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Mid-infrared second-order susceptibility of a-quartz and its application
to visible-infrared surface sum-frequency spectroscopy
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We provide the first account of the second-order susceptibility of quartz down t@moO
(1000 cm'!) and show how this data may be used along with the sum-frequency response of an
amorphous gold surface to elucidate the nonlinear susceptibility of any material in the mid-infrared
region. Crystalline quartz is an established material for use in second-harmonic and sum-frequency
generation studies of new systems, on account of its well-characterized linear and nonlinear optical
properties. Previous knowledge of its nonlinear susceptibility has been limited to its transparent
region, wavelengths shorter than aboututh. Longer wavelengthy(® values for quartz are
particularly important for techniques such as vibrational sum-frequency spectroscopy which are
expanding into the mid-IR with the increasing availability of widely tunable infrared laser
sources. ©2004 American Institute of Physic§DOI: 10.1063/1.1826055

I. INTRODUCTION In addition to calibrating the sum-frequency response of
new material, there is another utility for knowing the non-
ear susceptibility of quartz in the mid-infrared. For wave-
?engths longer than about 3m there are no efficient polar-
izers which are transparent enoughith a transmittance
greater than 70%for use in controlling the infrared beam

Visible-infrared sum-frequency generation spectroscop)ﬁln
is a technique which is ideally-suited to the study of surface
and buried interfaces.’ Since it is a second-order nonlinear
optical method, it inherits its interface specificity from the

fact thaty(?), th nd-order ibility, is zero in th N . .
act thaty™™”, the second-order susceplibility, is zero in t epoIar|zat|on. To circumvent this problem, many systems

bulk of centrosymmetric materialsinder the electric dipole : L
y t P make use of periscopes that change the polarization of the

approximation but is nonzero at the interface due to the. frared b by reflection. Si ; . i
symmetry breaking which occurs there. In contrast with thel'rared beam by refiection. Since a separate periscope mus

more established technique of second-harmonic generatioRfa m_st_alled fors_or p polarization, it is necessary to realign
sum-frequency generation using a tunable infrared beam prdf€ Visible and infrared pump beams to the sample surface,
vides information on local vibrational modes, giving it ex- '€ading to potential differences in spatial and temporal over-
cellent chemical sensitivity. lap. In addition, it is difficult to adjust both periscopes to
Crystalline a-quartz has been extensively used as a refiave exactly the same path length, resulting in small but
erence material for second-harmonic and sum-frequenc?'gn'f'cam differences in focusing of the infrared beam at the
studies for two purposes. First, it may be used to determiné@mple. Both issues may be addressed by comparing the
the phase of the sum-frequency field by generating an addfum-frequency response of the sample with that of a refer-
tional sum-frequency signal that interferes with the one frongnce compound. For the case of samples with no in-plane
the sample in a homodyne detection schéntéSecond, the ordering(such as liquid surfacgsn amorphous gold sample
signal generated from quartz may be used to quantify th&ay be used as a reference. Ordered samples, however, may
unknown nonlinear response from new samptds.the first ~ be investigated with polarization combinatiofssich asss9
application, it is necessary to work in a wavelength regionthat do not provide a sum-frequency response from an amor-
for which the quartz is transparent since transmissiorphous surface. We show that quartz, once the valyg@dfis
through the quartz is required. Since quartz absorbs lighknown, and gold together provide an ideal reference combi-
below 3000cm?! and has many strong bands below nation for quantitatively comparing the signal obtained from
1300 cm'?, it is unsuitable for such an application. In the different polarization schemes.
second application, however, a reflection geometry is often The discussion of these topics is presented in three
used, making transparency no longer a constraint. As reliablgtages. First it is shown that the sum-frequency response
mid-IR laser sources become available, there is growing infrom an amorphous gold surface may be used to correct the
terest in extending visible-infrared sum-frequency spectrosshape of the quartz spectrum. This is followed by a discus-
copy further into the mid-IR. We use our sum-frequencysion of how the sum-frequency response from quartz as a
setup to measure the response of quartz in this absorptivianction of wavelength and azimuth may be used to deter-
region, and thereby determine the dispersiony&® over  mine the dispersion of? in the mid-infrared region of
these infrared wavelengths. interest, from 1000—3050 cr. Finally an example is pro-
vided of how the measured® for quartz is used to deter-
dAuthor to whom correspondence should be addressed. Electronic mair:nine the nonlinear susceptibility of an ordered polystyrene
richmond@uoregon.edu surface.
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Il. EXPERIMENT

Details of our surface sum-frequency generation experi-
ment may be found in previous publicatiots-3In brief, we
use a regeneratively amplified Ti:sapphire oscillator to pro-
duce 1.7 W of 800 nm light with a 2 ps pulse width and a 1
kHz repetition rate. A quarter of the power of this beam is
split off for use as the visible pump beam; the other 75% is
used to generate an infrared beam which is tunable from
1000-3050 cm?®. This is accomplished by optical paramet-
ric generation/amplification in sig-barium borate crystals
followed by difference frequency generation in a single sil-FIG. 1. The plane of all the wave vectors with respect to the crystallo-
ver gallium sulfide crystal. Critical ang|e tuning of these graphic axes of thg quartz sample. The Plane of'incidence contains the

. . ptical (threefold axis and the surface normal The azimuth of the sample
crystals is controlled by a cor_nputer SO ,that the '”frare,qz defined by the angleé that this plane makes with the crystallograpkic
wavelengths may be scanned in a stepwise manner duringis.
the experiment. The visiblaup to 100xJ/pulse and tunable
infrared (1-4 wJ/pulse@ beams approach the sample surface
at 46° and 61°, respectively, from the surface normal. Theslightly depending on the level and type of theory employed,
precise angle of the reflected sum-frequency beam is gowut the general trends are the same: there is a small variation
erned by a phase-matching criterion, and so is dependent an x?) in the near-infrared, from ca. 3000 cthto higher
the visible and IR beam angles and frequencies. The detectdrequencies; below 3000 cm the dispersion is much less
a CCD camera, is set to a nominal angle of 50°. The polarsignificant. We combine this conclusion with data from pre-
ization of the two incident beams and that of the detected/ious experimental studies in our group @# for dielectric
sum-frequency beam may be selected as egharp. materials(salt solutions and neat,®) which show no vi-
brational resonances from 2800—3800 ¢myet have a sig-
nificant nonresonant response throughout that retfiéhin
these cases, the raw data showed considerable features due to
the variation in IR energy and beam overlap while tuning;

Raw sum-frequency spectra need to be corrected for sewdividing by the gold response in the same spectral region
eral experimental artifacts before any quantitative analysiscesulted in a completely flat nonresonant responseyfét
Regardless of the experimental setup, one of these issues[isse, for example, Fig.(4) in Ref. 18, and Figs. 4—7 in Ref.
the variation in IR energy with wavelength, which is a tuning 17]. Since the linear and nonlinear optical properties of these
characteristic of the crystals used for parametric generatiodielectric materials are significantly different from that of
of the IR frequencies. In nanosecond systems, this may bgold, this is a testament to the fact that neglect of the disper-
accomplished simply by measuring the IR energy as a funcsion of y(® for gold is valid, even for frequencies above
tion of wavelength, and dividing the sum-frequency data by3000 cm . The trends revealed by the theoretical papers we
this IR spectrum. For picosecond experiments such as ourmentioned show that as one moves to lower frequencies, the
this situation is not as simple, since variation in spatial andlispersion is even smaller.
temporal overlap of the beams as the crystals are tuned must The reflected sum-frequency intensity from any surface
also be taken into account. Details of these issues are givanay be determined from
in Ref. 13; in brief, the measured response from a baseline —
material such as amorph [ - . 10%3sec 0 (o

phous gold may be used for this pur | (v3) = |X§f)'s|2|(1/1)|(vz), (1)
pose. A suitable baseline material will have a large value of 8eoC
x® in the region of interest, yet any variation i®  \herew; is the frequency of the visible beaim cm™2), 7;
through this wavelength region should be featureless. In sucthe tunable infrared beam, ang=7,+ 7, is the sum fre-
a case, observed spectral features may be attributed to variggency;s, is the exit angle of the sum-frequency beam in air
tion in IR energy, spatial, and temporal overlap, and maysee Fig. 1 The effective nonlinear surface susceptibility
therefore be used to correct the response of the sample 3% s related to the actual second-order surface susceptibil-

¥ (quartz)
_w X (lab)

> % (quartz)

Ill. BASELINE CORRECTION WITH AN AMORPHOUS
GOLD SAMPLE

will be illustrated below. ity x@ by
Ideally, there should also be negligible dispersiorn/ & @e o 20501 — A .
throughout the region of interest (1000—3050 ¢nfor this Xeit - =[L(v3)és] - x* =" [L(v1)e][L(v2)&;], 2

study. While gold gives a strong sum-frequency responséynereL are the Fresnel tensors agdare the unit polariza-

owing to its large second-order susceptibility, & is not  tion vectors. The Fresnel factors were determined taking the
entirely free of dispersion through these wavelengths. Werequency dependence of the dielectric constant for an amor-
neglect the dispersion of® for gold in this study, and phous gold surface into account. The complex refractive in-
justify this by a combination of our own experimental find- yex data required for these calculations was obtained from

ings and theoretical reports in the literature. There are N®ef. 19. For theC symmetry of an amorphous gold sur-
. . . . . - - *v
direct experimental accounts of the variation ) with  t5ce and thess p polarization scheme

wavelength in the infrared region for gold, but there are a @e @ — o
few calculations of this phenomendt:'® The results vary Xettssp= — Lyy(V3) Xyykyy(V1)LzAv2)SiN 6. ()
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The raw gold sum-frequency spectra are first divided bythe orientation in the planép, the angle between the crys-

|Lyy(73)Lyy(¥1)L,Av2)sin6,* and then scaled to unity at tallographick axis and the laboratory fram axis) and the

the wave number for which spatial and temporal overlap Wag,eaqyred signal needs to be determined. For this we need a
achieved. This provides the baseline for all other scans in thFOrm of x2 that can be used in Eq&l) and(2) For theppp

same wave number region since the shape here comes from, .~ 7.
o . polarization scheme used for the quartz measurements there
the variation in IR power, spatial and temporal overlap,

. . ) .
square of the sum frequenggee numerator in Eq1)] and are, in general, eight eIement§ o-f tlg:é’- tensor which are
the exit angle of the sum frequensince this is a function Probed. These are the ones with indises;, xxz, xzx xzz

of frequency, from the phase-matching critejion ZXX, Xz zzx andzzz When the effectivep p p susceptibil-
ity for quartz is expanded into its constituent terms, simpli-
IV. SUM-FREQUENCY FROM a-QUARTZ fication occurs as a result of the symmetry of the crystal.

Sincea-quartz gives a sum-frequency response that disCrystalline quartz ha®; symmetry and so the form of its
plays in-plane anisotropy, the quantitative relation betweersecond-order susceptibility tenédis

XXX xxx 0 xyz xzy O 0 0 0
x?=| 0 0 0 O 0 XzZy Xyz XXX XXX (4)
0 0O 0 O 0 0 0 zxy zxy

where the overbar denotes negative values. Sipée is Sum-frequency spectra were collected by scanning the
more than two orders of magnitude larger than the othetR wavelengths twice in a specific tuning interval, averaging
tensor elements, it is customary to assume(fj,)zz Xizz)y the two scans, then rotating the sample about its normal by
=x3=01 10° and scanning again. This was repeated through a 180°
We determine how(? transforms from the local, crys- rotation. The raw sum-frequency spectra of quartz were first
tallographic ky2) frame under rotation through an in-plane divided by Fresnel-corrected gold spectra, and then by the
angle¢ into the laboratory XY 2) frame where the polariza- square of the product of their own Fresnel factors

tion of the beams is defined. This is accomplished by th%xx(ﬂ)'—xx(@)'—xx(%ﬂz- This removes the influence of the

Euler transformation variation in IR energy, spatial and temporal overlap, sum
cos¢ sing O frequency, and frequency dependence of reflection angle on
@) ) ) the spectral shape.
Xijk=| ~Sing cos¢ 0 xiy ®) The final factor needed to correct the shape of the appar-
0 0 1 ent quartz spectrum is the coherence length,of the sum-

which results in frequency process, the quantity which relates the surface

2) _ (2
XS8x= xicos 3 (6)

and all seven other components g} that contribute to
ppp equa| to zero. For the convenience of those WorkingTABLE |. Considering that the nonlinear susceptibility tensor for quartz is

. o “dominated byy{2),, we summarize the results of the transformations of this
with _Other p0|anzatl_0n _SChemes’ we hav,e W,0rked out thISglement from the frame of the local crystallographic axes to the laboratory
relation for all combinations o andp pplarlzatlons for the  fame by rotation about the surface normal through an azimuthal ahgle
three beams; these results are shown in Table 1. Although th@r all possible polarization schemes. The elementg(®¥in the laboratory
p0|arization schemes shown in the first column of Table [frame which appear in parentheses are those which are considered for the
probe the elements Qf(z) which appear in the second col- particular polarization scheme, but have been determined to be equal to
umn, the ones appearing in parentheses are equal to zef ©

under the transformation. It is interesting to note then, that Transformation ofy(?
each polarization scheme probes only one nonzero elemeneolarization Elements ofy? probed from sample into
of X(Z) in the laboratory frame. scheme in laboratory frame laboratory frame
Substituting the result for thppp polarization scheme sss YYY XXin 3¢
[Eq. (6)] into Eq.(2), gives ssp YYX (YYD — XXX COS 3p
_ sps Y XY, (YZY) —XXXCO0S 3p
2 2),
X opp= — Lxx(73)COSO3[ X ohs,COS 3p] spp YXX (YXZYXZYZ2) — xxxsin 3
_ _ pss XYY, (ZYY) —XXXCO0S 3p
X Lyx(v1)€0S61Ly(v2)COSH, . (7 psp XYX (XYZZYXZY2) —XXXSin 3¢
Experimental anisotropic refractive index data used for the ~ PPS XXY, (XZY.XZY.2ZY) —xxxsin 3¢
. . o ppp XXX, (XXZ, XZX, XZZ, XXX COS 3
evaluation of the air-quartz Fresnel coefficients was ZXX, ZXZ, ZZX, 222)

found in Ref. 22.
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FIG. 2. iample data, showing the corrected sum-frequency from quartz gt|G. 3. The final result, after compilation of all data sets, is a plot of the
2000 cm °, compiled from data sets with azimuthal angigsanging from  square of the surface nonlinear susceptibility of-quartz from

0° to 180°. The raw sum frequency from quartz has been divided by thej000-3050 cr?®. PeakgA) at 1082 cmi* and(B) at 1170 cm  are quartz
fresnel-corrected and normalized gold scan; then corrected for the quarigndamental modes. Pedk) at 1280 cm! is a combination band from

fresnel factors and coherence lengglso a function of frequengyThe only lower-energy modes. The band at 1430°&mD) is likely due to a carbonate
attribute that remains in the signal from quartz|ig2?, which may be impurity.

deduced from the fit. In this data set, it may be seen ¢t shifted byy
=10°, due to the arbitrary placement of the sample. This appears as an

effective shift of 30° since the intensity is proportional to%8g—3). scale to absolute units for the effective surface susceptibility.
Several authors have used a quartz reference for IR wave-
o s lengths as long as 3.a6m (2850 cm!) (Refs. 11 and 28
seconzd—borlser susceptibility to the bulk value a§h.  since this is still far enough from absorption bands to use the
=loxSoans - This may be obtained froth literature value for the bulk nonlinear susceptibility at 1064
1 nm. This YAG fundamental is the longest wavelength for
l|= — — — which x?) has been previously determined. We use the value
1el= i it kv X previously

of the signal proportional thy(?)|? at our highest frequency,

0 20 40 €0 80 100 120 140 160 180

=1200m(v1Vn(v7)2—=Sir? 6, + v, \n(v,)2—sir? 6, 3050 cni!, and determine the constant of proportionality
o . required to set that value {o(?)l |? at 1064 nm. There are
+v3yNn(vg)°—sin’ 63)| 4, (8)  several determinations of{2) for quartz in the literature,

- 27 28,20
wherek,(3) is the z component of the wave vector at fre- 00t experimentaf 2" and from calculatiorf®?° we use the

2 2) _ _ 1
quency (in wave numberstravelling in the sample. At our value from Ref. 21 oﬁ(ﬁ(x)}— 2d1,=0.7 pmV *. The surface
highest IR frequency of 3050 cr, |, =35 nm. After divid- susceptibility at 3050 cm' is then used to scale the entire

. . 72 . .
ing the result in progress by a factor proporitional[tg?, POt now in MKS units of tV~# as shown in Fig. 3.
the remaining variation in line shape is due only to  1here are anumber of reports of expe_rlrsnental and com-
the frequency dependence of the bulk nonlinear susceptibiPutational stud|e§10f quartz normal m(?&gs% The largest
ity. This treatment was applied to spectra acquired in fivdnode at 1082 cm’, labeled as(A) in Fig. 3 and also the

overlapping wavelength  regions, 1000—1300¢m peak at 1170 cm' (B) are the two highest energy quartz
1200—2000 crl.  1700—2200 cm!.  1800—3100 cmt normal modes among the eight which are both IR and Ra-

and 28503050 cm L. man active’® The peak at 1280 cit (C) is a combination
The next step is to examine the data as a function of@nd from lower-energy modes. The band at 1430¢iD)

azimuth rather than wavelength. The azimuthal data for each@NNOt be assigned to any of the Si-O modes, but is charac-

wavelength was fit to Eq(7) as |Xé2f?’s|2“|Xgi)a{rstzCOS WP teristic of a-quartz(absent in IR spectra of fused quartz and

=Aco(3¢—37), wherey is the displacement of the crys- Other S|I;(6:ate_ glassdy, and may be due to CaGO
tallographicx axis from the laboratory fram¥ axis at¢ ~ Inclusion: Th|_sl peak, as well as the broad feature from
=0 due to the arbitrary placement of thenmarked quartz ~ 17°0—3000 cm™ may be due to the specific crystal in our
sample. The value of does not affect our result or enter into |nvest|gat|(_)n. The procedure we outline here is appllcable to
subsequent calculations, but must be determined to achie@ material, and may therefore be used to calibrate and
the proper fit. An example is shown in Fig. 2 for data aS_subseque.ntly use anqther.quart_z sample or different mz_atenal.
sembled for all azimuthal angles corresponding The application of this will be illustrated in the following

—2000 cnil. After fitting the azimuthal data for every S€ction.
wavelength| x(2312 is determined to within arbitrary units,
and the scaling varies for each spectral region. However, th¥ USING THE QUARTZ SUSCEPTIBILITY
overlapping regions between scans may be used to scale tﬁgR SUM-FREQUENCY STUDIES OF MATERIALS
data consistently over the entire 1000—3050 ¢mange. THE MID-IR
The last step to creating a quantitative spectrum of Having arrived at the second-order susceptibility of
|x(?)3]? for a-quartz is to take the piecewise joined data andquartz in the mid-infrared region down to 1000 chy we

determine the constant of proportionality required to set thgresent an application for the use of this data in the determi-
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nation of the nonlinear susceptibility of a sample with unde-
termined nonlinear optical properties. Visible-infrared sum-
frequency spectra of a well-ordered polystyrene sample were
acquired from 1000-1650 cmh with ppp polarization.
(The detailed study of ordered polystyrene in this wave-
length region will be discussed in a later papés in the
case of the quartz spectra, the first step is to remove features
that come from the variation in IR energy, spatial, and tem-
poral overlap as the IR frequencies are scanned. This is ac-
complished by first acquiring assp sum-frequency spec-
trum from an amorphous gold surface over the same
frequency region. The gold spectum is divided by the square 1000 1100 1200 1300 1400 1500 1600
of the product of its fresnel coefficientas described aboye wavenumber

and then scaled to unity at the frequency for which spatial

. . . FIG. 4. The square of the effective susceptibility as a function of wave
and temporal overlap were achieved (1200&mn this number for an oriented polystyrene sample, acquired wittpthe polariza-

case. After dividing the raw polystyrene data by this scaled, tion scheme. This was obtained from the raw sum-frequency scan according
fresnel-corrected gold data, we have the actual sumthe method we describe using both gold and quartz. Points are experimental
frequency response from the p0|ymer, proportional to thélata; the solid 'Iine is.a guide to the eye, obtained by performing a moving
. . T average over five pomts.
square of its effective second-order susceptibility.
The absolute units dfy29? may be recovered by mea-
suring the sum-frequency response from quartz at a fre-
quency within the region of interest, and preferably whereand then determine the appropriate scaling factor for all the
there is a large response from the sample. The IR frequendyavelengths from
was therefore set to 1450 crh and the sum-frequency re- 23x10°4 mtv-2
sponse of quartz was measured as a function of azimuthal | x&);51%(v,) = countgvy)
angle. Since the value for only a single wave number is
required, the azimuth was varied from 0° through a full 360°This is applied to the polystyrene spectrum to obtain the final
in 10° increments. Equatiofi7) shows that the maximum result, shown in Fig. 4. Resonance enhancement@foc-
sum-frequency response will occur@at=0 when the quartz curs when the infrared frequeney matches the energy of a
x axis is aligned with the laboratory franmé axis (or ¢  vibrational transition. Although a more detailed treatment
=nmw/3 due to the six-fold symmetry of the respohsal- would involve spectral deconvolution, a few characteristic
though it should therefore be possible to position the quartpeaks may be observed. These include siCring modes,
for a measurement of a single one of these maxima, wa&015cm ! (Varsanyi mode 18a 1150 cm?® (mode 9b,
achieve a much more accurate determination of this value b§175 cm! (9a), 1452 cm! (19b), 1493 cm?® (199, and
measuring over several periods and then fitting to1601cm* (8a).3'
A cog(34—3y) as explained in the preceding section.
At 1450 cm ! this fit determined thaf=9200 counts.
Since any value measured in this way is affected by variatiorvl. CONCLUSIONS
in IR energy and spatial and temporal overlap with wave- L
length, this value should also be adjusted using the Fresnel- We have used visible-infrared sum-frequency spectros-
corrected and scaled gold spectrum. Overlap of the beams &PPY to measure the dispersion of the second-order suscep-
gold was achieved at 1200 crh and the normalized spec- t|b|||ty of a-quartz from 1QOO—3050 cnt. Th.IS constitutes
trum shows that there is 1.14 times more signal atthe first report of this nonlinear optical quantity for quartz for
1450 cmr ! than at 1200 cm!. The quartz calibration value wavelengths this long into the mid-infrared, extending into
is therefore corrected t&’ = A/1.14= 8070 counts. the lattice bands of the crystal. We have demonstrated a
The raw polystyrene data, and therefore the nowmethod whi(_:h uses both gold a_nt_j_quartz responses to arrive
baseline-corrected polystyrene sum-frequency spectrum, aft the effective §urf_ace susceptlpmty of uncharacterized sur-
in units of detector counts. We may relate the observed@ces. The application of these findings to the study of poly-
counts in the corrected polystryene spectrum to the 8078%Yrene is demonstrated for its ring modes in the mid-
counts attributed to the effective nonlinear susceptibility ofinfrared. These results have important implications for future

quartz. Figure 3 shows that at 1450ch |X<(qi)artJZ:26 vibratipnal.sum—frequency studies thf’:lt seek to measure sur-
x 1074 m? V2. We first determine the effective suscepti- face vibration modes throughout the infrared spectral region.

bility at this wavelength as

7 ijp)
%

N W & a0 o N &

I® 12710 m* V=

8070 counts (10

| X Eht|2= L 73) COSO3L (1) COS O (V) ACKNOWLEDGMENTS
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