 45°.

The reflected beam is collected by another lens and pa
a second Glan prism to select either thep- or s-polarized
reflected light. The IR reflection is rejected with Schott bl
glasses and the second harmonic photons at 532 nm ar
lected using a narrow interferential filter@3 nm full width at
half maximum~FWHM!#. Spatial filtering is also performed
We then detect the very weak off resonance seco
harmonic signal with a highly sensitive, low-dark-curre
photomultiplier tube~Hamamatsu H5783P!. The signal is
preamplified and integrated in a boxcar averager over a
ns gate synchronized with the laser, and sent to a comp
Thereafter, photon counting is performed in the data acq
sition program, using the same procedure as describe
Ref. 21: if the boxcar output voltage is higher than a fix
discriminator, one counts one photon, if lower, zero pho
~electronic noise!. We usually count for 1000 laser shots an
obtain typically 50–100 photons: it shows that we always
in a photon counting regime, due to the nonresonant co
tions. Every signal is averaged over 20 sessions of 1000 l
shots.

We performed two different kinds of experiments. Fir
the SHR was recorded while rotating the calcite sam
about its surface normal and, second, while varying the
larization of the incoming light, using thel/4 plate. In both
experiments, a stepper motor driven by the computer w
used for the rotation and it was possible to rotate the sam
or thel/4 plate~usually every 2°) without any misalignmen
perturbing the experiments.

FIG. 2. Experimental setup for second-harmonic reflection,
described in Sec. III.



e
ts
d
in
i

ty
-
a

at
s

e

a
th
in

r
ents
dis-
be

,

sfac-
al

for
ver

ts
s

cent
en-

ak,
rve

it
th

se
th

c

PRB 59 3213SYMMETRY AND PHASE DETERMINATION OF SECOND- . . .
IV. SHR AS A FUNCTION OF CALCITE
AZIMUTHAL ANGLE

First, we recorded the SHR from the calcite surface p
pendicular to thec axis, while rotating the sample about i
surface normal. Bothp- ands-polarized SHR were measure
for bothp- ands-polarized fundamental beams, every time
the same conditions to make it possible to compare the
tensities of the different spectra. Figure 3~a! @Fig. 3~b!# dis-
plays the p-polarized second-harmonic intensityI pp@ I sp#
with p- @s-# polarized incident light, whereas Fig. 4~c! @Fig.
4~d!# shows the s-polarized second-harmonic intensi
I ps@ I ss# with p- @s-# polarized incident light. All these spec
tra show a strong dependence upon the azimuthal angle
clearly exhibit threefold symmetry, since the intensity p
terns are repeating themselves every 60° or 120°. It seem
be consistent with aC3v symmetry for the calcite surfac
perpendicular to the axis.

We further check it by fitting our data with Eqs.~2.5! and
~2.6!. The quantities measured in these experiments areI pp

5Ku f pu2 for Fig. 3~a!, I sp5Kugpu2 for Fig. 3~b!, I ps

5Ku f su2 for Fig. 4~a!, andI ss5Kugsu2 for Fig. 4~b! whereK
is the same constant for all experiments because they
performed exactly in the same conditions. We calculate
geometrical coefficients with the refraction indices given
Appendix A, and we get for thef andg parameters

FIG. 3. p-polarized second-harmonic reflectance from a calc
surface perpendicular to its optical axes as a function of azimu
angle under~a! p-polarized excitation and~b! s-polarized excitation.
Error bars are indicated as vertical lines. The solid lines repre
the theoretical fits assuming complex susceptibilities, while
dashed lines are fits with only real parameters.
r-

n-

nd
-
to

re
e

f p520.242x22
~2! cos 3w20.236x15

~2!10.028x33
~2!

10.118x31
~2!

52Af p
cos 3w1Bf p

, ~4.1a!

gp50.258x22
~2! cos 3w10.126x31

~2!5Agp
cos 3w1Bgp

,
~4.1b!

f s50.25x22
~2! sin 3w5Af s

sin3w, ~4.1c!

gs520.266x22
~2! sin 3w52Ags

sin 3w. ~4.1d!

The A parameters are directly proportional tox22
(2) within

a positive real constant and theB’s correspond to the othe
components. They are taken as real numbers as experim
are performed off resonance. The corresponding fits are
played in Figs. 3 and 4 and several conclusions can
drawn. First of all, theC3v symmetry is clearly corroborated
as expected from the calcite structure. The fits fors-polarized
SHR are good and these experimental results can be sati
torily explained with our theoretical assumption of a re
dipolar contribution. However, the fits are not so good
p-polarized SHR where we observe that the signal ne
goes to zero. The fit formula (A cos 3w1B)2 never gives the
desired shape: ifB.A, there is a background but one ge
peaks every 120°; ifB,A, one gets two dissymmetric peak
every 120° but the signal goes to zero between two adja
peaks. Neither of these cases corresponds to our experim
tal results. The nonvanishing minima, although quite we
are well above our detection limit and we do not obse
such a background for thes-polarized SHG. This nonzero

e
al

nt
e

FIG. 4. Same as Fig. 4, but fors-polarized second-harmoni
reflectance.
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3214 PRB 59S. K. ANDERSSON, M. C. SCHANNE-KLEIN, AND F. HACHE
signal could be a background due to molecules adsorbe
our calcite surface, as we performed the experiments in
room atmosphere: such an isotropic layer gives rise only
p-polarized SHG, not sensitive to the azimuthal angle.3 But
we always cleaned carefully our sample and we never
served such a highp-polarized background with other su
faces like fused silica in the same conditions.

Another way to explain our results would be to suppo
that the susceptibilities we have introduced to fit the data
not real, but complex valued. At this stage, we do not h
pothesize about the physics of these complex susceptibil
and only replace thex (2)’s by complex numbers for all thef,
g, andh coefficients. Doing so does not change anything
the s-polarized SHR case~Fig. 4! since we only measure th
modulus ofx22

(2) in that case. However, for thep-polarized
SHR case, a difference of phase betweenx22

(2) and the con-
stant partBf or Bg allows a very good fit of the two curve
displayed in Fig. 3 with the formulaI pp,sp5uAf ,gu2 cos23w
1uBf,gu272uAf,guuBf,gucos 3w cosdf,g , where d f ,g is the phase

difference betweenAf ,g ~i.e., x22
(2)) andBf ,g . From the four

fits, we get four independent estimations ofx22
(2) in relative

units: 1.01 (f p), 0.97 (gp), 1.02 (f s), and 1.01 (gs). The
agreement is very good between the four experiments c
bining different input and output polarizations. We also g
an estimation of the phase differenced:cosd520.660.1.
We will comment further on this point in the following.

We also measured thes-polarized SHR when thel/2
plate was positioned at 20°, which yields that only the l
term in Eq. ~2.4! contributes to thes-polarized second-
harmonic intensity, since the first and second terms bec
equal but with opposite signs. Thus, it allows a direct m
surement ofuhsu2. This spectrum also exhibitsC3v symme-
try, although the minima of the spectrum are well above
zero level, similarly to the spectra ofu f pu2 and ugpu2. Using
complex-valuedx22

(2) also gives a good fit of the experiment
data.

Measurements were also performed on the calcite sur
parallel to the optical axis. The SHR from these measu
ments exhibits a pattern with lower symmetry than the S
from the previous measurements, as expected from the lo
symmetry of this surface. If one considers aC1v symmetry
and includes the effects of birefringence, the SHR patter
dependent upon many different terms so that no attempt
done to do an adequate fit to the measurements.

V. SHR FOR MODULATED FUNDAMENTAL
POLARIZATION: ROTATION

OF THE QUARTER-WAVEPLATE

Complementary information can be brought by a seco
set of experiments, where the SHR signal is recorded ve
the angle of rotation of the quarter-waveplate on the fun
mental beam. In that case, the ellipticity of the fundamen
beam is continuously changed, which corresponds to a c
tinuous phase difference between thep and s polarization.
Therefore, this measurement is very sensitive to the phas
the different susceptibility tensor components and not only
their modulus, as was the case in the previous measurem

We studied only the calcite surface perpendicular to
optical axis, for different azimuthal positions of the calc
on
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crystal. We recorded thep- ands-polarized SHR as a func
tion of the angleu between the quarter-waveplate fast ax
and thep polarization. Figure 5 shows typical experiment
spectra, for both positions of the analyzer and at a cal
azimuthal angle of 33°. These spectra exhibit a 180° sy
metry as expected from the quarter-waveplate behavior.

To fit these experimental data, we use thef, g, and h
coefficients introduced in Eq.~2.4!, and calculate the SHG
intensity as a function of the angleu of the
quarter-waveplate:18

I ~2v!5~K/4!2@~ f 82g814 f 9 cos 2u2~ f 82g8!cos 4u

12h9 sin 2u2h8 sin 4u!21~ f 92g924 f 8 cos 2u

2~ f 92g9!cos 4u22h8 sin 2u2h9 sin 4u!2#,

~5.1!

where the prime denotes the real part and the double pr
the imaginary one. This formula is valid forp- or s-polarized
SHG, inserting the corresponding coefficients. When fitt
the experimental curves, one cannot access the abs
phase of the parameters, but only relative phases, and in
fitting procedure, we fix one of the parameters as real.
tails of the fitting procedure are given in Appendix B. E
amples of these fits are given in Fig. 5. The agreemen
very good. Despite the fact that there are many fitting para
eters, the experimental curves display complicated eno
structures for the fits to be significant. In particular, it is n

FIG. 5. ~a! p-polarized component and~b! s-polarized compo-
nent of the second-harmonic reflection versus the rotation angl
the quarter-waveplate at a fixed azimuthal position (33°) of
calcite. Error bars are indicated as vertical lines. The solid li
represent fits with the formula~5.1! using complex parameters
while the dashed lines correspond to only real parameters.
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possible to obtain satisfactory fits when ignoring the ima
nary parts of the parameters, as real parameters give a
symmetry, not compatible with our experimental results~see
solid and dotted lines in Fig. 5!. This very high sensitivity to
the phase difference between the parameters has alr
been observed in experiments with chiral molecules. In p
ticular, it is known that the presence of a circular dichrois
in surface SHG is definite proof of a phase difference
tween thef, g, andh parameters. This circular dichroism
obvious in Fig. 5 where the signal is different when t
quarter-waveplate angle is645°, i.e., when the fundamenta
beam is right or left circularly polarized.

We have performed a set of experiments for different a
muthal anglesw of the sample, from 0 to 120° every 10°,
determine the angular dependence of the parame
f p,s ,gp,s , andhp,s . Following the fitting procedure outlined
in Appendix B for thep-polarized SHR experiments, we ob
tain f e f f8 , f e f f9 ,ge f f8 ,ge f f9 , andhe f f8 as a function ofw. They
are displayed in Fig. 6. We get similar results for t
s-polarized case. We recover the expected sin 3w or cos 3w
dependence already observed in the previous experim
when rotating the calcite crystal itself. An important point
notice is that we do not observe anyw dependence forf e f f9
andge f f9 ~the bad points around 60° are somewhat artific
because the reference parameterhe f f8 is close to zero!. The
parametersf e f f9 andge f f9 can therefore be considered as co
stant. This indicates that all theA’s introduced in Appendix

FIG. 6. The real and imaginary parts off e f f ,ge f f , and he f f

given by the fits of thep-polarized experimental data sets wh
rotating the quarter-waveplate for different azimuthal positions
the calcite surface. Details about the fitting procedure are give
Appendix B. The lines correspond to fits according to Eqs.~B1!.
-
0°

dy
r-

-

i-

rs

ts,

l

-

B are in phase and that our assumption that the same c
plex x22

(2) can be used forf, g, and h is valid, as for the
dipolar second-order susceptibily. From thef e f f8 ,ge f f8 , and
he f f8 curves, we can get measurements of thex (2) compo-
nents after carefully inserting the Fresnel factors. We obt
six independent measurements ofx22

(2) , in relative units: 0.95
( f e f f8 ), 1.04 (ge f f8 ), and 1.01 (he f f8 ) for p out and 0.94 (f e f f8 ),
1.08 (ge f f8 ), and 0.98 (he f f8 ) for s out, which shows very
good agreement. The other results are summarized in T
I, where a comparison is done with the results obtained in
sample rotation experiments. We have also introduced
measurement performed when rotating the sample with
fundamental polarization chosen so as to measure dire
hs . The parameterx15

(2) is estimated fromhs ,x31
(2) from gp ,

and these values allow one to deducex33
(2) from f p . The

agreement is very good between both kinds of experime
and here again, we clearly demonstrate that there must e
some imaginary parts to fit the data. The phases are give
Table I with respect tox22

(2) : this does not imply that this
particular component is real and the other ones complex,
it indicates that there is some phase difference between
various components. Actually, it seems thatx33

(2) ,x31
(2) , and

x15
(2) have the same phase, whereasx22

(2) is dephased com
pared to these components. Note thatx22

(2) is the only com-
ponent which is specific to theC3v symmetry of the calcite
crystal and which implies only coordinates in the plane
the surface.

VI. DISCUSSION

We come now to a discussion of the possible origins
the phase difference we have observed experimentally. M
work has been devoted to theoretical explanations of
mechanisms responsible for surface SHG,1,4,8,29–32and we
want first to summarize these various origins. The main c
tribution to the surface SHG is the surface-dipolar seco
order susceptibility as introduced in Sec. II. Most of t
work performed on surface SHG aims at measuring this c
tribution. However, Guyot-Sionnest and Shen30 have shown
that there exist many other mechanisms responsible for
face SHG. First, the rapid variation of the electric field acro
the surface can generate a nonlinear polarization.1 Another
contribution comes from the discontinuity of the bulk qu
drupolar susceptibility at the surface.31 These two effects can
be cast under an effective surface susceptibility.31 It is clear
from the calculation of Refs. 30 and 31 that all these susc
tibilities can be expressed as integrals over a very thin la
corresponding to the ‘‘surface.’’ Therefore, no retardati
effects due to the propagation of the light come into pla

f
in

TABLE I. Amplitude and phase of thex (2) components relative
to those ofx22

(2) , obtained from the two different sets of exper
ments.

Rotating sample Rotating quarter-waveplate

x15
(2)/x22

(2) 1.9 (1147°) 2.0 (1134°)

x31
(2)/x22

(2) 1.4 (1137°) 0.9 (1148°)

x33
(2)/x22

(2) 11 (1174°) 15 (1146°)
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and, far from any resonance, these susceptibilities are
real.

Besides this ‘‘surface’’ contribution, there is also som
SHR signal that comes from the bulk of the sample. T
signal originates in a quadrupolar susceptibility and the c
responding nonlinear polarization can be expressed a
function of the electric fieldE as E¹E. The ¹E term is a
signature of the nonlocal nature of the quadrupolar inter
tion. As a consequence, the quadrupolar polarization
dephased byp/2 compared to the dipolar one. Howeve
once this nonlinear polarization is generated in the bulk,
radiated second-harmonic beam must propagate before i
exit the sample and one has to integrate the bulk contribu
over a certain layer, taking into account the retardation
fects due to the propagation. The second-order polariza
P(2) at a depthz in the bulk is generated with a phase fact
due the wave vector mismatchDk between the forced an
the free waves and the radiated second-harmonic field ca
expressed as

E~2v!}E
2`

0

P~2!~2v!eiDkzdz. ~6.1!

When the integration is performed, one ends up with
electric field proportional toP(2)/ iDkz,29,32 and the electric
field is dephased byp/2 compared toP(2). Finally, no phase
difference is therefore expected between the bulk quadru
lar and the surface dipolar contributions. In the case o
birefringent crystal like calcite, the formalism is somewh
more involved as the expression ofDk depends on the po
larization of the fundamental and harmonic beams. T
should, however, not change qualitatively the above anal
and only introduce some numerical factors~which can be
plugged in thef, g, andh coefficients, for example!.

In view of this discussion, far from any resonance, we
not expect any phase difference between the SHR sig
from various physical origins. We must therefore come
with new interpretations to explain our experimental obs
vations. A first explanation may be that, in reality, our e
periments encounter some resonances. This does not se
hold since we are far from any absorption in calcite for t
fundamental beam as well as for the harmonic one, an
residual effect would not be sufficient to explain phase d
ferences as large as in our experiments. We also observe
x31

(2).x15
(2) , which is characteristic of the Kleinman symm

try which applies only far away from resonances. Contrib
tions from surface electronic states, either intrinsic ones
states related to adsorbed molecules~if they exist!, as already
observed for crystalline surfaces,33 are not as well expecte
to be resonant. Another possible explanation may be tha
observed phase difference comes from a surface quadru
effect. Indeed, there can exist a quadrupolar contribution
side the dipolar one, as a higher-order term in the pertu
tion development, and these two effects would be depha
by p/2, as they both originate physically from the same
cation. Such higher-order terms have been observed in c
molecules deposited on clean surfaces,16,21 and one could
suppose that such an effect could exist for a bare cry
surface. However, this is expected to be very weak. At l
we can wonder about the ‘‘rephasing’’ of the bulk quadr
polar and the surface dipolar signals due to the propaga
all
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of the bulk signal over a coherence length. Indeed, tak
proper account of the effects of birefringence is a very in
cate subject, well beyond the scope of this paper, and
above analysis could prove to neglect some important as
of that problem. Unfortunately, it is difficult at this stage
have a definite opinion about this phase difference, as
ready noticed by others.19

VII. SUMMARY

We have performed SHR from the calcite surface perp
dicular to the optical axis. First, we measured the azimut
dependence of calcite SHR which is the usual way to de
mine the structural symmetry of a surface. We observe
C3v symmetry as expected for this calcite surface. Furth
more, the nonvanishing background forp-polarized SHR is a
first indication of some phase difference between the diff
ent tensor components characterizing SHR. Then, we mo
lated the polarization of the fundamental beam with
quarter-waveplate to measure the relative phases of the
tensor components. This gives clear evidence of comp
valued components, and their azimuthal dependence sho
C3v symmetry consistent with the former measuremen
Quantitative comparison of the phase and moduli of the t
sor components obtained by the two different sets of exp
ments also shows a good agreement. However, the phy
origin of the phase difference of certain SHR tensor com
nents is not clear as experiments are performed in the tr
parent region for calcite.

We are now able to compare these two methods for
first time. They give the same results, but not with the sa
reliability. The measurement of the sample azimuthal dep
dence is still the clearest and easiest way to determine
surface symmetry, whereas waveplate rotation experim
have proved to be a new reliable and sensitive method
measure phases in SHR. It can be combined with any S
experiment, whatever the surface under study, the angl
incidence, or the order of magnitude of the second-harmo
signal. As a conclusion, it appears to be an easy metho
measure relative phases in SHG. It may be improved to m
sure absolute phases, as already done for Langmuir-Blod
films,34 but surely with decreasing experimental conv
nience.

APPENDIX A: DOUBLE REFRACTION

Calcite is a uniaxial crystal with extraordinary inde
along the optical axis given byne51.48 and ordinary index
no51.65 ~in the visible or near infrared!. A beam impinging
on the crystal surface at an angleu1 is refracted inside the
crystal at two different angles depending on t
polarization:35

n2p,s sinu 2p,s5n1 sinu1 . ~A1!

Here the surface is normal to the optical axis~see Fig. 1!,
so that thes polarization encounters the ordinary index a
the p polarization an intermediate one determined by
propagation direction inside the crystal:

1

n2p
2

5
cos2 u2p

no
2

1
sin2 u2p

ne
2

. ~A2!
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The combination of Eqs.~A1! and~A2! gives forn151 in
the air and u1545°:n2s51.65 and u2s525.4° for the
s-polarization ~ordinary beam! and n2p51.61 and u2p
526.0° for thep polarization~extraordinary beam!.

APPENDIX B: FITTING PROCEDURE

In this appendix, we want to give a precise account of
use of Eq.~5.1! to fit the experimental data obtained whe
rotating the quarter-waveplate on the fundamental be
~Fig. 5!. This equation has only five parameters since, fi
we are interested in relative measurements and, second
absolute phase is unknown. It is therefore possible to di
gard the constantK and to put one of the parameters as re
Let us first consider the case when the SHR beam isp po-
larized. According to Eq.~2.5!, the coefficient with the sim-
plest angular dependence ish ~we drop here the subscriptp).
We will therefore choose this parameter as a reference
rameter and set it as real. After some algebraical calculat
using Eqs.~4.1! and h52Ah sin 3w, and writing d IJ the
phase difference between two complex numbersI andJ, it is
a

Re

.

r,

tt.

et

.

em

.U
e

m
t,
the
e-
l.

a-
ns

easy to see that the five effective parameters that we get f
the fits are

f e f f8 52uAf ucos 3w cosdAfAh
1uBf ucosdBfAh

, ~B1a!

f e f f9 52uAf ucos 3w sindAfAh
1uBf usindBfAh

, ~B1b!

ge f f8 5uAgucos 3w cosdAgAh
1uBgucosdBgAh

, ~B1c!

ge f f9 5uAgucos 3w sindAgAh
1uBgusindBgAh

, ~B1d!

he f f8 52uAhusin 3w. ~B1e!

Plotting these parameters versusw allows one to get pre-
cisely the relative magnitude and phase of theA’s andB’s. If
the SHR beam iss polarized,f andg both have a uniquew
dependence, and we chooseg as a reference. Of course
choosingf leads to the same final results. Utilizing this pr
cedure to fit our experimental curves leads to the res
listed in Table I.
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