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ABSTRACT: A detailed description on the basic theory of optical sum-frequency
generation from an interfacial system is presented. Both the interface and the bulk
generally contribute to the sum-frequency output. Two seemingly different approaches to
specify bulk nonlinearity that includes electric-quadrupole and magnetic-dipole
contributions are shown to yield the same sum-frequency output if surface nonlinearity
is properly taken into account. The question of whether surface and bulk nonlinearities
can be uniquely defined and separately measured is discussed. It is shown that the answer
is affirmative. Truly bulk and truly surface nonlinear susceptibilities can be uniquely
defined and separately deduced from measurements of transmitted and reflected sum-

frequency generation.

O ptical sum-frequency spectroscopy (SES) has been
developed into a powerful and versatile tool for surface

and interface studies in past decades, as evidenced by the large
number of review papers on the subject.'™ Second harmonic
generation (SHG) is considered a special case of sum-frequency
generation (SFG). It relies on the fact that the surface (interface)
and bulk generally have different symmetries, such that, with the
proper choice of input and output polarization combination, the
electric-dipole-allowed bulk contribution to SFG can be
suppressed and the corresponding surface contribution relatively
enhanced. However, the electric-quadrupole and magnetic-
dipole contributions of the bulk to SFG are always allowed and
cannot generally be ignored, but this point has not been
emphasized enough in the literature. In many reports, such a
contribution to reflected SFG from a surface or interface is
omitted or deemed negligible and ignored. This is perhaps
because the basic theory of SFG from a surface in its more
complex form has not attracted due attention of researchers. For
future development and applications of SES, this is certainly a
situation that should be reversed.

The basic theory of surface SFG/SHG was developed in the
early days of nonlinear optics.'®™"* It modeled an interfacial
system as a three-layer system shown in Figure 1; the interfacial
layer sandwiched between the two semi-infinite bulk media was
much thinner than a wavelength. SF/SH radiation from the
induced nonlinear polarizations in the interfacial system was
obtained from solution of the wave equation with proper
boundary conditions. It was believed that the nonlinearity of the
interfacial layer was dominated by the electric-quadrupole
contribution due to rapid variation of the fields across the
interface, although the interfacial structure being noncentrosym-
metric might also contribute.'"' The bulk nonlinearity was
assumed to be electric-dipole-forbidden, so that electric-
quadrupole and magnetic-dipole contributions to the non-
linearity become dominant and SFG/SHG from the interface
and that from the bulk become comparable.

In later years, after it was found that SFG/SHG could actually
be used to probe surface adsorbates and interfacial struc-
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Figure 1. Schematics describing the beam geometry for sum-frequency
generation from an interfacial system between media I and IL

ture,"> ' the theory was expanded in great detail to describe

how an interfacial system responds to incoming fields and
contributes to SFG/SHG."”~>* In particular, for development of
SFG/SHG into a viable surface analytical tool, emphasis of the
theory was on how to deduce surface nonlinearity from
measurement and relate surface nonlinearity to interfacial
structure. It was stressed that generally both bulk and interface
nonlinearities would contribute to SFG/SHG, but this has not
been taken very seriously by many researchers. Confusion
stemming from the definition of bulk and surface nonlinearities
has also arisen on a number of important aspects in the
theory.”*** Presumably the reason is that not enough details of
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the formalism have been laid out in the publications and a few
subtle problems in the formalism have not been ironed out. In
this paper, we try to remedy the situation. We focus on the
following basic issues: How do the transmitted SFG and reflected
SFG from an interfacial system depend on induced nonlinear
polarizations in the bulk and at the interface? How do we define
the induced surface and bulk nonlinear polarizations and the
corresponding nonlinear susceptibilities? Are the definitions
unique, and is the surface nonlinear susceptibility clearly
distinguishable from the bulk nonlinear susceptibility? If so,
can the surface nonlinear susceptibility be separately deduced
from measurement to provide information on the interfacial
structure?

Different approaches have been used to find the output field of
SFEG/SHG from an interfacial system depicted in Figure
1'VA7182022 1t can be shown that both reflected and transmitted
fields of SF at @ = @, + @, can be expressed in the simple form”®
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[ =(2)
270°| OIS T Y
= 2kII e*(w) S Akil :e(a)l) e(wz)
ei(EM.;-a_;t)
. [ 9(2)
27w® N -
=—C2kn ¢*(w)- )(5(2) kH e(w) e(w,)

X El(wy, 07) By, 07) &F 70
AkH _ kH + kII _ kII
z — Mz 2z z
7(Q) = F(Q)-6(Q) (1)

Here, P®) and P{®) denote the nonlinear polarizatlons at o
induced at the interface and in the bulk, respectively, 75> and 7’
are the corresponding nonlinear susceptibilities, the superscript
M =T or II describes in which medium a quantity is specified, the
wave vectors are generally complex in the presence of absorption,
k> 0and k. < 0 are for forward and backward SFG, respectively,
and F(Q) corresponds to the transmission Fresnel coefficient
from medium I to medium II for the case of reflected SFG, but

?uals 1 for transmitted SFG. If medium II has a finite length /,

7P /iAkY in eq 1 for transmitted SEG should be replaced by

72 /iAKY) (25! — 1).26 However, for SF spectroscopy, either
one or both inputs or the SF output is strongly absorbed in
medium II, and if the absorption length is much shorter than the
length of medium II, then eq 1 is still valid. For simplicity of
presentation, we have assumed that medium I (z < 07) is linear
and the dielectric constant of the interfacial layer (0~ < z < 0*) is
&' = g;. Among the various approaches to derive eq 1, the most
physically transparent one is to calculate the output SF field as
the sum of the radiation fields from a polarization sheet of PP at
the 1nterface and from a stack of polarization sheets of P(Z) (z) dz
in the bulk.?° There is, however, a rather subtle question of how
(2) and P](3 ), and hence 7 and 7, in eq 1 are defined. As we
shall see later, the definitions may appear ambiguous or
nonunique if we go beyond the electric-dipole approximation.
The bulk part of eq 1 is usually derived by assuming that the
input fields E (k) exp[lk1 7 — iw,t] and E,(0,k,) exp [ik, 7 —

iw,t] induce in the bulk a nonlinear polarization™ "
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and 7) can be expressed in terms of the molecular nonlinear
polarizability &@® as

7 =N(a®) ®)

where N is the molecular density and the angular brackets denote
an orientation average. The wave vector dependence of
7P comes in when it is necessary to go beyond the electric-
dipole approximation in describing the medium response.

Eciuatlon 3 however suggests that BY)(7,t) may also be expressed
425
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with & specified to be along the radiated SF direction, because in
describing molecular SF or hyper Rayleigh scattering, 3@ should
have the form &® (0= a)1+a)2,k7ék1+k2) with k along the radiated
direction. The expression of 2% (r,t) in eq 2 emphasizes the fact
that P is locally induced by E, and E, and that in eq 4
emphasizes the role P(Z) lays as a source for SF radiation along k.

The two forms of ¥ 7P(wk), and hence the two forms of
PY (a),k) are obviously different. For example, in the case of
reflected SFG from an interfacial system, k is very different from
k, + k,. Following eq 1, they seemingly would result in very
different SF out_Puts This has led to the question or confusion of
which form of P is correct or whether both are.

The two different expressions of PP ) in eqs 2 and 4 actually
originate from different physical considerations. The problem
arises because we are dealing with a semi-infinite bulk medium.
We know that the Fourier transform of P (7,1) to yield P (w)k)
must be carried out in an infinite space:

4
(2)(0)’ k) = (ZL) / —’(2)(-> te —i(k-F— o) 47 dt
T —_

In an infinite homogeneous medium, if P )(r,t) is induced by
1nput fields E (a)l,k ) exp|:1k1 7 — iw;t] and Ez(wz,kz) exp[lkz 7=
2) ], SFG can only appear in the phase-matched direction and
(a),k#k1+k2) vanishes. In a semi-infinite medium, however,
the Fourier transform of P§ )(r,_) as a radiation source has Fourier
components not with a single k, but with a spread of k. Only the
one with k in the SF output direction contributes to the SFG and
is retained (other Fourier components omitted) in eq 3. On the
other hand, P(Z)( t) of eq 2 describes the local nonlinear
polarization, rather than a Fourier component of B¢ )(V,Q
induced in the medium and has its wave vector k = k1 + k,
generally not in the SF output direction. From the physical point
of view, we know that the end result on SFG should not depend
on which expression of PY we use, as long as all induced
nonlinear polarizations for SFG in the medium have been
properly taken into account in the calculation. This then
indicates that the difference between the two expressions of P
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for the bulk must be compensated by the difference in specifying
correspondingly the induced surface polarization at the surface or
interface, as we shall see below.

To resolve the confusion, we need first to show explicit
expressions of P(Z)(a) k) and )((2)(60 k) The wave vector
dependence of B¢ (a),k) that causes the confusion arises from
the nonlocal response of the medium. To the first order, it comes
from the electric-quadrupole and magnetic-dipole response in
the multipole expansion, which has the expression*®™>

- (2)
op® PR . V-
~B5 _ 7 BD + ¢V X Méz) — 7QB + ..
ot ot ot (%)

where 13]%, M), and Q) denote the induced electric- -dipole
polarization, magnetization, and electric-quadrupole polariza-
tion, respectively. Note that P](3 )also contains magnetic-dipole
and electric-quadrupole terms that are 1nduced by E (VEZ),
E,(VE)), E,(V X E,), and E,(V x E,).*° The corresponding
equation for the Fourier components is

wwa
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Equation 6 can be recast into the form®**>**
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then we find (with 7 = 7))
2) (w, k) —;((2) +i[— (2) -k +;(1§2)1 -k, +xf§?2 -k,]
(10)
In the above derivation, @ = @ + w,, but we did not specify k= kl
+ k2 We see that )(](3)(a),k k1+k2) is obviously different from
(2)(0) k;ék1+k2) They would contribute to SFG differently.
However, as we shall see below, the difference will be reconciled

if contribution from the interfacial layer to SFG is properly taken
into account.

To find the interfacial contribution to SFG, we copy the
approach and derivation given in refs 20 and 22. The interfacial
layer is not infinitesimally thin, but has a finite layer thickness.
The fields and the response coefficients should vary smoothly
across the interfacial layer from z = 0™ to z = 0" so that E(Q) =
E(Q, z), £(Q) = £(Q, z), and 7P(Q, z). We express the field at
frequency Q as

E(Q, 2) =f(Q 2)EN(Q, z=0")&

+£,(Q 2) X E,(Q, z=0")7
+£,(Q, 2)EN(Q, z=0")2 (11)

with £,(Qz) = f,(Qz) = 1 and f,(Qz) = £,(Qz2)/(Q0") =
e(,z)/e;(€2). We can also define a continuously varying bulk
nonlinear polarization PY across the interfacial layer. The
expression of P(Z)(w,z) can be obtained following a similar
derivation that leads to P in eq 8, but because of the rapid
variation of the field amplitudes across the interface, we should
replace 1k E, (which comes from the VE, operation) in eq 8 by
2(0/0z). We find in the interfacial layer

(2)

s (0,2) = 77 (0, 2):E(0, 2) E(,, 2)

215D (0, 2):E(ay, 2) B, 2)2]

oz 4

H(z) 0 = = R
+ (a), Z) a E(a)ll Z) E(a)ZJ Z)Z

+ 72 (0 9w, | SEw@,

We then define the surface nonlinear polarization PY and surface
nonlinear susceptibility 7 through the relations

E#(w)-B” = f E*(w, 2)- B, 2) dz
int

(2) (13)
B (w) = (2) :E (w1)Ez(a’z) at z=0
and obtain
)(s(?;)k = _/ {f;(w’ z))(d(f])f (wv Z)fk(wz; z)
- _f (w; ))((?])sz-(wl; Z)fk(a)b Z)
of (w,, z)
+f(00; Z))((IZ)z;kz}T ANV Z)
+f (@, Z)X(ZZ)l]sz( 1 2) i Z)}
_ ., —ot
)(Hq ijkz (CO, z=0 ) (14)

Here, 7{¥ does not depend on k since the interfacial response is
evaluated at z = 0. The electric-quadrupole and magnetic-dipole
responses appear through rapid field variation across the
interface. They will vanish if the refractive indices of media I
and II are matched.'”*° It is interesting to note that the last term
in eq 12 refers to a quantity at z = 0" in medium II and therefore is
obviously a part of the bulk contribution.””** The corresponding
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term from medium I is absent because we assume medium I has
no nonlinearity.

As seen in eq 1, the SF output field arises from an effective
surface nonlinear susceptibility (omitting the supersubscript II
that denotes quantities in medium II):

(2) 2(2) )?(2)
<(2 2 4B
X =X+
Seff S lAkz (15)

Since both surface and bulk contributions to SFG always appear
together, there have been repeated discussions in the literature
on whether the two can be uni%uely defined and separately
deduced from measurement.”®***3'735 Here, we show that
indeed they can. If we go back to the expression of
7(w,k#k,+K5,) in eq 10, we can easily show that it can be

rewritten as
72 (w, k#k 4y, &y, Ky) = 72+ i72) Ak,

?]gl? = H(Z) (v, k:EI+k2' K, k) (16)

70 =72

We can also rewrite 7$ in eq 14, w1thf(Q 2) =f(Q2)x +f,(Q,
2)J + f(Q, 2)%, as

=(2) _ =(2) =(2)
As = Xss© ~ Xps

=/ {f (@, )70 F (@, 2)F (@3, 2

- —f (@, 2) 77 f (0, 2) f (3, 2)
)7 <-»(2) ' of (wl, z)-

(17)

+f(60; f( w,, z)

+7 (@, 2072 f (@, 2) ¥ (‘a";’ Z)} dz

We then have, with the bulklike term )((2) redistributed in )?gze)ff
2(2)
7O =50 4 BB
S,eff SS iA kz (1 3 )

where 7% is independent of Ak, Now that 7¥(w) is
lndependent of the bulk, it is clearly a true surface property,
while 7 (w,k k1+k2) followmg 1ts deﬁmtlon is clearly a true bulk
property. We note that {3 ) and 7 ) uniquely defined in egs 16
and 17 are also unique from the microscopic point of view, i.e.,
independent of the choice of molecular center, as discussed in ref
2S.

One can deduce 73 and 7 separately from measurements of
forward and backward SFG that yield

=(2)

7] = H(z) BB
+
o] iAky
=(2) ( ) )? 5 )
2 2 BB
+
Wy Jn = iAky,

where Akp, and Akp, are known from the linear optical
properties of the medium. This has been demonstrated in ref 32.
For an order-of-magnitude estimate on the relative value of the
bulk and surface terms in eq 19, we notice that usually for SF
spectroscopy on media with inversion symmetry22

£(2)
|)((2)| ~ 7 (2)|dN XL d
a

7 |~ kg2
|Aky | ~ IK \Aky | ~ f

where d is the interfacial layer thickness, a is the relevant electron
orbit size, and 1/f is the abso tion length. We then find | 172/
7R/ Akl ~ d/aand |jg<2>/g;( JAK)lp & (ﬂ/k)(d/u) Since d is
larger than a, we expect 7% to be larger than ¥ 7Y for reflected
SFG. For allowed vibtational resonances, we often find f/k =~ 10
and expect 7 to be smaller than 7{ for transmitted SFG. In
many cases, such as water and silica, the bulk contribution
appears to be negligible in the reflected SFG. In general, however,
there is no reliable theory that can predict if the bulk contribution
is negligible. One then has to rely on measurements of both
forward and backward SFG to deduce 7 for an interface.

We note that the above discussion can be readily extended to
more general, although less interesting, cases of media with lon,
absorption lengths. All it takes is to re lace 7 by 7Y/
iAk,) (e — 1) in eq 19 and include in ¥$? the contribution of
the other interface at [. With I, Akg ,, and Aky, known, again 79
and 7 can in principle be separately deduced from reflected and
transmitted SFG measurements.

We have presented here a detailed description of the basic
theory of SFG from an interfacial system. It is seen that there is
some ambiguity in defining the nonlinear polarization and
susceptibility of a bulk when electric-quadrupole and magnetic-
dipole contributions have to be taken into account. However, the
directly measurable effective surface nonlinear susceptibility,
)?g?eg, is composed of a true bulk term and a true surface term, and
the two can be separately deduced from measurements of
forward and backward SFG. The true surface nonlinear
susceptibility can then provide unequivocal information about
the interfacial structure. Recently, there has been increasing
interest in simulating surface SF vibrational spectra to compare
with measured ones. However, calculations, most of which use
molecular dynamic simulation, generally focus only on the
electric- d1 ole contribution to the surface susceptibility (the )(%2)
term 1n 7 of eq 17), while experiments measure directly not 72)
or Zss , but 7 )ff From what we discuss here, it is clear that to
have a fair comparison with experiment, the calculation should
include the electric-quadrupole and magnetic-dipole contribu-
tions from 7Y unless they can be proven negligible, or it should
compare with the deduced spectra of 7). Electric- -quadrupole
contribution to bulk nonlinearity has recently been formulated
and is supposedly ready to be employed in computation.*®

B AUTHOR INFORMATION

Corresponding Author

*E-mail: yrshen@calmail berkeley.edu.

Notes

The author declares no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Director, Office of Science,
Office of Basic Energy Sciences, Materials Sciences and
Engineering Division, of the U.S. Department of Energy under
Contract DE-AC03-76SF00098. I thank Steven Byrnes for

dx.doi.org/10.1021/jp305539v | J. Phys. Chem. C 2012, 116, 15505—15509


mailto:yrshen@calmail.berkeley.edu

The Journal of Physical Chemistry C

helpful discussion and for pointing out the equivalence of the two
approaches in defining nonlinear polarization.

B REFERENCES

(1) See, for example Shen, Y. R. Surface Nonlinear Optics. J. Opt. Soc.
Am. B 2011, 28, AS6—AG6.

(2) Vidal, F.; Tadjeddine, A. Rep. Prog. Phys. 2005, 68, 1095—1127.

(3) Richmond, G. L. Chem. Rev. 2002, 102, 2693—2724.

(4) Buck, M.; Himmelhaus, M. J. Vac. Sci. Technol. 2001, A19, 2717—
2736.

(5) McGilp, J. F. J. Phys. D: Appl. Phys. 1996, 29, 1812—1821.

(6) Eisenthal, K. Chem. Rev. 1996, 96, 1343—1360.

(7) Shen, Y. R. Surf. Sci. 1994, 299/300, 551—562.

(8) Shen, Y. R. Annu. Rev. Phys. Chem. 1989, 40, 327—350.

(9) Shen, Y. R. Nature 1989, 337, 519—525.

(10) Bloembergen, N.; Pershan, P. S. Phys. Rev. 1962, 128, 606—622.

(11) Bloembergen, N.; Chang, R. K; Jha, S. S.; Lee, C. H. Phys. Rev.
1986, 174, 813—822.

(12) Wang, C. C. Phys. Rev. 1969, 178, 1457—1460.

(13) Heinz, H. F.; Chen, C. K;; Ricard, D; Shen, Y. R. Phys. Rev. Lett.
1982, 48, 478—451.

(14) Heinz, T. F.; Tom, H. W. K; Shen, Y. R. Phys. Rev. 1983, A28,
1883—188S.

(15) Zhu, X. D.; Suhr, H.; Shen, Y. R. Phys. Rev. 1987, B35, 3047—3050.

(16) Hunt, J. H.,; Guyot-Sionnest, P.; Shen, Y. R. Chem. Phys. Lett.
1987, 133, 189—192.

(17) Guyot-Sionnest, P.; Chen, W.; Shen, Y. R. Phys. Rev. 1986, B33,
8254—8263.

(18) Sipe, J. E.; Moss, D. J,; van Driel, H. M. Phys. Rev. 1987, B35,
1129—-1141.

(19) Mizrahi, V; Sipe, J. E. J. Opt. Soc. Am. 1988, BS, 660—667.

(20) Guyot-Sionnest, P.; Shen, Y. R. Phys. Rev. 1988, B38, 7985—7989.

(21) Heinz, T. F. Second-Order Nonlinear Optical Effects at Surfaces
and Interfaces. In Nonlinear Surface Electromagnetic Phenomena; Ponath,
H.E,, Stegeman, G. I, Eds.; North-Holland: Amsterdam, 1991; pp 353—
416.

(22) Shen, Y. R. Surface Spectroscopy by Nonlinear Optics. In Frontiers
in Laser Spectroscopy, Proceedings of the International School of Physics
“Enrico Fermi”; Hansch, T. W., Inguscio, M., Eds.; North-Holland:
Amsterdam, 1994; Course CXX, pp 139—65.

(23) Petukhov, A. V. Phys. Rev. B 1995, 52, 16901—16911.

(24) Held, H.; Lvovsky, A. L; Wei, X.; Shen, Y. R. Phys. Rev. B 2002, 66,
205110—1-205110-7.

(25) Byrnes, S.J.; Geissler, P.L; Shen, Y. R. Chem. Phys. Lett. 2011, §16,
115—-124.

(26) See, for example: Shen, Y. R. The Principles of Nonlinear Optics; ].
Wiley: New York, 1984.

(27) Landau, L. D.; Lifshitz, E. M. Electrodynamics in Continuous Media;
Butterworth-Heinemann: Oxford, U.K., 1960.

(28) Pershan, P. S. Phys. Rev. 1963, 130, 919—929.

(29) Raab, R. E. ; De Lange, O. L. Multipole Theory in Electromagnetism;
Clarendon Press: Oxford, U.K., 2005.

(30) Guyot-Sionnest, P.; Shen, Y. R. Phys. Rev. 1987, 35, 4420—4426.

(31) Sipe, J. E; Mizrahi, V.; Stegeman, G. L. Phys. Rev. B 1987, 35,
9091-9094.

(32) Wei, X;; Hong, S. C.; Lvovsky, A. 1; Held, H.; Shen, Y. R. . Phys.
Chem. B 2000, 104, 3349—3354.

(33) Cattaneo, S.; Kauranen, M. Phys. Rev. B 20085, 72, 033412—1—4.

(34) Rodriguez, F. J.; Wang, F. X; Canfield, B. K; Cattaneo, S.;
Kauranen, M. Opt. Express 2007, 15, 8695—8701.

(35) Wang, F. X.; Rodriguez, F.J.; Albers, W. M.; Kauranen, M. New J.
Phys. 2010, 12, 063009—1—11.

(36) Morita, A. Chem. Phys. Lett. 2004, 398, 361—366.

15509

dx.doi.org/10.1021/jp305539v | J. Phys. Chem. C 2012, 116, 15505—15509



