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Bulk contribution from isotropic media in surface sum-frequency generation
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We present systematic conceptual and experimental investigations of the bulk contribution to surface sum-
frequency generatiofSFG from an isotropic medium. A practical method for the analysis of spectra obtained
in a transmission geometry is presented which allows to estimate the bulk contribution in any future applica-
tion. A systematic degeneracy due to the molecular nature of the material is found which makes a subtle
interpretation of transmission experiments necessary. Practical consequences for the analysis of typical SFG
spectra are discussed.
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[. INTRODUCTION results derived for SHG are equally applicable to SHSEit
this may not be all true in practical terms especially when
Infrared-visible sum-frequency generatiof6FG has SFG occurs near a vibrational resonance. We describe in this
been developed into a powerful vibrational spectroscopi@aper a systematic analysis of the SFG case.
technique for studies of surfaces and interfacksriginates We find that as in SHG, it is not possible in SFG to sepa-
from a second-order nonlinear polarization rate surface contribution from a certain part of bulk contri-
bution. As we shall discuss later, this is inherent to the well-
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induced in a medium by two input fieldg;(w;) and

E,(w,), wherex(® denotes the nonlinear susceptibility. Be-

ing a third-rank tensory(® vanishes under the electric- o,
dipole approximation in a centrosymmetric medium, but sur- 1064 nm @, Infrared
vives at surfaces or interfaces. This makes SFG highly
surface specific in such media.

In a typical surface SFG experiment, two input laser
beams with frequencies; and w, overlap at a surface or
interface, and sum-frequency generation in both reflection
and transmission directions can be detects€e Fig. 1
Scanningw, over surface vibrational resonances results in a
surface vibrational spectrum that provides information about Guide He-Ne
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the surface structure. N ||E|
SFG, however, is not strictly forbidden in a centrosym- o, sFc !

metric medium. Beyond the electric-dipole approximation,

electric-quadrupole and magnetic-dipole contributions lead ,

to a nonvanishing((® for the bulk of such a medium. Al- 104 om g Infeared

though it arises from a higher-order mechanism, SFG from
the bulk could be comparable to that from the surface be-
cause the latter comes from a surface layer of only at most a
few monolayers thick. For SFG to be used as a surface
probe, it is then important to know whether the bulk contri-
bution to the output is negligible or it can be separated from
the surface contribution.

Bloembergen_ and CO_WorkérW.orked Oqt the theory_ of FIG. 1. Experimental setup for measuring reflection and trans-
second harmonic generatiéBHG) in reflection from an in-  isqion SFG signalsa) In the reflection geometry, lenisl creates
terface and derived explicitly the surface and bulk contribu-,, image of the sample surface on tHé2-cooled CCD camerB;
tions. Their approach has been adopted and extended in lat@g diaphragms1 andP2 are used for alignment and to isolate the
publications on the topit® A most important conclusion SgG signal from omnidirectional optical noisés) Transmission
from the theory is that part of the bulk contribution is not signal is directed into the CCD througtl andP2 via two mirrors;
separable from the surface contribution in real experimentsglass plateM prevents detection of the reflection SFG signal.

These publications form the basis for understanding of th&witching between the two geometries is done simply by inserting
bulk contribution to surface SHG. One would expect that theor removing windoww.

Sample
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g 1202 we should note that vibrationally resonant SFG usually in-
-A-f$ff$$$$ F$f+ff$+f Dividing Surface volves small atomic groups within a molecule, and therefore

d_++++++++ _++++++++ the physical dimension associated with the “intrinsic” in-

duced electric dipole and multipoles is smaller than that in

*++f++f+ ++++++++ the SHG case. I_Especially in case of SFG, this opens _the
++++++++ " ++++++++ o chance for negligible bulk contributions if surface ordering is

described in terms of atomic groups.

FIG. 2. Pg andPgs cannot be separatddee Eqgs(6) and(7)]. Comparison between SFG in reflection and in transmis-
Depending on how the d|v|d|ng Surfamnd’ according|y, the mo- Sion haS been Used to eStimate bulk Contl’ibution to éﬁg
lecular reference framés defined, part of the total SFG signal will We shall see later, the deduced quadrupole nonlinear suscep-
be interpreted either as bull) or as surface signdb). However, tibility for the bulk corresponds to the part of bulk contribu-
for most liquids such an effect turns out to be margiisale Sec. ¥  tion that is separable from the surface contribution. We ex-
if atomic groups are chosen as smallest unit. Note that the effeqpect from the abovementioned definition of dipoles and
also holds for isotropic materials. multipoles in terms of atomic groups that all quadrupole non-

linear susceptibility elements are of the same order of mag-

known fact that the magnitude of an electric quadrupole or ditude, except that some may vanish for symmetry reason.
magnetic dipole depends on the reference frame chosen [ferefore, the experimentally deduced bulk quadrupole non-
moments of lower ordefsuch as the dipojeare nonzerd.ln  linéar susceptibility would allow us to judge whether the
other words, division between the surface contribution and &ulk contribution to the observed SFG is negligible or not. If
certain part of the bulk contribution is not unique and de-the answer is positive, then SFG is dominated by the surface
pends on how they are defined. Following convention, weelectric-dipole contribution and can be _dlrectly r_elated to the
define induced dipoles and multipoles with reference to urface structure. An example is SFG in reflection from the
center properly located within each molecule or atomica}lr/n"_nethgnol mte_rface. .It was found the_lt th_e bglk contribu-
group. More specifically, we associate “intrinsic” induced tion in this case is negligibié\we shall give in this paper a
electric dipoles and multipoles with SFG-active atomicdetailed description of a systematic scheme for such an
groups. The bulk signal resulting from the electric quadru_eva_luatlon. For bet'ger illustration of concepts _and easier com-
poles and magnetic dipoles so defined can be expected muPRrison with experiment, we shall focus on isotropic media
weaker than the signal from a polar ordered surface with &/though the approach can be readily generalized to media of
strong dipole signal. This expectation is found valid, indeed!oWwer symmetry. _ _
for important practical caseéAs the electric quadrupole and T NiS paper is organized as follows. In Sec. II, we outline
the magnetic dipole are of the same order in multipole exthe general formalism in terms of macroscopic bulk param-
pansion and can be represented by tensor elements in a ufiters and identify which of them are directly accessible in
fied way, from now on, we refer to both of them just astrgnsmlsspn experlm.ents. In Sec. lll, we |Ilustrate.the. nonu-
“quadrupole.”) Considering a whole molecule or a bulk set NGUENESS In separation of surface and bulk contributions by
of molecules, however, we can find also the existence of aRaradigmatic examples. In Sec. IV, the general bulk theory is
“extrinsically” induced quadrupoldi.e., electric quadrupole specialized on organlc'llqwds and validated by exp_erlmental
and magnetic dipolepolarization that arises from a distribu- results on the SFG-actlye CH stretch. Furthermore it fol_lows
tion of electric dipoles. For a system of randomly distributedthat the directly accessible bulk parameters are small, in ac-
individual molecules carrying induced electric dipoles but notordance with previous r_esuﬁs'[he experimental results in-
quadrupoles, both macroscopic electric dipole and quadrigicate a degeneracy which we explain as a general property
pole polarizations should vanish. If the molecules are corre®f molecular materials. We then suggest ways how to infer
lated to form oppositely oriented pairs, then each pair 0" the remalnlng{surfac_e-lmltatmg bu!k parameters in Se_c.
molecules carries no electric dipole but a finite quadrupoleY- We present the most important estimates of the bulk signal
Consequently, even if the molecular pairs are randomly disfor CH bonds and find it negligible in typical situations if the
tributed, the bulk medium, if described in terms of thoseMicroscopic description is related to the macroscopic
pairs as smallest unit and their angular distributions, stilthrough radiating atomic groups rather than whole
possesses a nonvanishing quadrupole polarization. Mor&@olecules.
generally, the larger the clusters are in terms of which bulk
and surface are described the larger a quadrupole polariza-
tion has to be expected, and, at the same time, the more
pronounced the necessity to specify a molecular reference We discuss in this section a theoretical formalism on sur-
frame would be. An example with a set of well-ordered elecface and bulk contributions to SFG. We first define, as usual,
tric dipoles is shown in Fig. 2, which we will discuss in more a plane to separate the surface layer from the bulk of a me-
detail later in relation to the ambiguity in separation of sur-dium. It is a plane close to the surface and yet sufficiently
face and bulk contributions. The extrinsic electric quadrupoledeep into the bulk in a region where the structure is essen-
contribution to SHG or SFG, if present, is likely to be more tially the same as that of the bulk. We consider here a semi-
important than the intrinsic one judging from the dimensionsinfinite medium with the dividing plane a=0, the micro-
of the quadrupoles in the two cases. scopically thin surface layer betweess@<0" and the bulk
While the above discussion is general for SHG and SFGoccupying the half space<0. (This definition of the surface

IIl. THEORY
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layer includes the concept of Gibbs’ surface. FurthermoreP®(w,). Thus only six EQ nonlinear susceptibility ele-
the assumption of a semi-infinite sample does not imply anents are needed to describe bulk contribution to SFG in an
strong restriction as in a typical application, the infrared laseisotropic medium.

beam becomes absorbed way before the lower surface of a It has been shown that the SFG signals in reflection and
realistic sample which is finite in thedirection) The bulk  transmissionsee the geometry in Fig.) an be described
medium is assumed to be isotropic, and therefore the nonvdpy®68

nishing x(?) must come from a quadrupole contribution. For

the surface layer, because the inversion symmetry is broken, S°‘|P(sz,éﬁ|2,
x'?) is electric-dipole allowed, and because the layer is very 2 2 2
thin, the quadrupole contribution tg?) is negligible. PE=PL+PY, (6)

The bulk noniinear polarization can be writter? as whereP$) is the surface nonlinear polarization. Clearly for

SFG,Ak in transmission is much smaller than that in reflec-

0+
P(Bzi)(ws)zif [XihimE 1 E2ikim® X E 1 E2ikom tion, and therefore Ed4) suggests that the bulk contribution
m is more important for SFG in transmission and less so in
_Xi?ﬁn Eq;Eakemlextli (kg + ko, —ksp)]dz. reflection. Deduction of bulk and surface contributions sepa-

rately seems possible from simultaneous measurement of
(20 SFG in both transmission and reflection. Indeed, this was the
scheme used by Superfire al. to evaluate the importance
of bulk contribution in reflected SFG from an air/methanol
interface® Equivalent information on bulk parameters can be
bbtained from experiments utilizing films of varying
thickness’

However, the 1k dependence dP) is somewhat mis-

Here,E,;, E, denote the components of electric field vec-

tors of the visible and the infrared laser bedm,, Kom, Ksm

the components of the wave vectors of the visible, infrared

and sum-frequency fielkg,, follows from momentum and

energy conservatioRs,,)=Kiyy)+Kaxy)» Ks=kitk;, the

latter equation referring to the moduli of wave vecto(%}n , ) )

corresponds to the dipolar polarization induced by a eIectriéead'n%Z?ecal_JSEB contains terms that cannot be separated

dipolar coupling toE,, and the sum frequency field, and a from Ps”. This can be seen if we realize that &4) can be

quadrupolar coup(l}ing t&,; . The definition ofy;3%, follows written as

in analogy whiley;3;, corresponds to the quadrupolar polar- 2 _ (2) 2)

ization induced b)} the dipolar coupling to bah; and Ey Pe =E1Ea(Pea/ Akt Pes),

and quadrupolar coupling to the sum frequency field. Often, S2)_ ; » A \ra A A ara

Eq. (2) is displayed without an integral. Here, for the need to PLe=01(8,-8)[8;- (Kp+Ke)]—dp(Bs &)[ & (Kstky)]

emphasize the relation of microscopic and macroscopic +ds(8;-8)[8s (k1 —k»)1,

properties, ally are locally averaged, macroscopic material

quadrupole properties, not integrated in thairection. Note  p2—g, (&,.8,)(8;-2) +S,(8s- &1)(&;-2) +53(81- &,) (85 2)

that, finally, Eq.(2) does not contain effects stemming from 7

a change in index of refraction at the surface boundayr-

face quadrupolef' as this is a paper about the bulk signal.
For an isotropic medium, each fourth-ragktensor has,

by symmetry, only three independent nonvanishing tensor

elements

with
dy=(xP—x2)/2,
dy=(x3>-xgh12,

Xijij = X1+ Xiijj = X2 Xijji = X3> d3:(X81_X3QZ)/2,
Xiii =x1t X2+ x3- 3 51— (Y22 2512,
We can then express the modulus of E2).in the form
;= (x3*+x3")/2,
PR (w9)=[ (8 E2)(X1-Eq) + (85 E1)(Xp- Ep) + (Ey-Ep)

X(X3-89) J/AK, (4) 53:(X391+X§2)/2- 8
Here, &, is the unit vector representing the direction of &e
field. It is clear from Eqgs(6) and(7) that the two term$ )
and P2 which add toP£); are not separable. Physically,
this is because the division of electric dipole and quadrupole

X o= x 8k + ¥ 9%k, — x K. (5) poIarizatiqng_induceq in a medium is not unique, dep_e_nding

poap P P on the definition of dipole and quadrupole and the position of

There are altogether nine independent EQ nonlinear suscethe dividing plane(to be discussed further in Sec.)lIWe
tibility elements associated witR®(ws). However, since can show explicitly withP?)= 2 :E,E, andP{Z in Eq. (7)
E;-k;=0, the elementg ", x3? andx3® never contribute to (i3 being electric-dipole allowedthaf

where & denotes the direction oP®(wg), Ak=(k;+k,
—kg)-2 is the phase mismatch of SFG in the bulk being
nonzero only in the direction, and the’s are defined by
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Dividing Surface

P& +PR=I(xi)st (X +xe + X2 /21E 4 Ex

< <: < < <: < < < < <DividingSurface
[ e Lo SRR 3353
o Xijl local 9z Xijlz T Xijlz <: < < <: < < <: < < <:
>oooY >oo>2
+ X135 )/2} EqjExdz. C) “ ©

FIG. 3. The same as in Fig. 2, but for more complex entities.
Here,Xﬁmem is a tensor local irz which is nonzero only
within the surface layefsimilar to the bulk tensor deriva- line. The local bulk tensor elemegtz), being defined as the
tives) and whose integration alongreveals the total dipole local average of molecular quadrupoles, is then a delta func-
effectxﬁ.’l . To derive Eq.(9), without loss of generality, the tion with peaks at those centers. We find, depending on the
unphysical quantitieg?*, x$?, and x2° [see remark after position of the dividing plane, eitheP2=0 and P2
Eq.(5)] have been set to zero. It appears here thgf)sand = +Npd/2=+Ngp/2 [Fig. 2a)] or P&=Ngp and P
(X + xe + x33) play the same role in contributing to the = —Npd/2=—Ngp/2 [Fig. 2b)]. Here, N and N; are the
effective surface nonlinear polarization. This further illus- bulk and surface densities of molecules, respectiyeig,the
trates that, given a nonzero dipole, the magnitude of théduced electric dipole on each molecule, ahis the sepa-
quadrupole depends on the reference frame. Here, the dipolation between neighboring molecules alangFor simplic-
is allowed to be reference-frame dependent as well becaud®, further geometric factors such as electric field and wave
the medium is semi-infinite. With different definitions of vectors have been omittédin both cases,P&)+ P
electric dipole and quadrupole polarizations, the magnitudes +Ngp/2 as it should be. If the induced quadrupajen
of (xii)s and (s + x5+ x{33) can shift from one to the each molecule is not negligible, thé}2 should contain an
other, but the sum of the two remains constant. We shaladditional termNg. If interaction between molecules is im-
discuss in the next section how we would propose a converportant, there is also an additional electric-dipole contribu-
tional definition of electric dipole and quadrupole polariza-tion in P(S2) due to broken symmetry at the surface. This
tions for vibrationally resonant SFG so that the experimentakxample describes fairly well the cases of smectic-A liquid
results are more useful for studying surface structure. crystal layers and Langmuir-Blodgett films with molecular

Thus we know that the bulk contribution fros in Eq.  layers of alternative polar orientations.

(8) is intrinsically not separable from the surface contribu- A simple modification of the above example is shown in
tion. (The same holds for experiments on films with varying Fig. 3. The same description applies here if the induced elec-
thickness as in Briggmaat al® Two contributions froms;  tric dipole p is replaced by itg componenp, . It is possible
appear, each being inseparable from the upper and the lowgfat the two spatially close but oriented at an angle dipoles in
dipole layer, respectivelyHowever, the quantitied; in Eq.  Fig. 3 belong to two atomic groups of the same molecule.
(8) are different. With each of them being the difference ofOne can treat the two dipoles either separately or together as
two x°' terms, they are independent of the reference frame unit. In either case?$?) can be zero or finite depending on
and boundary surface chosen to define electric dipole anghe position of the dividing plane.
quadrupole polarizations. As seen from E@.and(7), their Both of the above examples assume an ordered array of
contribution to SFG is very much enhanced in transmissionnglecules in the bulk. The electric-dipoR?) could be of
because of the much smaller phase mismatch. By smultqhe same order of magnitude as the quadrugﬁéfé. Then,

neous measurements of SFG in transmission and reercUo;Ehe fact thatP(Sz) and P(st) are not separable means that it is

they can be deduced separately from the surface nonlinear . i .
optical coefficients. not possible to deduce the pure surface structural information

from a SFG measurement. For the latter to be true, we must
have inP(SZ) a surface-specific quantity that cannot be shifted
to P(BZS) by altering the reference frame or the position of the
dividing plane. This is the case when the surface layer has a
very different structure and a much stronger polarization than
We describe here a few examples to elucidate Ry  the bulk. For example, in vibrationally resonant SFG, the
andPZ cannot be separated physically because their definSurface layer may have a different spectrum than the bulk. In
tions are not unique. Consider the case of a medium condhe case of a pure liquid or polymer, the surface layer may be
posed of a regular arragzimuthally isotropigof small mol- ~ much more polar-ordered than the bulk and average of qua-
ecules with second-order induced electric dipoles shown i§lrupoles over random orientations effectively reduces the
Fig. 2. For simplicity, we assume the corresponding inducednagnitude ofP. For the case of crystals with inseparable
quadrupole on each molecule is negligible. This example resurface and bulk SFG spectra, however, one may i
lates to the formalism of Sec. Il in the following way. To and P(BZS) comparable in magnitude. To gain further informa-
define the bulk tensor element, a center for a local referencéion on the question whether the true surface response domi-
frame is defined in the middle of two adjacent lines of mo-nates in SFG or not, we need to perturb the surface and see
lecular arrays. Irfa) the top two lines are grouped together to how SFG changes.
form a quadrupole, and so on, ib) the second and third ~ What are the practical consequences of the ambiguity in

III. NONUNIQUENESS IN SEPARATION OF SURFACE
AND BULK CONTRIBUTIONS:
EXAMPLES AND CONSEQUENCES
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defining the bulk quadrupole? In fact, two consequences fol-

low. First, if an analysis of the surface structure in terms of 6000, SSP

angular distribution is published, it needs to be specified to /'55
which smallest unitgatomic groups, whole molecules, or 4000- ol D\
molecular clusteps and to which microscopic reference /D O G / D\
frames these angular distributions refer. In previous publica- o \ e ?oL
tions, however, the center of reference was not specified, for 2000+ D/ il J L / \
good reasons: The analysis referred to atomic groups which | T g | E'S My
are so small that the location of the center of reference within ol M? \%?ﬁ ~5%

an atomic group does not matter. This is has been numeri-
cally confirmed as mentioned in Sec. V. The second conse-

2800 2850 2900 2950 3000

guence is that the bulk parametergannot be measured and SPS e
need to be determined from calculations or reasonable order- 6000 * O refl
of-magnitude estimates in relation to the. In Sec. V we /" —@— trans
outline how to do the latter. 4000+ ' \
L [ ]
IV. VIBRATIONALLY RESONANT SFG 2000 ,9’ o N

FROM MOLECULAR LIQUIDS o ; L e

In contrast tcs;, the intrinsic bulk nonlinear susceptibility
elementd; in EqQ. (8) can be measured by SFG in transmis-

2800 2850 2900 2950 3000

sion and reflection as their contributions to SFG are strongly PSS
; o . 4000+ °
enhanced in transmission, because of the smaller phase mis- /\
matchAk. Here we discuss the special case of vibrationally 30001 .'\
resonant SFG in molecular liquids and show tdatmay ./ °
obey some special relations. 2000+ o \
We consider induced quadrupoles of the molecules or $ e
; : o 1000 { > | ey
atomic groups. Ifw, is near a vibrational resonance, the LI
nonlinear susceptibility can be written in the form 0
, da\ [op _ 2800 2850 2900 2950 3000
BN | —=]| == (0~ w,+iT,) (10
Xijl J J 2 r r . o
q i a/, FIG. 4. A set of reflection and transmission SFG spectra ob-

followi the B o hei imati H tained from a decane/glass interface. In 8®Ppolarization com-
oflowing e orn-Uppennheimer - approximation. ere bination, the transmission spectrum reproduces, with losses, the re-

(daldq);; and (u/dq), are the Raman polarizibility t€nsor ge tion spectrum—no bulk contribution is present. In Sand
and the infrared dipole derivative of the resonant vibrationapgg compination the transmission spectrum exhibits similar and

mode, respectively, ana, andI’; are the mode frequency girong bulk contributions.
and damping constant, respectively. When the infrared

electric-dipole transition is replaced by a quadrupole transi-, L L .
tion, i.e., (! 9q),— (uldq),, (here the new indem acts tively), SSPandPSSpolarization combinations, respectively.

on the infrared wave vectpone obtains the an expression W€ can therefore conclude that for SFG with ®Ppolar-
for y?2 analogous to Eq.(10). With the replacement !zatlonlc_omblnatlon, the bulk contribution stemming frqtin
(9l 39);;— (9al3q);; », Bormn-Oppenheimer expressions IS negligible(at least as long as the coherence ledgttk is
are obta%ned also fo%Ql and x@5. It is well known that for not orders of magnitude larger than for a typical reflection

wq far away from electronic resonance, the Raman polarizgeometry’ and with SPSandPSS it is about the same. We

ability tensor of a molecular system is symmetric to a veryconclude that a meaningful bulk transmission experiment
must include thé®SSor SPSconfiguration.

good approximatio? This is true even if one of the elec- . : .
tronic transitions in the Raman process is quadrupular. We T.he conclusion herg ha_s been confirmed by experiment.
expect In Fig. 4, a set of SF V|bra't|onal spectra for' the deca_ne/slllca
interface with the three different polarization combinations
Y@ =y? in shown.(The experimental arrangement has been described
ijl = Xjil 1 . .
elsewheré! key experimental changes with respect to the
standard SFG setup, now allowing for transmission measure-
ments, are displayed in Fig.)1With the SSPpolarization
X02 =492 (11) combi_nation, it is seen that the spectra in transmis_sion and
wim A reflection almost replicate each other. The small difference
We then find from Eqs(3) and (8) that |d;|~|ds| andd, can be explained by the difference in optical paths and
~0. The quantitied,, d,, andd; can be separately as- Fresnel coefficients. This indicates that the surface contribu-
sessed in SFG measurements by $f®S(denotingS, P and  tion together with a possible surfacelike bulk contribution
S polarization for the fields atg, w;, and w,, respec- dominate both transmission and reflection spectra, and hence

~ Q1
Xi?l?nz)(j?lm*
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d,~0. The situation is very different witSPSandPSS The ~ why |x?'| (and hencés;| and|d;|) is small compared tby 2|
two transmission spectra are very much alike and are mucf®r a molecular system with an isotropic bulk and a polar-
stronger than the ones from reflection. It indicates that the@riented surface layemote that according to E¢9), x°'
“amplifiable” bulk contribution P$) [see Eq(7)] dominates ~ and x2= [ x2,,ca@dZ carry the same uriit Let ¢’ and a’
the transmission spectra adg~d;. We have obtained simi- be the electric-dipole and quadrupole hyperpolarizabilities
lar results for many other liquids: hexane, cyclohexane, an@ssociated with the atomic groups. We hdiﬂéz)|a~|a8)|
propanol. The same rule also applied to other isotropic medighere a is roughly the spread of electronic wavefunctions

such as polymers. responsible for the hyperpolarizabilities or the vibrational
amplitude (for quadrupole matrix element between vibra-

V. WHEN WOULD THE BULK CONTRIBUTION tional states With [x2|~Ng|(a@)], |x|~N[(a@)| and
BE NEGLIGIBLE OR NOT? Ns=Nd, whereN and N are bulk and surface molecular

The use of SFG as a surface structural probe is questiorqj_ensities, respectively, and the angular bErJackets deznote the
able unless the bulk quadrupole contribution can be shown tfientational  average, ~we  find |xg|~Ng{a))|
be negligible in comparison with the electric-dipole contri- =Nd[(a$’)|>Na|(a)|~N[(a&))|~|x?| if d>a. This
bution of a well-ordered surface. In fact, a few cases demis often the case in vibrationally resonant SFG where the
onstrating the importance of bulk contribution to SHG re-atomic groups probed are smaller than the molecular dimen-
flected from a centrosymmetric medium have been reportegions. Liquid crystal molecules in the isotropic provide an
in the past? As discussed in Sec. II, it is by no means example.
possible to experimentally separate three out of six bulk pa- Apart from this well-known mechanism we note that the
rameter combinations, th&’s, from the surface parameters. orientational average over an isotropic distribution of micro-
This seems to demonstrate the severity of the problem. Iscopic quadrupoles can further reduce the bulk quadrupole
most cases, there remains the possibility to obtain furthegontribution. From a classical single-bond additivity model,
information by modifying the surface structure. However, forwe find as a robust feature that isotropic averaging sup-
many systems with an isotropic bulk, the bulk contribution topresses the value of?' by one order of magnitude with
SHG and SFG appears to be negligible. We consider sucteference to a bulk of well aligned molecules.
cases in more detail in this section. Our measurements on the special case of atomic groups
The deeper reason why surface structure angteean-  based on the CH stretch have revealed that the bulk quadru-
not be separated lies in the ambiguity of dividing a givenpole contributions front;’s can be neglectetsee the results
molecular structure into dipole and quadrupole contribution®n the decane/silica interface displayed in Fig. %o esti-
as discussed in Sec. llI. If larger assemblies of atomic groupgate the contribution from thg’s, we realize from Eq(8)
are treated as smallest unit in terms of which the surfac¢hat barring systematic cancellation suchdgs=0 or acci-
structure is going to be described, then the bulk contributiordental cancellation in the remainimly, d;, ands; should be
is not negligible in generalextrinsic quadrupole Even of the same order of magnitude. We therefore suggest as a
more this is the case for nonisotropic media such as crystalgeneral scheme to measure ithe to check for|d,|~|dj|
and liquid crystals in mesophases due to the more ordereahd|d,|~0 (in order to see whether our assumptions of Sec.
molecular arrangement. IV hold for the material under investigatipand to assume
Also for an surface description in terms of whole mol- |s;|<|d;|. Then an upper limit of the bulk contribution can
ecules, the extrinsic quadrupole can become important. lbe calculated according to Ef). In general, if the surface
the case of rigid molecules, however, this does not hampeanolecules form a polar-oriented layer, we can expect the
the analysis, as the extrinsic quadrupole as a purely geomedurface contribution to dominate in the reflection geometry.
ric effect can be explicitly calculatédn the framework of ~ Similar results have been obtained from many other liquid as
Eq. (10). For example, as the acetone skeleton is well knowrwell as polymer interfaces. In most cases, the bulk contribu-
(Fig. 3 can be interpreted as an assembly of acetone motion is so small that no SFG in reflection would be detected
ecules, the extrinsic quadrupole can be calculated from theabove noise.
distance of the SFG-active GHjroups from the chosen mo- Thus, while there is no general theory that can be used to
lecular center in the acetone molecule. This technique is nascertain whether in an isotropic medium the bulk contribu-
at the center of the current article and can be circumvented tion compared to the surface contribution to SFG spectros-
one chooses the atomic group as the smallest unit with rezopy is negligible or not, we believe we do have a few thumb
spect to which the surface ordering is being presented. Theules. For vibrational modes associated with small atomic
remaining small ambiguity of where to locate the center ofgroups in molecules, the bulk contribution from quadrupole
reference within a Cklgroup could numerically be shown to hyperbolarizabilities of the atomic groups to reflected SFG is
be negligible with respect to a signal from an ordered surnegligible if the atomic groups’ structure is not too different
face. For that, a molecular model according to Bd)) was  from CH,/CH;. Oppositely oriented pairs of polar atomic
employed. From now on, we refer to an analysis in terms ofyroups also yield only a small quadrupole bulk contribution
atomic groups and ask for the remaining, the intrinsic, quadif the distance between the atomic groups is small compared
rupole contribution. to the mean distance of molecular layers. In such cases, if the
What are typical mechanisms which lead to a negligiblesurface contains an oriented layer of polar atomic groups,
intrinsic bulk contribution? Theoretically, there are reasonghen the surface contribution should dominate in SFG-VS.
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Otherwise, the signal level of SFG-VS would be very low, input/output polarization combination. This effect is theoreti-
probably below the detection sensitivity with the current ex-cally argued to hold due to symmetry for any liquid probed
perimental setups. In all these cases, if the atomic groupaell off an electronic resonance. From these findings, an
form a polar-oriented layer at the surface, then the surfacénportant practical consequence follows. As the surfacelike
contribution to SFG is expected to dominate over the bulkbulk signal component cannot be measured, the underlying
contribution. tensor elements need to be inferred from the measurable am-
Admittedly these are not general rules and can only servelifiable bulk components by an order-of-magnitude argu-
as guidelines. To be certain whether the surface contributioment. When such an order-of-magnitude estimate of the sur-
dominates or not, we must resort to further measurement&celike bulk contribution foSPS, PSSor evenSSPis to be
where we modify the surface and see how the SFG spectruperformed, experimental knowledge of the amplifiable
changes? Ab initio calculations on the molecular systems SPS/PS®ulk signal is necessary, as the underlying bulk ten-

involved certainly will also help. sor elements systematically cancel out for the amplifiable
SSPbulk signal. Examples of molecular models support the
VI. CONCLUSION validity of this order-of-magnitude inference scheme. Finally

. it is investigated in which cases the total bulk contribution
A general framework for the analysis of surface versusyoyld ever matter according to the above scheme. Estimates

bulk contributions to vibrationally resonant SFG in isotropic suggest that for SFG-VS involving small atomic groups in
media is presented. Hereby, the surface signal is identifiegholecules, the bulk contribution to SFG from a molecular
with an electric dipole contribution, the bulk signal with the liquid observed in reflection geometry is negligible, hence,
sum of electric quadrupole and magnetic dipole contributhe reflected SFG spectra can be used to provide information
tions. For the special, but relevant case of molecular liquidsgpout the liquid surface structure. This is likely to be also
general rules following from symmetry are derived and eX-rye for other isotropic media such as polymers. Calculations
perimentally verified. To derive these rules, it was found usefrom molecular dynamics simulation are needed to substan-

ful to split the bulk signal into an “amplifiable” contribution - tjate the ideas and preliminary results presented in this paper.
which is enhanced inversely proportional to the sum fre-

guency phase mismatch, and a surfacelike contribution.
While the former is inferred from SFG measurements in
transmission and reflection geometry, the latter cannot ex- We would like to thank L. D. Barron for helpful discus-
perimentally be separated from the surface signal. It is showsions. Two of the authoréH.H. and A.L) would like to
experimentally that the amplifiable bulk contribution is thank the Alexander von Humboldt-foundation for financial
nearly the same iSPSandPSSand is negligible in th&sSP  support.
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