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Quantitative determination of electric and magnetic second-order susceptibility tensors
of chiral surfaces
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We present a measurement technique to determine the relative values of all components of the three tensors
that describe second-harmonic generation from chiral isotropic surfaces up to first order in the magnetic-dipole
interaction. For a thin film of a chiral polymer, the largest tensor components involving magnetic interactions
are nonvanishing only because of chirality and their magnitudes-a686 of the largest electric-dipole-only
components. These chiral magnetic components are larger than the chiral electric component.
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Chiral molecules occur in two enantiomers that are mirrormedium develops a nonlinear magnetization
images of each other. Such molecules are optically active,
i.e., they interact differently with left- and right-hand circu-
larly polarized lightt Optical activity arises from contribu-
tions of magnetic-dipole transitions to the linear optical
properties of chiral materials. Nonlinear optical properties ofThe independent nonvanishing components of the tensors
chiral materials have been investigated both theoretftallyx®® x®®™ and y™®® for isotropic surfaces and thin films
and experimentally=°® Second-harmonic generation from (C.. symmetry (Refs. 7 and 1Bare given in Table |. Some
isotropic chiral surfaces and thin films has been found tacomponents are allowed for all isotropic surfadeshiral
respond differently to the two opposite circular polarizationscomponents whereas the remaining components are al-
of fundamental lighb=" Such nonlinear optical activity has lowed only for chiral surfaceéchiral components
been analyzed within the electric-dipole approximafioh The intensity of any component of the second-harmonic
and with the inclusion of the magnetic contributions to thefield can be expanded s
nonlinearity®”>~14The largest second-order susceptibility
components involving magnetic transitions were estimated to I(2w)=|fE,2)(w)+gE§(w)+ hES(w)Ep(w)lz, (D]
be ~10% of the electric-dipole-only componerit¥' How-
ever, these early reports used a simplified phenomenological TABLE I. Independent components of tensqr&® ™ and
model to analyze the experimental data. Hence there is con/™e¢in the geometry of Fig. 1. Boldface indicates a chiral compo-
tinued need to address the relative strengths of electric angknt. The determined values are normalizegt365=1. The num-
magnetic contributions to the nonlinear response of chirabers in parentheses are estimated errors in each value. The magni-
materials in a more gquantitative way. tudes are normalized to that ofss;. The tensor components

In this paper, we present a quantitative characterization ofssential to our model are indicated by an asterisk.
the second-order nonlinear response of a chiral surface. The
surface we use consists of a thin film of a chiral polymer. WeTensor  Component Determined value Magnitude
use a recently proposed technidftie to determine the rela—_ cee 224%) 1.57%0.829—10.5830.567 100%
tive values of all components of the tensors that describ& . .
second-harmonic generation from chiral surfaces up to first XXZ(*) 1'0(.) 600/0
order in the magnetic-dipole interactiéhThe intensities of ZXX *) 1.0340.085-10.1360.079  62%
several second-harmonic signals are measured as functions xyz(*)  0.1100.00§+i0.0650.004  7.6%

Mi(2w>=§ XeEj (@) E(w),

of the state of polarization of the fundamental field. Only ,eem 227 (*) 0.3540.157—i0.1520.134 230
normalized line shapes @ ands-polarized signals need to Zxx (*) 0.1940.094—i0.0680.083 12%
be measured. This is a distinct advantage compared to simi- xzx (%) 0.0490.030—i0.0690.029  5.1%
lar measurements on achiral surfaces, which require mutually XXZ ~0.01%40.019+i0.0140.020 1.1%
calibrated signals or mixing gf- ands-polarized signald’ xyz(*) 0.0190.038—i0.1020.064  6.2%
kFor a tk:\éesoretlcal description, the nonlinear polarization is xzy ~0.0150.137 +i0.2230.201 13%
taken to zxy 0.0510.146+i0.0830.154  5.8%
mee * H
. ce ce X zzz (%) 0.1630.143—-i0.1950.135H 15%
Pi(z“’)_% (X E (@) Ex(@) + Xi"Ej (@) B(@)], 23 ~0.00%0.014—i0.0040.020  0.3%
XXz 0.0050.009—i0.0050.006 0.4%
where E(w) and B(w) are the electric field and magnetic- Xyz 0.0270.034—i0.0350.047 2.6%

induction field at the fundamental frequency. In addition, the
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FIG. 1. Geometry of second-harmonic generation from a chirafh€ two orientations. The chiral sample was a Langmuir-
surface. The two orientations of the sample are related by the cooBlodgett fim of an S enantiomer of a nonlinear
dinate transformatioxr—x, y— —y, andz— —z. poly(isocyanide¢ (Fig. 2 (Ref. 19 mixed with

poly(-S-1-acetoxymethylethylisocyanifle The  18-layer
whereE,(w) andEy(w) are thep- ands-polarized compo- sample with a total thickness ef35 nm was deposited on a
nents of the fundamental fielgFig. 1). The coefficientsf, glass substrate. Several tests were performed to verify the
g, and h are unique to each second-harmonic signal, andn-plane isotropy of the sample. Vanishing of the second-
depend on the three susceptibility tensors and on the Fresnggrmonic signal at normal incidence rules out any aniso-
factors at the fundamental and second-harmonidropic symmetry excepC,. This group was excluded by
frequencies? For the present work, we have generalized thefotating the sample about the surface normal at 45° angle of
results of Ref. 13 to also include in these coefficients thdncidence. No evidence of the birefringence of the substrate
effects of propagation in a thin film of finite thickne¥sln ~ was observed. The absorbance of the sample at the second-
our experiments, a quarter-wave plate is used to continuousfjarmonic wavelength 532 nm was50% of the maximum
vary the relative phase and amplitude of the fundamentabsorbancg~0.065 at 457 nm To account for the Fresnel
field component$® The measured second-harmonic line factors, the refractive indices of the film at the fundamental
shapes are fitted to the functional form of Ed) to deter- and second-harmonic wavelengths were 1.53 and+1.90
mine the values of, g, andh. This fit is unique within an 10.10, respectively. The indices of the substrate at these
overall phase factdr Only relative values of the coefficients wavelengths were 1.51 and 1.52, respectively.
need to be knowh® and so we normalize=1 for each line Each measurement was repeated three times. Our experi-
shape. mental resultgFig. 3) are very clean, which allows the de-

We normalize the relative values of the tensor compotermination of most coefficients g, andh to better than 2%
nents tox$2%=1. The task is then to determine the complex(and often better than 1p@ccuracy. However, the coeffi-
values of the other 14 tensor components. A sufficient numcients of thes-polarized signals are smdl-0.01 relative to
ber of eight independent measurements is provided by thB) and their accuracy podr20-30 %. These coefficients
p- ands-polarized components of the reflected and transmitan only be nonvanishing because of magnetic contributions
ted second-harmonic signals for the two orientations of thdo the nonlinearity. We have verified by simulations that, in
sample shown in Fig. 1. The change in the sample orientahe limit where these coefficients vanish, their fitted values
tion corresponds to a coordinate transformation that reversezuld be due to the residual noise in our data or sial/
the sign of certain tensor components. The sign reversal250 waveplate retardation errors. Hence we have first at-
together with changes in the Fresnel factors, provide stronimpted to explain our results in the electric-dipole approxi-
decoupling of the various tensor components within eactination. However, the four independent solutinto the
expansion coefficient. The eight fitted line shapes are madgomponents ofy“¢ (Table 1) are mutually incompatible,
mutually compatible by scaling each of them by a complexand we conclude that our results cannot be explained in the

factor to yield 24 complex equations of the type electric-dipole approximation. o .
_ ' We next include the magnetic contributions to the nonlin-
fiheoreticg , eee \eem ,mee) — ¢ ffitted earity. The inaccuracy of theg coefficients of the

theoretic _ s—polari_zed signals _is r)0t detriment_al _to our tephnique, since
where f; epends linearly on the components of theye avoid the quantitative use of this information. As a con-
three tensorsg; is a complex scaling factor unique to each sequence, however, the number of equations in the model is
measured signal, ant/"*® is the value of coefficienf for  reduced to 20, although 22 unknown quantities remain. We
signali relative tohif'“edzl. The eight scaling factors; are  proceed by assuming that any two magnetic tensor compo-
additional unknown quantities, which are solved for togethemnents vanish, and solving for the remaining 20 unknowns.
with the unknown tensor components to obtain a self-The g coefficients of thes-polarized signals are then calcu-
consistent solution to the set of equations. The procedurkated for each solution to assess its quality. Any solution that

thus has 22 unknowns and 24 equations. leads to excessively large values of these coefficients is re-
In our experiments, the fundamental beam of ajected. Acceptable solutions are found only when the vanish-
Q-switched and injection-seeded Nd:YA@ttrium alumi-  ing tensor components belong to a subset of all magnetic

num garnet laser(1064 nm, 50 Hz~10 ns,~10 mJ was  components. These solutions are very stable, independent of
applied at a 45° angle of incidence with respect to thewhich two components are assumed to vanish and of the
sample. The experimental setup was similar to that of Refexact value of the rejection threshold. This is of course due
14, but with improved optical components. Extreme care waso the fact that several magnetic components are small. The
taken in the proper alignment of the setup and in verifying itsfinal solution to the set of equatiori¥able | is obtained as
polarization purity. The laser beam had a diameter~df  an average of the acceptable solutions.

mm at the sample to facilitate alignment to the same spot for Since our procedure is based on solving a large number
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FIG. 3. The eight measured second-harmonic signals. The wave plate rotation angle of 0° correspepulariaed fundamental field.
The dots are the experimental data and the lines fits tq Bqith polarization control by quarter-wave plate)—(d) Film-side incidence.
(e)—(h) Substrate-side incidencé) and(e) Transmitteds polarized.(b) and(f) Reflecteds polarized.(c) and(g) Transmittedp polarized.
(d) and (h) Reflectedp polarized.

(20) of equations, it is potentially very susceptible to errors.try of the material. This result is in agreement with the in-
In addition to the statistical errors of coefficierftsg, and  terpretation that large magnetic effects in chiral materials
h, we have tested our procedure for its sensitivity to otherarise from an effective charge displacement along a helical
possible sources of additional inaccurdpyssible vanishing path. For a racemi¢50/50 mixture of the two enantiomers,
of s-polarizedg coefficients and possible wave plate retar-the chiral components would vanish by symmetry, and the
dation errorsin the values of these coefficients. The resultsrelative importance of magnetic contributions would be re-
of the error analysis are also summarized in Table |. Thejuced. For our material, the magnitude of the largest mag-
uncertainties represent the worst-case situation in which thgetic tensor component is20% of that of the largest elec-
real and imaginary parts of each tensor component are sepgjc component. In our error analysis, we have separately
rately pushed to their extrema. The accuracy of most tensqfynsidered this ratio, and found it to exceed 16%. The value
components is satisfactory; however, the error is seen t0 gt 209 is in no contradiction with the possible strengths of
cumulate in certain components. As encountered in proc&nagnetic-dipole transitions of chiral materi&lspwever, it
dures for determining the tensor components of achiral sury significantly larger than estimated earfiéf This large
faces,x;;; has the largest uncertainty of the electric-dipole-yajye could also be due to near-random distribution of the
allowed component® In addition, some of the small nonlinear chromophores in the polymer fiffhwhich tends
components of“*™ and x™°® have rather large relative er- to suppress the electric-dipole nonlinearity.
rors. In spite of this, we are confident of the results in gen- \we have also considered other possible explanations to
eral. In particular, during our extensive error analysis, thegyr results. Linear optical activity in light propagation
largest tensor components were always the same. Also, ogrough the finite thickness-35 nm) of our film could mix
procedure found no good solutions if any of the componentshe p- and s-polarized signals and lead to errors. However,
with reasonably stable valudindicated by an asterisk in e estimate that the maximum linear rotation in our film is a
Table )) was assumed to vanish. negligible 0.002°. We also note that electric-quadrupole ef-
Further confidence in our results is provided by their ex-fects, which can be artificially strong due to the large
cellent agreement with expected results. We observed thglectric-field gradient at a surfaéécannot be ruled out by
common result that the electric-dipole componeyfi§; and  symmetry. Such a surface gradient contribution is localized
Xeyx are approximately equal, whereads; is somewhat to a very thin transition layer between two media, whereas
larger?®2! Furthermore, the components gf¢™ are larger the ordinary(“bulk of the film”) quadrupole contribution
than those of¢™® as predicted theoreticalfy. builds up through the whole thickness of the film. Hence the
The largest components of the tensgf$™ and y™¢%re  relative importance of the surface gradient contribution in-
chiral. Furthermore, these components are larger than thereases as the thickness of the film is decreased. The pres-
chiral component ofy®¢¢ Hence the strongest magnetic ence of significant quadrupole contributions is then expected
guantities are directly associated with the structural asymmeo lead to changes in the measured second-harmonic line

TABLE Il. Tensor components determined within electric-dipole approximation and normalizeifo
=1. The four independent solutions were obtained by considering each measured signal sdpafately

Component Film incidence, Film incidence, Glass incidence, Glass incidence,
transmitted reflected transmitted reflected

722 —0.483+i1.143 1.616-i10.381 —1.603+i0.437 0.996-10.090

XXZ 1.00 1.00 1.00 1.00

ZXX 0.991-i0.050 0.918-i0.038 0.812i0.073 1.174i0.331

Xyz 0.109+i0.060 0.129-i0.038 0.106-i0.061 0.096-i10.084
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shapes as the thickness of the film is varied. To address thi'armonic signals. No mutual calibration of different signals
guestion, we have also studied a six-layer sample for whiclmor mixing of p- ands-polarized signals is necessary. Hence

the surface gradient contribution is estimated to b#&2

the technique is limited only by the accuracy of individual

times higher than the ordinary quadrupole contribution. Nomeasurements. This makes it possible to determine the rela-
changes in the line shapes indicative of quadrupole effectgve values of a very large numbét5) of independent tensor
were observed. Also, our equations cannot be properlyomponents. In this initial demonstration of the technique, a
solved within the assumption of a surface gradient ”O”H”Garsatisfactory accuracy was achieved. For a chiral (iyya-

ity. These results strongly suggest that quadrupole contribusige) film, the magnitude of the largest magnetic tensor com-

tions, if present, are relatively unimportant. Hence the Magnonent is~
netic contributions, whose significance in chiral media is
well established, provide the most natural explanation to ou

results. Finally, we note that our technique could also b

applied to the separation of electric-quadrupole and electric:

dipole effects.

20% of that of the largest electric-dipole compo-
nent. The largest magnetic components are associated with
the chirality of the material, and these components are larger
han the chiral component of the electric-dipole-allowed
tensor.
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