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4 4 
Second-Harmonicc Generation 

InIn this chapter we present the principle of the second-harmonic generation measure-

mentsments that we have used to monitor the reorientation dynamics in thin films. We 

discussdiscuss the theoretical background and the experimental setup we have used. 

Thee study of ultra-thin films is closely related to the investigation of surfaces. 

Thee characterisation of surfaces and interfaces shares with that of thin films the 

samee kind of problems, therefore similar solutions can be applied. Many techniques 

havee been developed in the last decades for studying surfaces. However, several of 

these,, need particular experimental conditions such as ultra-high vacuum (eg. x-ray 

photoelectronn spectroscopy) or equipment available only in large facilities (eg. syn-

chrotronn sources). Optical techniques have the advantage of been easily applicable 

inn a common laboratory. Moreover, they are non-destructive and can be used for 

anyy surface accessible by light [114]. To these properties we have to add the high 

spatiall  and temporal resolution, allowing the mapping of molecular arrangements 

andd the observation of dynamics down to the femtosecond time domain. Among the 

techniquess used we recall Raman scattering which measured signal has a significant 

contributionn from the bulk and is therefore not surface specific. 
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Second-orderr non-linear optical effects such as second-harmonic generation, are 

inn principle forbidden in centro-symmetric media, making them specifically suit-

ablee for studying surfaces, which intrinsically lack an inversion symmetry. Second-

harmonicc generation (SHG) is an optical process using coherent laser light as source, 

makingg it strongly directional. The optical signal can therefore easily be discrimi-

natedd by spatial and spectral filtering. This allows one to detect even the small sig-

nalss generated by submonolayers [115]. This condition, together with the simplicity 

off  the experimental arrangement (see Fig. 4.4) makes SHG a technique well-suited 

forr the study of surfaces. 

Second-harmonicc generation applied to surfaces was first described by Bloember-

genn and Pershan [116] and in the later decades a detailed description of the nature of 

thee optical process has been presented [117, 118]. An important improvement in the 

basicc knowledge of the process has been the extension of the dipolar approximation 

byy the inclusion of higher order terms. Some of these terms are also allowed in bulk 

closee to the interface, as is the case for the quadrupolar term arising from the field 

discontinuityy at the interface [119]. 

Inn the following we first present the basic principles of second-harmonic gen-

eration.. We show the properties of the second-order susceptibility tensor and its 

relationn to the symmetry of the studied system. In particular we focus on the rel-

evantt symmetries for the experiments shown in Chap. 5 and Chap. 6. Finally we 

showw the used experimental setup and discuss a few considerations concerning the 

experimentall  conditions. 

4.11 Theory of second-harmonic generation 

Thee microscopic origin of SH has to be searched in the interaction between the elec-

tronss in the medium and the electromagnetic field of the incident radiation. The 

incidentt optical wave E (a;) induces an oscillation of the dipoles in the material. Be-

causee of the anharmonic behaviour of these dipoles, the oscillators can be excited at 

thee input frequency UJ and at the overtones 2u, 3a>, ... In the dipolar approximation, 

thee total induced polarisation in the material is given by: 

PP = P( 1 )M + P ( 2 ) ( 2 u ; ) + P( 3 ) ( 3 w) + ... 

== x ( 1) " E(o;) + x{2)  E(W)E(Ü;) + * ( 3 ) :E (U; )E(Ü; )E(U;) + ... (4.1) 

wheree x is the i th-order dipolar susceptibility tensor characterising the response of 

thee medium to the incident wave. The second term p(2^(2u;) is the one generating 

aa second-harmonic wave E(2w). The fact that a breaking of inversion symmetry 
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iss necessary for second-harmonic generation is evident in Eq. 4.1 if we apply an 

inversionn to the system [120]: 

-P<2><2u;)) = X ( 2 ): ( -EM)( -EH) 

== P<2>(2w) 

=**  P<2>(2o;) = 0 (4.2) 

Inn the following, we will consider the case of an infinitely thin layer of non-linear 

opticall  material deposited on a substrate. The polarisation P is then confined into 

aa plane. This concept of the polarisation sheet can be extended to thin films with 

aa thickness below the wavelength of the optical laser source used in the experiment 

[119]. . 
Inn the case of second-harmonic generation by such a layer, the signal is generated 

inn the same direction as the reflected and refracted incident beams, because of the 

matchingg conditions on the electric field of the different waves at the surface layer 

[119]. . 

Thee amplitude E(2LJ) of the generated second-harmonic wave and therefore the 

intensityy of the detected second-harmonic signal, depend mainly on three factors: 

 the non-linear susceptibility of the film 

 the polarisation of the in-coming beam and that of the detected second-

harmonicc wave 

 the refractive indexes of the different media (air, film and substrate) that 

determinee the relation between the amplitudes of the in-coming and out-going 

wavess in air and the corresponding amplitudes in the film through local-field 

factors. . 

Wee discuss in the following these different factors and finally combine them to obtain 

thee expression of the measured second-harmonic signal. 

4.1.11 Second-order susceptibil ity 

Forr the second-harmonic generation process, one of the key properties is the macro-

scopicc second-order susceptibility x  ̂ of the ^m °f non-linear material, x  ̂ 'ls t n e 

averagee of the non-linear polarisability a of the molecules constituting the material: 

XijkXijk = Ns(aljk) (4.3) ) 



G4 4 Second-HarmonicSecond-Harmonic Generation 

X X 

Figuree 4.1: Reference frames of the laboratory (XYZ) and for the substrate (xyz). 

TheThe axes are chosen in such a way that the incident beam and the SH signal lies in 

thethe XZ plane. The molecular axis £ is defined with respect to the substrate axes by 

thethe spherical coordinates (6, <p). 

wheree Ns is the surface density of non-linearly polarisable groups in the film. For all 

thee molecules we have used (see Chap. 2 and Chap. 5), the non-linearly polarisable 

groupss (the cyanobiphenyl groups) only have one non-zero coefficient a  ̂ in their 

non-linearr polarisability, where £ is the long axis of the group. In this case Eq. 4.3 

becomes: : 

x«** = * « (4.4) ) 

wheree i, j and k are the unit vectors of the reference frame (xyz) of the substrate 
surfacee (Fig. 4.1). 

Thee second-order non-linear susceptibility x  ̂ '1S a tensor of rank three, and 

hass 27 distinct elements that can be reduced to a limited number of independent 

non-vanishingg components depending on the symmetry of the molecular ordering 

inn the surface film [119]. In this thesis (Chap. 5 and Chap. 6) we studied the 

reorientationn of polar non-linearly polarisable units from an oriented state induced 

byy an external poling electric field parallel to the film surface. Poling a medium 

containingg dipoles induces a mirror symmetry (Ci^) with the mirror plane containing 

thee applied field. In this case x  ̂ has six independent non-zero components. Using 

thee spherical coordinates {9,<p) defined in Fig. 4.1 to express the molecular axis 
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Figuree 4.2: Geometry of the input laser beam and for the second-harmonic signal. 

££ = (— sin # cos 0, — sin 6 sin 0, cos 0), the six independent terms of the susceptibility 

forr a Ci„  symmetry are [121]: 

XzzzXzzz = Ns(cos36)a  ̂ (4.5a) 

XxxxXxxx = -Ns(sm3ecos34>)a  ̂ (4.5b) 

XzyyXzyy = Xyzy = Xyyz= Ns ((cos 6-cos3 6)(l-cos2 (p))am (4.5c) 

XzxxXzxx = Xxzx = Xxxz = Ns ((cos 6 - cos3 6) cos2 4>) a  ̂ (4.5d) 

Xi Z22 = Xzxz =Xzzx = -Ns ((sind-sin3 9) coscf>)aia (4.5e) 

Xxyyy = Xyxy = Xyyx = , (sin3 (9(cos 0 - cos3 <f>))  a  ̂ (4.5f) 

Inn the case of molecules with an isotropic distribution of in-plane orientation (corre-

spondingg to a symmetry Coo„), only two terms of \ ^ a re sufficient to describe the 

susceptibilityy of the polarisable sheet: 

XzzzXzzz = Ns(cos39)a  ̂ (4.6a) 

XziiXzii = Xizi =Xiiz = -7Vs(sin2öcosé»)aKÏ , i =x,y. (4.6b) 

4.1.22 Polarisation combinations 

Thee polarisations of the input beam and the reflected SH beam can be selected 

perpendicularr (s-polarisation) or in-plane (p-polarisation) to the incidence plane 

XZ.XZ. The corresponding polarisation unit vectors (shown in Fig. 4.2) are given by 
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Medium m n(a>)) n(2u>) 

Ai rr 1.00 1.00 

Fusedd quartz 1.46 1.50 

Tablee 4.1: Values of the refractive indices at LÜ/2TTC = l /532nm 1 and 

2LU/2TTC2LU/2TTC = l / 2 6 6 n m_ 1 used in the calculation of the local field factors Lu. 

(inn the XYZ reference frame of the laboratory) 

ëëpp(uü)(uü) = (—cos6i(u;)*0.sm9i(uj)) 

êêpp{2aj){2aj) = (cosöi(2o;),0,sinöi(2w)) 

forr the /^polarization and 

ëëss(n)(n) = (oa,o) 

forr the «-polarization, where ft =  ̂ or 2CJ. 

(4.7) ) 

(4.8) ) 

[4.9) ) 

4.1.33 Local-field factors 

Sincee the non-linear optical material is located between air and a substrate, we have 

too take into account the effects of reflection and refraction at the interfaces between 

thee different media. A consequence of these effects is that the amplitudes of the 

differentt light waves inside the film are related to the amplitudes of the corresponding 

wavess in air through local-field factors (also called Fresnel coefficients). 

Forr films thinner than the wavelength of the in-coming light, the local-field factor 

Lii(Q)Lii(Q)  for a polarisation component along the axis i of the reference frame of the 

substratee can be approximated by that of a polarisation sheet sandwiched between 

mediaa 1 and 2 [121]: 

LLXXx\Sl)x\Sl) — 

Lyy(Q) Lyy(Q) 

LLZZZZ{Ü){Ü)  = 

2n2nll(Q)cos0(Q)cos022{n) {n) 
nn22{tt){tt)  cos91(£2) + ni(fl) cos62(ft) 

2rai(fi)cos0i(£2) ) 

nii  (fi) cos e1 (fi) -f n2(n) cos e2(ü) 
2n2n22

11(Q)n(Q)n22(n)cos9(n)cos911{Q) {Q) 

n)n) (fi) [n2 (Q) cos9X (fi) + n: (ft) cos 02(0)] 

(4.10a) ) 

(4.10b) ) 

(4.10c) ) 

wheree nz{Q,) (i = 1,2) and n/(J7) are the refractive indices of media 1 and 2 and 

off  the film at frequency Q, and #i(fi ) and 92{SV) are the reflection and transmission 
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e,((o) ) 

Figuree 4.3: Local-field factor Lyy(fl) vs. incident angle 9\{UJ) calculated using 

Eq.Eq. 4-10b with the values of the refractive indices of air and fused quartz given 

inin Tab. 4.1. Thick lines represent the factor calculated for a beam incident from the 

quartzquartz (Lyy(Q)) and thin lines for a beam incident from air (Lyy(fl));  solid lines 

areare for Q. = 2UJ and dashed lines are for Q = to. We have also indicated the value of 

OI(LO)OI(LO) = 9a used in our experiments and the corresponding value 62^) = 9q. 

angless of the different beams (Fig. 4.2). In our experiments we have used fused 

quartzz substrates and the corresponding refractive indices are listed in Tab. 4.1. 

Thee local field factors can significantly vary with the incident angle #i(w), and 

alsoo with the medium from which the input laser beam is incident. To illustrate 

this,, we have calculated the local field factor Lyv{Q) with Eq. 4.10b, which is the 

mostt relevant factor for our experiments, for the geometry in which the laser beam 

iss incident from the air {Lyy{Q)) and for the reverse case in which the input beam 

iss incident from the quartz substrate (Lyy(Q,)). The results are shown in Fig. 4.3 

ass a function of 9I(UJ). Lyy(D.) is always below 1 while Lyy(Q.) is always above 1. 

Moreover,, as 9\(UJ) increases towards the critical angle for total reflection, Lyy(Q.) is 

stronglyy enhanced [119]. We have used this fact to enhance the signal to be measured 

inn our experiments (see Sec. 4.2.2). 
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4.1.44 Measured signal 

Thee SH output signal, measured in reflection, is given by: 

S{2S{2^  ̂ = V (o MI / 2 V , X c f f 2 / ^ (4.11) 

wheree /^ is the intensity of the incident laser beam. T is the laser pulse width, and 

AA is the area of the laser spot on the surface. ei(H) is the dielectric constant of 

mediumm 1 at frequency 0 {fl  = 2uj or u;). The SH signal depends primarily on the 

effectivee second-order nonlinear susceptibility \e f f of the layer. 

Thiss effective susceptivity can be expressed in term of the tensor x(2)  the po-

larisationn vectors of the in-coming and out-going waves (Eq. 4.8 and Eq. 4.9) and of 

thee local-field factors (Eq. 4.10): 

X-Cfff  = [c(2u0  L{2UJ)\X{2) : \e{u)  L(u>)][ê(uj)  L(u>)]  (4.12) 

Fourr different combination of polarisation are possible for the in-coming and the 

out-goingg beams: sp, pp, ps and ss. For every single combination, the effective 

susceptibil i tyy can be wri t ten in terms of the coefficients of tensor x{2) as a function 

off  the angle <£> between the optical plane and the x axis of the substrate {Fig. 4.1). 

Consideringg also the symmetry of the polarisation sheet, we can write different ex-

pressionn of Xeff for a mirror symmetry (Eq. 4.5) and for the isotropic case (Eq. 4.6). 

Forr the mirror symmetry (Ci„) , \cf f is non-zero for all four polarisation combina-

tions: : 

XsXsPP = Xxyy(3cos3® - 2 cos <£>)eTra +Xxxx$in2$cos$>exyy 

++  Xzxx sin2 $ ezyy +  Xzyy cos2 <£> ezyy (4.13a) 

XPPXPP = Xxxx cosJ $ exxx + 3xxyV
 s i n2 $ cos $ exxx 

++  Xxxz cos2 $ ( 2 eM 2 + ezxx) +  Xyyz sin2 §{2exxz + ezxx) 

++  Xxzz cos$(2e3 X J - exzz) + Xzzz^zzz (4.13b) 

XPSXPS = XxxxCos2®s'm$ eyxx+Xxyy(3sin3$-2sm$)eyxx 

++ (Xxxz - Xyyz) sin 2$ eyxz + Xxzz sin $ eyzz (4.13c) 

XssXss = XxxxS^Q eyyy+?>XxyyCos2§sm$ eyyy. (4.13d) 

Forr the isotropic symmetry ( C ^ ,) only two combinations give a non-zero signal: 

XspXsp — Xzxx^-zyy (4.14a) 

XPPXPP = Xzxx{2exxz + ezxx) +Xzzz^zzz, (4.14b) 
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Too obtain a compact form for Eq. 4.13 and Eq. 4.14 we have defined the coefficients 

€-ijk€-ijk ™S. 

eijkeijk = ei(2uj)Lii(2u;)ej(uj)Ljj(u))ek(u})Lkk{u). (4-15) 

Inn our reorientation relaxation experiments (see Chap. 5 and Chap. 6), the sym-

metryy of the studied films varies from a mirror symmetry for the poled situation to 

ann isotropic symmetry after full relaxation. To follow the relaxation we have chosen 

too measure the time dependence of the signal corresponding to the s-in-s-out com-

binationn for <£ = 90°. In this configuration the polarisation vectors (ês(f2) = Y) of 

thee in-coming and out-going beams are parallel to the external poling electric field, 

whichh is parallel to the x axis of the substrate. Xeff is then equal to Xxxx eyyy a nd 

thereforee proportional to the moment (sin3 #cos3 </>) of the orientational distribution 

off  the molecules in the film (eq. 4.5b). This moment is zero if there is no in-plane 

polarr ordering in the film and increases if the degree of polar ordering increases. So 

measuringg x s s($ = 90°) is a convenient probe to follow the relaxation of a film from 

aa polarly ordered state, induced by a poling field, to an isotropic state. 

4.22 Experimental setup 

4.2.11 Optical setup 

Forr our second-harmonic generation measurements, we have used the optical setup 

describedd in Fig. 4.4. A frequency doubled Q-switched mode-locked Nd-YAG laser 

(Antaress 76, Coherent) is used as light source with an output wavelength at 532 nm 

(thee SH signal is detected at 266 nm). The mode-locked pulses are driven by a 76 

MHzz radio frequency and have a duration of 80 ps. The repetition rate of the Q-

switchedd pulses is tuned between 50 and 200 Hz depending on the time scale at which 

thee relaxation process was explored (see Sec. 5.2). The pulses are approximately 

2000 ns wide, containing ~15 mode-locked pulses for an effective illumination time 

off  1.2 ns. The Q-switched pulse energy is at most 1 mJ, which is not high enough 

too induce molecular reorientation. We have also checked that the laser does not 

influencee dynamics of the system by heating it. 

Thee originally vertical polarisation of the laser beam is sharpened by the Glan-

laserr polariser PI. This polariser can also be rotated to act as power attenuator 

selectingg part of the original laser intensity. The polarisation is then varied by 

rotatingg a halfwave plate (A/2). The polarisation of the out-going wave is selected 

byy a Rochon polariser (P2) with an accuracy of 0.5°. To precisely determine the 
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Figuree 4.4: Optical setup for second-harmonic experiments. LI and L2=lenses, 

Pl=Glan-laserPl=Glan-laser polariser, P2=Rochon polariser, Dl, D2 and D3=diaphragms, Ml 

andand M2=mirrors, Fl, F2 and F3=colored filters 

settingss of the halfwave plate and Rochon polariser corresponding to the s and p 

polarisations,, we used the SH signal from an ITO (Indium Tin Oxide) layer that has 

aa strong p-in-p-out signal and a vanishing s-in-s-out signal. The settings giving the 

minimumm output signal corresponds then to the ss configuration. The settings for 

thee p polarisations are determined by crossing the two polarisers, which extinguishes 

thee reflected green (532 nm) incident beam. 

Thee focusing lens LI (/=400 mm) is used to reduce the beam cross section. We 

positionedd the lens to have the waist of the beam falling on the sample surface. The 

laserr spot size was ~ 100/xm in diameter. The orientation of the mirrors Ml and 

M22 is chosen to have an incident angle 6\{u)) = 45°. A second lens L2 focuses the 

SHH signal into the monochromator. 

Thee SH signal collected by the photomultiplier is spatially filtered from spurious 

reflectionss by a series of diaphragms (Dl, D2, D3) and chromatically filtered by 

coloredd filters (Fl, F2, F3) and by a monochromator. Finally the signal from the 

dynodee photomultiplier tube is digitalised by a fast oscilloscope that is driven by 

aa personal computer. In the photomultiplier tube, the electrons have a traveling 

timee through the multiple anodes of approximately 20 nsec, but the peak in the 

signall  corresponding to one photon, is not more than a few nanoseconds long. The 

oscilloscopee registers a trace for each incident laser pulse over a time window of 

~~ 200 ns. The trace corresponding to the signal of the photomultiplier is analysed 

byy the computer to count the number of photons detected during each pulse. This 

countingg method differs from the photocounting collection scheme, in which one only 
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lookss whether one photon has been detected during a. pulse. Generally we observed 

att most 3 generated photons per incident pulse. This makes the occurrence of two 

photonss within the few nanoseconds duration of a peak in the signal very unlikely. 

Soo the error due to the time resolution of the tube is negligible. Our collection 

speedd is limited by the oscilloscope memory that can collect up to 1550 traces (see 

Sec.. 5.2.2) after which the data need to be transfered to the personal computer. 

4.2.22 Sample geometry 

Thee substrates carrying the thin films to be studied are placed in a closed cell to 

controll  temperature and provide an inert environment (dry nitrogen). The cell is 

closedd with a quartz window to allow transmission of the input and output signals. 

Thee presence of a fused quartz widow reduces the SH signal intensity due to partial 

reflectionn at each face of the window. To obtain the effective nonlinear susceptibilities 

(seee Sec. 4.1.4) Xeff, the measured susceptibilities Xmeas have to be corrected with 

transmissionn coefficients, which depend on the polarisation of the light [122]: 

XssXss — 

Xps Xps 

vmeas s 
Xss Xss 

TTSS{2U)T{2U)T22{UJ) {UJ) 
.meas s 

(4.16a) ) 

*E££ (4.16b) 
Ts(2o;)TpV) ) 

vmeas s 
Xi Xi 

vv = "JR. . (4.16c) 
XspXsp Tp(2u)T?{u>) 

.meas s 
XppXpp — 

XXPPPP * (4.16d) 
rp(2o;)7|(u;) ) 

with h 

TT ,0 , 4nq(f2)cosgq(n)cosfla(fl ) f 4 1 ? , 
s{s{ } [Cos6a{n)+nq(n)cosOq(n)}2 

4n4nqq{Q){Q) cosOq(ü) cos9a(Q) ( 4 ^ 
p[p[  } [cosOq(n)+nq(Ü)cosea{Q)}2 

wheree nq(Q) is the refractive index of fused quartz for the window (listed in table 

4.1).. For the adopted geometry (see Fig. 4.4) with the incidence angle from the 

airr da = 45°, the refraction angle of the light in the quartz is 9q = 29° (given by 

thee Snell's law). In our experiment we collected the s-in-s-out SH signal. For this 

polarisationn combination, the above transmission coefficients induce a reduction of 

aa factor 0.766 in Xmeas if we place the substrate with the coated film facing the 

window,, ie. that the incident beam reaches the film from the air. 
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Too improve the sensitivity of the technique, we have placed the samples with 

thee film towards the bottom of the cell. In this geometry, the pump beam is inci-

dentt from the medium with the higher refractive index (quartz) and the local-field 

factorss Lyy(Q) (Eq. 4.10b). appearing in the collected signal x*s (Eq. 4.13d). are 

greatlyy enhanced compared to the reverse geometry (see Fig. 4.3). We quantified 

thee magnification effect by calculating the ratio between the involved local field fac-

torss (see Eq. 4.13d and Eq. 4.15) for the configuration in which the incident beam 

goess through the quartz substrate (q) and for the classical geometry with the incident 

beamm going through air (a): 

—— L yy \ =6.10 fo r0n=45°. 
LLyy^)yy^) feM] 

Thee value of this ratio shows that we significantly increase the detectability of the 

signall  by shining the in-coming laser beam through the substrate. We have however 

too take into account one extra transmission coefficient through the quartz-air inter-

facee for the out-going wave. The total transmission coefficient TS(Q) appearing in 

Eq.. 4.16a becomes then: 

== Srffift) cos2 eq(ü)cos ea(Q) 
AA } {cosOa{n)+nQ(n)cos6q(n)}3 ( 4 , 1 8) 

insteadd of the expression T8(Q) = T?(Q) given by Eq. 4.17a. Since we have 

7?(2u00 [T«(u)]2 

T?{2u>)[T?(L>)f T?{2u>)[T?(L>)f 
== 2.15 

wee gain overall a factor 2.84 in the measurements of the effective susceptibilities by 

puttingg our samples with the substrate facing the laser beam. 


