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Symmetry and phase determination of second-harmonic reflection from calcite surfaces
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We perform second harmonic reflecti®HR) on the calcite surface perpendicular to thexis. First, we
record the signal as a function of the azimuthal angle of the sample, which clearly evidenCgs syenmetry
of this surface, and we show that the nonvanishing background gf-gwarized 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
guantitative agreement, even though the origin of this phase difference is not perfectly clear.
[S0163-182609)06504-2

I. INTRODUCTION measure nonlinear circular dichroi¥thi*=2 (difference of
SHR for a left or right circularly polarized fundamental

Second-harmonic reflectid@HR) has proved to be a sen- beam), which has proved to be a very sensitive tool to study
sitive tool for studying surfaces and interfacé$The SHR  chirality. Such experiments have also been performed on
originates mainly in a dipolar second-order contribution asachiral well-organized Langmuir-Blodgett films, either with
allowed by the breakdown of the centrosymmetry at the surhalf-(Ref. 12 or quarter(Ref. 19 waveplates.
face. The symmetry of this surface dipolar susceptibility ten- We propose here to extend this method to a crystal sur-
sor is directly connected to the symmetry of the surface. Thgace and determine both the relative phases of the suscepti-
same applies for bulk quadrupolar contributions and surfaceility tensor components and the structural symmetry of the
contributions due to the discontinuity of the dielectric con-surface. It allows us to get physical insight into the crystal
stant at the surface. Therefore SHR as a function of thgyrface as the phases and moduli of all the surface suscepti-
sample rotation about its surface normal allows for the debility components are measured by the same experiment. We
termination of the structpral symm_etry of any surface. Such, e performed such measurements on a calcite crystal,
measurements of the azimuthal anisotropy of SHR have be€fich is a rhomboedric crystal. This birefringent centrosym-
thoroughly applied to study various surface¥’ Anequiva-  oapric crystal was studied quite early and optical second-
lent way to determine the surface symmetry is to rotate th armonic generation was observed in its bulk, due to quadru-

28:?;552?? U ;fj aﬂ;/eb;uvr\]/gzn;gtilal?_ﬁan\jeggzéng'ng on the o ar effect5-2But no SHR has been reported yet on this
Anot’her interesting issue in SHR is to détermine thecrystal or other noncubic crystals to our knowledge. First, we
Qave performed the usual experiments with a rotating

phase of the surface susceptibility tensor components. It i

possible from such measurements to get insight into the orS&MPI€. It proves that the surface perpendicular to the ex-

gin of the nonlinear response and into the relevant microfraordinary orc axis exhibits a threefold symmet@s, as

scopic phenomena. The usual method is to measure interfepXPected from the calcite structure. Furthermore, some non-
ences between the SHR signal and bulk second-harmonianishing background in the azimuthal SHR pattern indicates
generation(SHG) in a nonlinear referencejsua”y quarti that the tensor components are Complex valued. Then, we
from the remaining fundament&i=*® Recently, other meth- have performed quarter-waveplate experiments which give
ods have been propos&d®~°which provide only the rela- clear evidence of complex-valued tensor components and
tive phases of the different tensor components but are muchlso indicate &3, symmetry. A comparison of both types of
more direct. They consist in modulating the state of polar-experiments shows very good quantitative agreement. The
ization of the fundamental beam by inserting rotating wavetwo experiments turn out to be complementary, the first one
plates, and relating the SHR pattern to the complex-valuediving easily the structural symmetry of the surface, while
susceptibility tensor components and the waveplate rotatiothe second one gives a direct measurement of the phase of
angle. Using a quarter-waveplate has proved to be more ethe nonlinear susceptibility.

ficient than using a half-waveplate to extract the phase dif- After this Introduction, we briefly give the theoretical
ference in the SHR signal because it introduces directly &ackground for SHR on &3, surface in Sec. Il. We then
phase difference between the various polarization compadescribe the experimental setup in Sec. Ill. Section IV is
nentsp ands of the fundamental beaff:?° This remarkable  devoted to the results obtained when rotating the sample and
property has already been exploited to study phase differSec. V when rotating the quarter-waveplate. We discuss in
ences induced by the handedness of chiral molecules depdSec. VI the possible origins of the complex components in
ited on a surfacé®?! In particular, it makes it possible to our SHR from calcite, before concluding in Sec. VII.
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AL=: where the uppercasdowercase letters refer to the labora-
20 tory (crystalling frame. Applying this formula to our geom-
etry, we are able to get the laboratory susceptibility tensor
relevant for our experiment
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FIG. 1. Geometry of SHR on rotating calcit&Y Z is a fixed
laboratory frame and&yz is a crystalline frame rotating with the One can see that the angular dependence is¢cas3
sample. sin3p, in accordance with the surface symmetry. A similar
calculation may be carried out for the other surfagesallel
Il. THEORETICAL CONSIDERATIONS to the c axis). However, given that the symmetry is much

Second-harmonic generation from a crystalline surfacéower (C1,), there are many different terms and we will not

. . . . S give them here.
originates mainly in dipolar second-ord_gr contributions, With these coefficients, it is now possible to express the
characten;ed by a secon'd-order susceptibility whose SYMM&econd-harmonic field generated through this surface contri-
try properties are determined by the symmetry of the surface[.)u

This second-order suscentibility is usually aiven in the crvs. tion. It is relevant to introduce theandp polarizations for
P ty Y9 y the fundamental as well as for the second-harmonic beam. In

talline frame, but experimental measurements give its tens%e laboratory frame, we havE(e)=E(w)(1,0,0) and
] S - 1Yy

components in the laboratory frame, so that it is relevant tqz .
) . . p(®)=E(w)(0,co9,,singy) for the fundamental beam and
connect these two tensat&in the following, we derive this E.(20)=E(20)(1,0,0) and Ey(2w)=E(2w)(0,— cos,

connection in the particular case of calcite. Calcite is a blre'sinal) for the harmonic one where, is the incidence(re-

fringent rhomboedric crystal, whose extraordinary axis is th n .
c axis. In this section, we only deal with the surface perpen?lecuon) angle of the fundamentaharmonig beams(see

Fig. 1). Given that the SHR field is proportional to the total
olarization, we can obtain the dependence&E¢2w) with

e crystal anglep from the previous calculation.

Let us writg®

dicular to thec axis. This surface has@z, symmetry when
one considers not only the surface atoms but also the fir
layer of inner atoms. Let,y,z be the crystalline frame, with
z=c, and where we defin& andy so that the plane of

symmetry of the surface igz. The nonvanishing compo- Ep,s(zw):fp,sE,ZJ(w)+gp,sE§(w)+hp,sEp(w)Es(w)'
nents of the second-order dipolar susceptibility in that frame (2.4
are given by

To calculate the parametefgy,h, one must carefully intro-
duce the Fresnel coefficients that describe the transmission
of the electric field through the crystal surface. We do not
distinguish between the fundamental and harmonic beam co-
2 =32 = X<y2y>zz X<y22>yz X2, (2.1p  efficients because experiments are performed off resonance
and the dispersion is negligible. It is simpler to introduce
tx.ty, andtz (with t;=E;, /Eoy,i =X,Y,Z) rather thants
andt,; an expression dfy,ty, andt; can be found in Ref.
2 (2 2. To take the calcite birefringence into account, we distin-
X227=X33 » (210 guish between the two indices, (for Y andZ) andny (for
X) whose expressions are derived in Appendix A. They are
where we have used the usual contraction of the last twealculated asny,=1.61 andn,=1.65. As they are very
indices on the right hand side of these equations. These diose, the birefringence effects are not expected to be dra-
polar susceptibility components are real if far away from anymatic. Neglecting the walk-off and the difference of propa-
resonance and complex in the neighborhood of a one- agation direction for the two beams into the calcite crystal, the

2) _ 2) _ 2) _ 2)— (2
Xgly)y_ _Xi’X)X_ _Xix)y_ _X§<y)x= X(22) ) (2.19

2) _ (2)_ _(2
X=X = X (2.10

two-photon dipolar resonance. numbersf,g,h are calculated as
Let now XY Z be a laboratory frame, obtained froxyz e 2n2e o
by a rotationR of angle ¢ aroundz(=Z). The plane of fo=—x53ty coS’ 6; cos 3p— 2xFtit; sin 6, cos 6;

incidence of the incoming light is chosen 4% (see Fig. 1
The transformation of the tensor components obeys the fol-
lowing law:

+x2t2t, sin 6, cof 6+ x Gt sin® 6, (2.59
0p= x5 tity COSO; cos Jp+ x 7 t5tzsind;, (2.5D

X153k = RiRyj R iy » (2.2 h,=—2x3txt5 cog 6, sin 3¢, (2.50
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f.=+v2t.t2 cod 6, sin 3 26 Beam Wave ettt .
s— X22 Ixly 1 P (2.6 spliter plate (" ., SAMPLE
gs= — X33ty sin 3¢, (2.6b [Na:vag ] Sg—t— $
Glan Red L
he= —2x52t3ty cosh, cos 3p+ 2 2tat, sing,. (2.609 prism filter L ens<t>
. Gl
As expected for &, surface,f,g,h exhibit a threefold o IZI
L i KDP prism
symmetry upon the azimuthal angle. The modulated part of :
these coefficients (cog3and sin &) only depends on((zzz) Spectral [
whereas the other components will contribute to their con- |;_l;| ;'“st‘e’:i‘l:ag'

stant part. These expressions are not strictly rigorous due to
the approximations made. However, as already stated, the
birefringence is not very strong for this geometry, and this

error should therefore be less important than the one due to P
the plane wave approximation utilized here. As we are not Reference v
interested in a precise quantitative determination of the am- - > Boxcar
plitude of x(?), this error is not relevant.

Until now, we have only considered surface-dipolar
second-order contributions to SHR. However, it is well FIG. 2. Experimental setup for second-harmonic reflection, as
known that bulk quadrupolar contributions are important fordescribed in Sec. IlI.
calcite?® This contribution originates from a nonlocal polar-
ization P= y*EVE and depends on a quadrupolar suscepti-

bility x* (rank-4 tensor The symmetry of calcite beir@m, 5 js 50 stable that no normalization is necessary. Very pure

this susceptibility tensor has eight independent componentapomized light is achieved with a Glan prism and thereafter
as 9"6‘—‘? n tlﬁef. 269(1'1’Xl’zéxm'X3'é’X3y3fglé"]f(4vlt’h aréq A beam passes\d2 or a\/4 quartz plate. By rotating the
Xaa. 2SING € Same procedure as described 1ot the dipo EUi/aveplates it is possible to vary the polarization of the beam.

contribution, one can calculate the quadrupolar tensor in tht.arh K d-n ic sianal din th
laboratory frame. After a straightforward but tedious calcu- € weak second-narmonic signa generate n t € wave-
' plates is rejected with a Schott red filter. The beam is then

lati i ly th +B or Asi .
ation, we obtain exactly the samfecos 3 or Asin 3p focused down onto the surface of the sample with a 65-mm-

dependence fof, g, andh, with A and B being summations focal-l h ith d . h larizati f th
of different quadrupolar tensor components. More generally ocal-length lens without damaging the polarization of the

all the contributions to the SHR are intrinsically determined?€am. The angle of incidence is 45°.

by the surface symmetry and exhibit a threefold symmetry as The reflected be_am is coIIected_by another lens and passes
in Egs. (2.5 and(2.6). The only specificity of every contri- @ Second Glan prism to select either theor s-polarized
bution is the sets of parametefsand B and their relation- reflected light. The IR reflection is rejected with Schott blue
ships. Finally, the expressioii®.5 and(2.6) describe quali- 9glasses and the second harmonic photons at 532 nm are se-
tatively well the SHR, even though it does not allow one tolected using a narrow interferential filte8 nm full width at

take properly into account the effects of birefringence. half maximum(FWHM)]. Spatial filtering is also performed.
We then detect the very weak off resonance second-
Il. EXPERIMENTAL SETUP harmonic signal with a highly sensitive, low-dark-current

) ) ) photomultiplier tube(Hamamatsu H5783P The signal is
The SHR from single-crystalline calcite surfaces has beepreamplified and integrated in a boxcar averager over a 300
measured using a Nd :YAG laser at 1.064n. Calcite is g gate synchronized with the laser, and sent to a computer.
transparent at this wavelength and at its second harmo”"?hereafter, photon counting is performed in the data acqui-
532 nm. Qur calpite crystal is carefu_lly oriented Wi_th reSpe(.:tsition program, using the same procedure as described in
to its optical axis, and cut and polished to obtain a CUbICRef. 21: if the boxcar output voltage is higher than a fixed

samplg_wnh a side dimension of about 1 cm. We have th.%iscriminator, one counts one photon, if lower, zero photon
possibility to study both a surface perpendicular to the opti-

cal axis and another one parallel to the optical axis. We Caﬁelectronlc noisg We usually count for 1000 laser shots and

easily spatially separate between the relevant signal from th%btaln typically 50._100 ph otons: it shows that we always are
a photon counting regime, due to the nonresonant condi-

first surface and the one from the back surface. The crystal i& ) ) :
fixed on a rotating stage, and we can rotate it about its sufions. Every signal is averaged over 20 sessions of 1000 laser
face normal as displayed in Fig. 2. The surface normal i$"OtS. _ _ _ _
coincident with the optical axis when studying the surface W€ performed two different kinds of experiments. First,
perpendicular to the optical axis. the SHR was recorded while rotating the calcite sample

Our mode-lockedQ-switched YAG laser delivers series about its surface normal and, second, while varying the po-
of 150 ps pulses with a repetition rate of 400 Hz and ondarization of the incoming light, using the/4 plate. In both
pulse of about 10Q.J is selected. The stability of the laser is experiments, a stepper motor driven by the computer was
checked with a reference beam obtained by splitting a fewused for the rotation and it was possible to rotate the sample
percent of the main beam to measure bulk SHG in a smalbr the\/4 plate(usually every 2°) without any misalignment
KDP crystal with a photodiode. However, the reference sigperturbing the experiments.
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FIG. 3. p-polarized second-harmonic reflectance from a calcite FIG. 4. Same as Fig. 4, but farpolarized second-harmonic
surface perpendicular to its optical axes as a function of azimuthlyfacrance T
angle undefa) p-polarized excitation antb) s-polarized excitation. '

Error bars are indicated as vertical lines. The solid lines represent fo= —0.242¢2) cos 3P_0-23@((125)+0-028¥(323)
the theoretical fits assuming complex susceptibilities, while the
dashed lines are fits with only real parameters. + 0.118;((321)
=—A; cos3p+B;, (4.139
IV. SHR AS A FUNCTION OF CALCITE P P

AZIMUTHAL ANGLE 0p=0.25853 c0s 3p+0.126v5'= Ay cOS3p+By ,

First, we recorded the SHR from the calcite surface per- (4.10
pendicular to the axis, while rotating the sample about its f,=0.25¢%2 sin 3p=A;_sin3p, (4.10
surface normal. Botp- ands-polarized SHR were measured
for bothp- ands-polarized fundamental beams, every time in gs=—0.266¢%5 sin3p=—Ay sin3¢.  (4.10
the same conditions to make it possible to compare the in-
tensities of the different spectra. FiguréB[Fig. 3b)] dis- The A parameters are directly proportional ¢ within

plays the p-polarized second-harmonic intensity[1s,] & positive real constant and tiis correspond to the other
with p- [s-] polarized incident light, whereas Fig(c} [Fig. components. They are taken as real numbers_as gxpenmgnts
4(d)] shows the s-polarized second-harmonic intensity alre p(cajrf_orm(_ad off resc:jnance. dThe corr:aspontljlng fits are dt|)s—
Ipd 1] with p- [s-] polarized incident light. All these spec- Plaved It 't:'gfs-":‘}t;‘g: 4 an severa oonclusiohs can be
tra show a strong dependence upon the azimuthal angle algéagvn'ec'trg‘ d ?roe:n’ the c?':lvlc?lemsTrecrty Irz cTehaer ]}{t;rrgla?.raeg '
clearly exhibit threefold symmetry, since the intensity pat- xp h : uctu 'I II polarized f
terns are repeating themselves every 60° or 120°. It seems fHR are gqod and_ these experimental results can be satisfac-
b . ih for th lci ' ; 8r|ly explained with our theoretical assumption of a real

e cons!stent wit 3v. symmetry for the calcite surface dipolar contribution. However, the fits are not so good for
pe:/;z/inf(il;rctzlearr ctﬁ etslfita)gi'f tting our data with Eq&.5) and p-polarized SHE vah;:tre WIZA( observe t;12at the signal kr:ever

~ ; e goes to zero. The fit formulai(cos 3p+B)~ never gives the

(2.6). The quantities measured in these experimentd e desired shape: iB>A, there is a background but one gets
:Klfp|2 for Fig. 3a), lsp:K|gp|2 for Fig. 3b), lps  peaks every 120°; B<A, one gets two dissymmetric peaks
=K]f|* for Fig. 4(a), andl = K|gs|* for Fig. 4b) whereK  every 120° but the signal goes to zero between two adjacent
is the same constant for all experiments because they afgaks. Neither of these cases corresponds to our experimen-
performed exactly in the same conditions. We calculate theal results. The nonvanishing minima, although quite weak,
geometrical coefficients with the refraction indices given inare well above our detection limit and we do not observe
Appendix A, and we get for thEandg parameters such a background for thepolarized SHG. This nonzero
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signal could be a background due to molecules adsorbed on 70
. . - Real parameters
our calcite surface, as we performed the experiments in our (a)
. . . . . 60 |- Complex parameters
room atmosphere: such an isotropic layer gives rise only to a
p-polarized SHG, not sensitive to the azimuthal arigBat so L

we always cleaned carefully our sample and we never ob-
served such a higp-polarized background with other sur-
faces like fused silica in the same conditions.

Another way to explain our results would be to suppose
that the susceptibilities we have introduced to fit the data are
not real, but complex valued. At this stage, we do not hy-
pothesize about the physics of these complex susceptibilities
and only replace thg(®’s by complex numbers for all thig
0, andh coefficients. Doing so does not change anything for
the s-polarized SHR cagFig. 4) since we only measure the
modulus ofx$2) in that case. However, for the-polarized
SHR case, a difference of phase betwad® and the con-
stant partB; or By allows a very good fit of the two curves
displayed in Fig. 3 with the formuldy, s,=|A 4|* cos?3¢
+[Br o*F 2|A¢ 4l|Bt gcos 3pcosé; 4, where & 4 is the phase
difference betweer 4 (i.e., x2) and Bt,g- From the four
fits, we get four independent estimationsAdfz) in relative
units: 1.01 €,), 0.97 @), 1.02 (fs), and 1.01 §s). The
agreement is very good between the four experiments com-
bining different input and output polarizations. We also get
an estimation of the phase differendecosé=—0.6+0.1. 0 90 180 270 360
We will comment further on this.point in the following. WAVEPLATE ANGLE(degrees)

We also measured thepolarized SHR when the /2
plate was positioned at 20°, which yields that only the last FIG. 5. (a) p-polarized component ani) s-polarized compo-
term in Eq. (2.4 contributes to thes-polarized second- nent of the second-harmonic reflection versus the rotation angle of
harmonic intensity, since the first and second terms becomiée quarter-waveplate at a fixed azimuthal position (33°) of the
equal but with opposite signs. Thus, it allows a direct meacalcite. Error bars are indicated as vertical lines. The solid lines
surement Oﬂhs|2- This spectrum also exhibi§;, symme-  represent fits with the formul#5.1) using complex parameters,
try, although the minima of the spectrum are well above thevhile the dashed lines correspond to only real parameters.

zero level, S|mlla(r2|;/ to the spectra Mp|_2 and|gy|?. Using  crystal. We recorded the- and s-polarized SHR as a func-
complex-valuedy; also gives a good fit of the experimental tjon of the angled between the quarter-waveplate fast axis
data. and thep polarization. Figure 5 shows typical experimental
Measurements were also performed on the calcite surfacspectra, for both positions of the analyzer and at a calcite
parallel to the optical axis. The SHR from these measureazimuthal angle of 33°. These spectra exhibit a 180° sym-
ments exhibits a pattern with lower symmetry than the SHRmetry as expected from the quarter-waveplate behavior.
from the previous measurements, as expected from the lower To fit these experimental data, we use they, and h
symmetry of this surface. If one consider<Cq, symmetry  coefficients introduced in Ed2.4), and calculate the SHG
and includes the effects of birefringence, the SHR pattern igtensity as a_ function of the angled of the
dependent upon many different terms so that no attempt wagarter-waveplaté’
done to do an adequate fit to the measurements. |(20)=(KI&Z[(f' —g' +4f" cos 20— (' —g')cos 40

+2h" sin20—h’ sin46)2+ (f"—g"—4f' cos 29

40

30

SECOND-HARMONIC INTENSITY (arb. units)

V. SHR FOR MODULATED FUNDAMENTAL _ _
POLARIZATION: ROTATION —(f"—g")cos 49— 2h’ sin 20—h" sin 46)?],
OF THE QUARTER-WAVEPLATE 5.1)

Complementary information can be brought by a secondvhere the prime denotes the real part and the double prime
set of experiments, where the SHR signal is recorded versuhe imaginary one. This formula is valid fpr or s-polarized
the angle of rotation of the quarter-waveplate on the fundaSHG, inserting the corresponding coefficients. When fitting
mental beam. In that case, the ellipticity of the fundamentathe experimental curves, one cannot access the absolute
beam is continuously changed, which corresponds to a corphase of the parameters, but only relative phases, and in the
tinuous phase difference between theand s polarization.  fitting procedure, we fix one of the parameters as real. De-
Therefore, this measurement is very sensitive to the phase ddils of the fitting procedure are given in Appendix B. Ex-
the different susceptibility tensor components and not only tamples of these fits are given in Fig. 5. The agreement is
their modulus, as was the case in the previous measurement&ry good. Despite the fact that there are many fitting param-

We studied only the calcite surface perpendicular to theeters, the experimental curves display complicated enough
optical axis, for different azimuthal positions of the calcite structures for the fits to be significant. In particular, it is not
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TABLE I. Amplitude and phase of thg(® components relative

3ra ° fer @ ; , .
> [ ) to those ofyyy , obtained from the two different sets of experi-
| B ments.
1+
(U Rotating sample Rotating quarter-waveplate
g -Ar ), (2 o o
B oL X5/ X% 1.9 (+147°) 2.0 (+134°)
2 4L x21x2 1.4 (+137°) 0.9 (+148°)
L 1 1 1 1 | 1
; 3F o) . XB1x83 11 (+174°) 15 (+146°)
S of *
= T .___‘__.___.__f__e________,___.__ B are in phase and that our assumption that the same com-
z o s o - a plex x$2) can be used fof, g, and h is valid, as for the
S - C . dipolar second-order susceptibily. From thg;,g.¢;, and
% 2r hgss curves, we can get measurements of i#® compo-
2 O3F nents after carefully inserting the Fresnel factors. We obtain
=] S . b six independent measurementsy&} , in relative units: 0.95
g ,L Y (fLe), 1.04 @L¢), and 1.01 b.,) for p out and 0.94 {.,),
= L 1.08 (94¢), and 0.98 ;) for s out, which shows very
= oL - good agreement. The other results are summarized in Table
L I, where a comparison is done with the results obtained in the
e sample rotation experiments. We have also introduced the
2r . measurement performed when rotating the sample with the
= T T T T fundamental polarization chosen so as to measure directly
0 20 40 60 80 100 120 hs. The parametex % is estimated fromhg,x53 from g,
AZIMUTHAL ANGLE (degree) and these values allow one to dedug§ from f,. The
o agreement is very good between both kinds of experiments,
FIG. 6. The real and imaginary parts 6f.gerr, andherr  and here again, we clearly demonstrate that there must exist

given by the fits of thep-polarized experimental data sets when some imaginary parts to fit the data. The phases are given in

rotating the quarter-waveplate for different azimuthal positions oftgpje | with respect t@((zzz): this does not imply that this

the calcite surface. Details about the fitting procedure are given iny, i jlar component is real and the other ones complex, but
Appendix B. The lines correspond to fits according to Egd). it indicates that there is some phase difference between the
various components. Actually, it seems tha§ ,x?), and
possible to obtain satisfactory fits when ignoring the imagi- 0(1%) have the same phase, whered$ is dephased com-
nary parts of the parameters, as real parameters give a Q56 g these components. Note théd is the only com-
symmetry, not compatible with our experimental resi&e 00t \which is specific to the,, symmetry of the calcite

solid and dot'ged lines in Fig.)5This very high sensitivity to rystal and which implies only coordinates in the plane of
the phase difference between the parameters has alrea B surface

been observed in experiments with chiral molecules. In par-
ticular, it is known that the presence of a circular dichroism
in surface SHG is definite proof of a phase difference be- VI. DISCUSSION
tween thef, g, andh parameters. This circular dichroism is

obvious in Fig. 5 where the signal is different when the We come now to a discussion of the possible origins of

R the phase difference we have observed experimentally. Much
guarter-waveplate angle is45°, i.e., when the fundamental . :
work has been devoted to theoretical explanations of the

beam Is right or left circularly polarized. . .mechanisms responsible for surface SH®?°*-32and we
We have performed a set of experiments for different azi-

muthal anales of the sample. from 0 to 120° every 10°. to want first to summarize these various origins. The main con-
determineg tr?fa anaular %e’ endence of the yaran’]ete'r[ribution to the surface SHG is the surface-dipolar second-

9 _depenaet para Grder susceptibility as introduced in Sec. Il. Most of the
fps:9p,s, @andhy, 5. Following the fitting procedure outlined

i Anpendix B for then-nolarized SHR experiments. we ob- work performed on surface SHG aims at measuring this con-
. p[? P p-p ; pe ' tribution. However, Guyot-Sionnest and SAthave shown
tain foes,farr Oeri Jars, andhgss as a function ofp. They

: f | - that there exist many other mechanisms responsible for sur-
are displayed in Fig. 6. We get similar results for the¢, o s, First, the rapid variation of the electric field across
s-polarized case. We recover the expected @B cos3 o gurface can generate a nonlinear polarizatiénother
dependence already observed in the previous experimenigynyinytion comes from the discontinuity of the bulk qua-
whgn rptatmg the calcite crystal itself. An important point to drupolar susceptibility at the surfateThese two effects can
hotice is that we do not observe apydependence fofer e cast under an effective surface susceptibiiiti.is clear

and gy (the bad points around 60° are somewhat artificialirom the calculation of Refs. 30 and 31 that all these suscep-
because the reference paraméigy; is close to zerp The tibilities can be expressed as integrals over a very thin layer
parametersg; andgg;; can therefore be considered as con-corresponding to the “surface.” Therefore, no retardation
stant. This indicates that all th&'s introduced in Appendix effects due to the propagation of the light come into play,
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and, far from any resonance, these susceptibilities are atlif the bulk signal over a coherence length. Indeed, taking

real. proper account of the effects of birefringence is a very intri-
Besides this “surface” contribution, there is also somecate subject, well beyond the scope of this paper, and our

SHR signal that comes from the bulk of the sample. Thisabove analysis could prove to neglect some important aspect

signal originates in a quadrupolar susceptibility and the coref that problem. Unfortunately, it is difficult at this stage to

responding nonlinear polarization can be expressed as leave a definite opinion about this phase difference, as al-

function of the electric fiellE asEVE. The VE term is a  ready noticed by others.

signature of the nonlocal nature of the quadrupolar interac-

tion. As a consequence, the quadrupolar polarization is VIl. SUMMARY

dephased byr/2 compared to the dipolar one. However, )
once this nonlinear polarization is generated in the bulk, the W& have performed SHR from the calcite surface perpen-

radiated second-harmonic beam must propagate before it c&Jifular to the optical axis. First, we measured the azimuthal
exit the sample and one has to integrate the bulk contributiofePendence of calcite SHR which is the usual way to deter-
over a certain layer, taking into account the retardation efMine the structural symmetry of a surface. We observed a
fects due to the propagation. The second-order polarizatiofys» SYmmetry as expected for this calcite surface. Further-
P(2) at a deptte in the bulk is generated with a phase factor MO'€: the nonvanishing background fepolarized SHR is a

due the wave vector mismatckk between the forced and [irst indication of some phase difference between the differ-

the free waves and the radiated second-harmonic field can &t tensor compone_nts characterizing SHR. Then, we _modu-
expressed as ated the polarization of the fundamental beam with a

quarter-waveplate to measure the relative phases of the SHR
0 _ tensor components. This gives clear evidence of complex-
E(Zw)“f P@(2w)e'*dz. (6.1)  valued components, and their azimuthal dependence shows a
o Cs, symmetry consistent with the former measurements.
When the integration is performed, one ends up with anQuantitative comparigon of the phase {:md moduli of the ten-
electric field proportional t@/i Akz 2% and the electric sor components obtained by the two different sets of experi-

field is dephased byr/2 compared t®®. Finally, no phase ments also shows a good agreement. However, the physical

difference is therefore expected between the bulk quadru origin of the phase difference of certain SHR tensor compo-
©Xp o q P%ents is not clear as experiments are performed in the trans-

lar and the surface dipolar contributions. In the case of arent region for calcite

birefringent crystal like calcite, the formalism is somewhat ’

more involved as the expression &k depends on the po- We are now able to compare these two methods for the
o P penc PO first time. They give the same results, but not with the same
larization of the fundamental and harmonic beams. Thi

o !.sreliability. The measurement of the sample azimuthal depen-
should, ho_wever, not change qua_lltatlvely the _above analys'aence is still the clearest and easiest way to determine the
alnd Oé](;y-Arltﬁgduczrfgﬁqfogﬁ-rgiﬂffl f;fircéd?::c)z can be surface symmetry, whereas waveplate rotation experiments
piugged 1 ' 9 Icl ' xamp have proved to be a new reliable and sensitive method to

notme\)/('e::f;tnhls dr:;glés(sjli?fg’r;?]rcgotr)g tsvneyeae?ﬁgagﬁ??’ v;/le gg easure phases in SHR. It can be combined with any SHR
P yp 9 periment, whatever the surface under study, the angle of

frc_)m various physwgl ongins. W_e must there_fore come Upmcidence, or the order of magnitude of the second-harmonic
with new interpretations to explain our experimental obser

vations. A first explanation may be that, in reality, our ex—S'gnal' Asa c_onclusmn, I.t appears to be an easy method to
o - ’ measure relative phases in SHG. It may be improved to mea-
hold since we are far from any absorption in calcite for th'}[ﬂe apsolute phases,_ as already _done for L_angmuir-BIodgett
y P . films3* but surely with decreasing experimental conve-
fundamental beam as well as for the harmonic one, and Rience
residual effect would not be sufficient to explain phase dif- '
ferences as large as in our experiments. We also observe that
x$2=x{2, which is characteristic of the Kleinman symme-
try which applies only far away from resonances. Contribu- Calcite is a uniaxial crystal with extraordinary index
tions from surface electronic states, either intrinsic ones oalong the optical axis given by.,=1.48 and ordinary index
states related to adsorbed molecuiéthey exisd, as already n,=1.65(in the visible or near infrared A beam impinging
observed for crystalline surfacdsare not as well expected on the crystal surface at an anglg is refracted inside the
to be resonant. Another possible explanation may be that therystal at two different angles depending on the
observed phase difference comes from a surface quadrupolpolarization®®
effect. Indeed, there can exist a quadrupolar contribution be- ] .
side the dipolar one, as a higher-order term in the perturba- N2p,s SING 2p,s= N1 SING; . (A1)
tion development, and these two effects would be dephased
by /2, as they both originate physically from the same Io—S
cation. Such higher-order terms have been observed in Chirﬁt)e
molecules deposited on clean surfat®%, and one could
suppose that such an effect could exist for a bare cryst
surface. However, this is e?fpected_to Pe very weak. At last, 1 cod 02y sir? 029
we can wonder about the “rephasing” of the bulk quadru- — = > >
polar and the surface dipolar signals due to the propagation N2p No Ne

APPENDIX A: DOUBLE REFRACTION

Here the surface is normal to the optical afgse Fig. 1,
that thes polarization encounters the ordinary index and
p polarization an intermediate one determined by the
aﬁropagation direction inside the crystal:

(A2)
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The combination of EQSA1) and(A2) gives forn;=1 in easy to see that the five effective parameters that we get from
the air and §,=45°:n,,=1.65 and #,,=25.4° for the the fits are
s-polarization (ordinary beam and n,,=1.61 and 6,
=26.0° for thep polarization(extraordinary beajn fer=—|As|cos 3p cOSOp A, +[Bf|COSTg o, (B13)

APPENDIX B: FITTING PROCEDURE o= —|A¢lcos 3p sin 5AfAh+|Bf|sin Sg,n, (B1D)

In this appendix, we want to give a precise account of the
use of Eq.(5.1) to fit the experimental data obtained when
rotating the quarter-waveplate on the fundamental beam

Jett=|AglCcOS 3p COSO p,+ | Bg|cos5BgAh, (Blc)

(Fig. 5). This equation has only five parameters since, first, Ger1=|AglCOS 3p SiN G o +[Bglsindg .  (B1d)
we are interested in relative measurements and, second, the

absolute phase is unknown. It is therefore possible to disre- hess= —|An|sin 3¢. (Ble
gard the constarK and to put one of the parameters as real.

Let us first consider the case when the SHR beam [i®- Plotting these parameters verspisallows one to get pre-

larized. According to Eq(2.5), the coefficient with the sim- cisely the relative magnitude and phase of i andB’s. If
plest angular dependencehigwe drop here the subscrip). the SHR beam is polarized,f andg both have a unique

We will therefore choose this parameter as a reference palependence, and we choogeas a reference. Of course,
rameter and set it as real. After some algebraical calculationshoosingf leads to the same final results. Utilizing this pro-
using Egs.(4.1) and h=—A; sin3p, and writing §,; the  cedure to fit our experimental curves leads to the results
phase difference between two complex numbesdJ, itis  listed in Table I.
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