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Experimental example of isotropic surface second-harmonic generation: dc-sputtered air-exposed
aluminum thin films
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We have determined the amplitudes and relative phases of the allowed components of the effective surface
second-harmonic susceptibility(?, for a set of air-exposed dc-sputtered Al thin films. The second-harmonic
intensity and polarization state was measured as a function of linear input polarization state and azimuthal
orientation of the sample using a Ti:sapphire laser at 810 nm. The films are found to be optically isotropic with
respect to azimuthal rotation angle, consistent with an isotrgfit with seven elements in three families.
Using measured linear optical properties, the elemenjg®@fwere determined from the data. In terms of the
dimensionless parameteas b, andd [J. Rudnick and E. A. Stern, Phys. Rev.4B4274(1971)], we find
|a|]=2.30+0.72, in rough agreement with previous measurements of the surface current perpendicular to the
surface on oxidized Al surfacgb|=0.013+0.004 for the surface current parallel to the surface, afd
=0.009+0.002 for the bulk contribution. The relative phasesaaind b with respect tod are found to be
(—0.4=6)° and (63-12)°, respectively. The measurement indicates a large discrepancy between measured
values and the universal theoretical expectation rat-1 andd=1.
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[. INTRODUCTION density profile near the surface. All of this work is in good
qualitative agreement with Rudnick and Stern’s original ar-
Optical second-harmonic generati®HG) is a powerful gument, namely, that while hydrodynamics is adequate for
tool for studying the properties of surfaces and interfaces irtalculations of the bulk nonlinear current and the surface
condensed matter systems, particularly those with cubic oturrents parallel to the surfacédl?) is sensitive to surface
isotropic bulk structuré.In systems of this type, SHG is structure. '
dominated by dipolar response near the symmetry-breaking Ajuminum is an easily prepared, nearly free-electron
surfaces and interfaces and bulk magnetic dipole and electrigetal, which has been used extensively for fundamental sur-
quadrupole response; it therefore provides a direct probe gf.e SHG studies. In particular, the observed values(af)

surface and interface properties for any interface accessiblg, ultrahigh vacuun{UHV) prepared Al111) surfaces have

optically. A great deal Of. theoretical and egperimentalleﬁort.been found to be described semiquantitatively by theoretical
has focused on developing an understanding of SHG in var

freatments using the jellium approximation, probably indicat-
ous situations. 9 ] pp P y

Microscopic theories for SHG from the surface of cubicing a very smooth ionic potential for this surfateThese
metals have existed for more than 30 yéatsitial efforts experiments have also demonstrated that SHG from UHV-

concentrated on Boltzmann equation and electron gas hydr(g_rgpared Al11D and A(100) is often not |_sotr.op|c with ro-
. . . > tation about surface normal, thereby motivating further work
dynamics calculations of the nonlinear surface curdft

q e diool d caleulati  th on anisotropic SHG.

.ue to surface 'pf()z?r fesponse, an caF:u a.ltlons ofthe non- ., "an initial attempt to confirm the predictions of LS,
linear bulk currendy™ due to bulk magntitlc glpole and elec- Murphy et al5 report good agreement with the result|af

tric quadrupole response, proportionalE B. These early =37 for UHV Al(111) surfaces atA=1.064 um. On
theories succeeded in setting the scale and identifying majoxi (100 and polycrystalline Al surfaces, their measurements
sources of surface response. They also helped demonstratgind |a|=22. Measurements by Jaretal® on UHV

the sensitivity of results for the surface current perpendiculapl(111) and Al(110) single crystals also show qualitative
to the surface,](s?%, to the detailed surface structure. Since agreement with the results for valuesagfw) from LS over

the work of Rudnick and Sterheffort has focused on calcu- a wide wavelength range. Their results ffw) on Al(100)
lations of the dimensionless parameta(®) andb(w) that,  surfaces show good agreement with the experimental results
respectively, characterize the nonlinear surface currents peof Murphy et al. Additionally, measurements in their labora-
pendicular and parallel to the surface, at(@) that charac- tory found thatp-polarized SHG fomp-polarization incident
terizes the nonlinear bulk currepgee Eq.(7) below]. For  light decreased by a factor of roughly 10 when UHV Al
example, Leibsch and SchafciLS) have used a self- surfaces were oxidizeét Experiments on air-exposed poly-
consistent jellium model for the sample surface, and find crystalline Al and A(100) surfaces by Pedersen and Keller
=—32-4i atA=0810 um and electron densities similar to found that|a| was similar in magnitude tb andd, but are

the observed Al density. All theoretical treatments of isotro-not well fitted by an isotropic model. Lastly, measurements
pic metal surfaces with which we are familiar agree thatof Al/glass interface’¥ showed thaa was near to unity. Col-
b(w)=—-1 andd(w)=1 but find various results foa(w) lectively, these results show a reasonable degree of agree-
depending on details of the calculated or assumed electroniment between theory and experiment for the overall magni-
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tude of the surface sensitive paramedéw) for UHV (111) Reflected beam
surfaces. Additionally, experimental results show that and SH beam
Al(100) surfaces and Al surfaces that have intermediate ox-
ide or glass layers exhibit effectively smaller values dor

Previous experimental work, however, has been less clear
in its measurements di(w) and d(w). This has been, in
part, because previous SHG experiments on UHV Al sur- 7=0
faces have focused on measurements opthmut, p-output
geometry, which exhibits the largest second-harmonic yield.
This geometry is largely sensitive &f w), thoughb(w) and Transmitted
d(w) also contribute. In comparisob(w) controls the yield and SH homogenous 1
of s-polarized SHG due to a mixesl andp-polarized input beams
beam, whiled(w) controls thep-polarized SHG from pure . ) ] .
input. These geometries are typically observed to have much FIG. 1. C(_)ordlnate_ system showing the optical beams. The in-
lower SHG yields. Thus, few detailed comments on mea_cldent beam is transr_nltFed at an angle, _and reflected at an angle
sured values ob andd from Al surfaces are presently avail- 7z Second-harmonic inhomogeneotgsiver) and homogeneous
able. Murphyet al. found strong anisotropy in SHG and ?eams propagate into at anglég and fom. - Second-harmonic

. light is reflected at anglég.

made few comments dmor d. Janzet al. did not detect any
sr.polanzed ;ecpnd-harmpmc light for any wavelength or "tical constants and use these measurements to deduce the
cident polarization. Nor did they detect any second-harmonic

light for s-polarized incident light. These results indicate thatnumerlcal values_ of the susceptibility tensor elements. In
. e Sec. V our experimental results for the magnitudes and rela-
their measured values fo(w) andd(w) were indistinguish-

able from zero, a surprising result considering the eneratlive phases of the tensor elements are compared to previous
. ’ P 9 g the g measurements and theoretical models. Finally, conclusions
expectation that these parameters are of order unity and a

e . . .
robust to detailed surface conditions. Additionally, we note¥rom this work are discussed in Sec. V.

the surprising findings of Simpson and Furtakyho found

that d(w) was sensitive to the charging of the surface of !l- THEORETICAL MODEL FOR SECOND-HARMONIC
single-crystal Ag in an electrochemical environment. Again, GENERATION FROM AN ISOTROPIC SURFACE

this measurement indicates a discrepancy with the theoretical £, 5 surface scientist, the goal of a surface SHG experi-
models that expect the bulk contribution to be insensitive tQnent is to measure surface properties via their influence on
the details of the surface. Finally, previous measurements Ghe second-harmonic currents at the surface of a material.
SHG from free-electron-like metals provide little or no infor- qite generally, the Cartesian components of these currents

Incident beam

Ss]

——————— N

mation on the relative phases afb, andd. may be written as
In this work, we report a measurement of the elements
(both their magnitude and relative phases$ the effective J(S2i)
surface second-harmonic susceptibility tengd? for air- Tyla):P(s?i):X(Sz,i)jkEjeithkeiwt- 1)

exposed polycrystalline, Al thin films. These films were cho-

sen because they are easily prepared, technologically impor- Here,J(SZ) is the surface current density at twice the fun-

tant, and expected to vyield straightforward, isotropic () : : :
behavior that would allow for simple analysis. Our measure-daImental frequencyy, Pg” is the dipole moment per unit

. . . . 2 _
ments of the intensity and polarization state of surface® oo M the fdlpole app[%xlllrtna;tlorp(syuk 5 'iﬂe'tiecond
second-harmonic light as a function of input beam polariza- armonic surface susceptibiiity tensor, dhds theith com-
tion and azimuthal angle of the Al sample are well described?©"ent of the electric f|el_d at the fundamental freque_ncy at
by an isotropic model for surface SHG. The success of thi§he surface of the material. These currents are manifest by

model allows for the determination of the absolute valued® réflected optical intensity a2 "
and relative phases @ b, and,d. This analysis clearly in- As shown by Shehthe nonlinear boundary conditions at

dicates thab andd are much smaller than theoretical pre- the surface imply that a nonlinear surface polarization radi-

dictions and indicates the need for a deeper understanding 8f€s In the following way:
these parameters.

The rest of this paper is organized as follows. In Sec. I, Eg):ﬂ(kzzp(sz)_*_ kP2,
we provide an overview of the theoretical model for SHG €Ki+ €1Kp, X e
from an isotropic surface. Section Il explains the details of
the experimental apparatus we used to measure the second- @) 147Ky Ky o @)
harmonic intensity and polarization state as a function of S Kytky, € SV

sample azimuthal angle and input beam polarization state. i i o )

This section also includes analysis of the second-harmonitlere, ki is the wave vector ata in mediumi k; , is thez

data and shows that our results are consistent within statistRomponent of the wave vector ab2ande; 5, is the dielec-
cal error of the model in Sec. II. In Sec. IV, we explain tric constant at & in mediumi. As shown in Fig. 1, the

measurements of sample surface morphology and linear opurface normal is taken to be in tiedirection and the opti-
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cal plane of incidence is thez plane. The surface polariza- for S-polarized light 6y is the transmitted complex angle

tion at 2w arises from the electric fields present at the sur-¢ IS the angle of the incident polarization frompplariza-
face of the material through the susceptibility tensor as in Eqion (S0 p occurs at 0° and 180° ansloccurs at 90° and
(1). As has been shown previousiyhe susceptibility tensor 270°), andg, is the incident electric field magnitude.

can be simplified extensively for an isotropic surface. In the N addition to radiation at @ from induced surface cur-

coordinate system of Fig. 1, the nonzero tensor elements fdNts, second-harmonic radiation also arises from nonlinear
an isotropic surface occur in three distinct families: currents in the bulk of the metal. As has been shown

2 2) _ (2 2) _ (2 _ (2 _ (2 : reviously; these currents arise from a quadrupolar effect
X(Z£Z!X(Z>2X_X(Z\2Y' and X§<z)x—X§<>zz—X£(z)Y—X§(\)(z- With P . y3 a P

these tensor elements, the surface polarizations can be wriroportional toEx B in the bulk of the material. Thus, the

ten as nonlinear bulk currents are in the direction of the transmitted
wave vector. These currents radiapepolarized electric
PEk=(x Gzt X\ thsin rcosbrco8 GET fields?
PE) = (x{A 7+ x{2 ) tetssin 6rsin ¢ cosE?, i
) (2) o 2) 2 2 E(PZ)ZLkxy(tésmz¢+t§>0052¢)|52, (4
PS,Z: (XZZZS|r]20T+ XZXXCO§ 0T)tPCO§¢EI €2k12+ ElkZZ

+ xR t2sir? pE2 . .
XZvASSIM ST, @ where y characterizes the bulk nonlinear susceptibility.
where tp is the Fresnel transmission coefficient for From Egs.(2)—(4), we can write the radiateg@- and
p-polarized light,ts is the Fresnel transmission coefficient s-polarized second-harmonic fields as

. ky-sineosOr( X x+ X&) 1)
02 (2)
sin“0r( X7zt v)
EQ 14k, tpcos’ L “ \
B2 ek teky )

1 +cos? Or( X ix T+ ¥) )

and { +e5sin’ gk (xSy + ) 7

E? 14wk, k; .

tetpsing cose sin r(x\3v+ x {32 ©

E_|2 B I(lz"— kZZ 6_1

From these equations, it is clear that experimentally one can- e

not separate the bulk radiation from surface terms, particu- X(BZL)JLK=d(w)(—2) [e(w)—1], 7
larly x3)y and x2),.22 Quite generally, all the theoretical 16rmw

models of surface SHG from isotropic surfaces with which

we are familiar predict that the surface tensor elementsyhereeis the charge of the electromis the electron mass,
X2y =x8)y, are zero due to the continuity of the transverseand e(w) is the dielectric function at angular frequeney
component of the incident electric field. Because of this ex-

pectation, for the remainder of this work, we will neglect

X3y and x$3)y (but see Sec. V belowreplacey with an IIl. EXPERIMENTAL MEASUREMENTS OF

effective susceptibility elemeny%), . x\2x=x\37=x\Zy ISOTROPIC SHG

ZX%)(_Z with x{?, and x2); With_Xf)- In the notation of The experimental apparat(Big. 2) is designed to mea-
Rudnick and Stern, these effective tensor elements can thejure the polarization state of the second-harmonic light pro-
be written a3 duced by an 80 mW average power Ti:sapphire laser beam

(100 MHz pulse rate, 50 fs pulse duration, 810 nm central
e wavelength focused onto an Al film(roughly 10 um spot
x?= a(w)(—2> [e(w)—1], diametey at a 45° angle of incidence. The polarization of the
16mmo input beam is varied by using a half wave plate to rotate the
polarized output of the laser followed by a Glan-Taylor po-
larizer to ensure the purity of the polarization state. The
XﬁZ):b(w)(L) [e(w)—1], angle of the wave plate and the polarizer are controlled re-
16mmw? motely with stepper motors that allow for 25 steps betwsen
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FIG. 2. Experimental apparatus.
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for seven different films for which we present data are listed
in Table I.

We measured the intensity and polarization state of the
second-harmonic light with a rotating-wave-plate polarime-
ter. The polarimeter consists of a remotely stepped zeroth
order quarter wave plate followed by a linear polarizer ori-
ented to pasp polarization and a photo-multiplier tube. The
intensity of the polarimeter throughput is measured as a
function of quarter-wave-plate angle. During each polariza-
tion measurement, the wave plate is spun many times and the
average intensity and the average deviation from the average
intensity is calculated. The resulting data and statistical error
is fitted to a function of the Stokes paramete$$,S2, and
S3 that completely describe the intensity and polarization
state of the light through

Slzlp_ls,
S2=145— 145,
S3=lrcp—lLcP- (8)

and p polarization. An objective lens with a small effective Here,lp,ls,l45,1 _45,Ircp, andl _cp are the intensities of
numerical aperture of 0.06 is used to focus the beam onto the, s, 45°,—45°, right-circularly polarized, and left-
sample in order to preserve the input polarization state. Aircularly polarized light, respectivel§0, the Stokes param-
second lens collects the reflected laser beam and the secorafer identifying the total intensity of the light, is found within
harmonic light from the sample. A flint glass prism is used toexperimental error to satisfg0?=S12+ S22+ S32, indicat-
spatially separate the much weaker second-harmonic lighing that the second harmonic has no unpolarized component.
from the reflected primary beam in order to facilitate opticalDuring fitting, therefore, we se$0?=S1%+ S22+ S32 and
analysis. Anti-reflection coatings on the prism reduce the pofit for only S1,S2, andS3. Typical values of¢? per degree of
larization sensitivity to below 1% of transmission differencefreedom, the square of the average deviation of the fit from
betweens- and p-polarized incident waves.
We used this apparatus to measure SHG from a variety aleviation from the average measured valoet to be con-
air-exposed Al films. The films were grown by dc sputteringfused with y(?), the nonlinear susceptibilityfor these fits
with a simultaneous rf bias onto a growth substrate of 100@vere close to unity. Calibration of the offset frqmpolariza-
A SiO, (thermally grown oxidgon Si(100) from a 99.999% tion in the linear polarizer and the actual retardation and
pure Al target:® For the different films, the rf bias, growth offset fromp polarization in the wave plate is achieved using
rate, and growth time were varied in order to acquire a rangstandardp polarized and nearly circularly polarized input
of different film properties. X-ray diffraction data from char- light to the polarimeter.
acteristic Al films produced in our growth chamber suggest We then study the polarization state of the second-
that the films arg111) textured, with random orientation in harmonic beam as a function of polarization state of the in-
the plane of the film. The surface roughness and thicknessident Ti:sapphire beam. Due to imperfections in the half

the data normalized to the square of the measured statistical

TABLE I. Properties of Al film samples. Film thicknesses for samples 1-5 are estimated from growth
conditions. Film thicknesses for samples 6 and 7 are determined from ellipsometric fits. The complex
parametersy (with phase¢,) and « (with phase¢,) characterize the isotropic second-harmonic response

for each film, as shown in Eq$9) and(10).

Sample Roughness  Thickness | 7] | | b, o,

(A) (rms) (A (degrees) (degrees)
1 25 600 2.890.02 0.58£0.01 18.1-0.3 —80.4+0.5
2 29 400 2.690.02 0.50:0.01 25.2:0.6 —59.9+0.3
3 24 1070 3.120.02 0.570.01 25.10.7 —-51.2-0.3
4 16 1070 3.030.03 0.570.01 25.0:0.9 —60.7:0.6
5 17 1070 3.1Z20.02 0.510.01 25.2:0.6 —55.2-0.2
6 14 312 2.3%0.02 0.73:0.01 20.2:0.7 —43.7+0.3
7 12 332 2.930.04 0.83:0.01 26.4-0.6 —48.1+0.6
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FIG. 3. Measured intensity as a function of polarimeter quarter- e _ 0 T - m T =
wave-plate angle for input polarization angle @§89, (b)67, and § 60 L ]
(c)1° for Sample 1. Solid lines show the fit to the polarization state w5 O -~ I} M%.t
of the second-harmonic beam. In casg, the incident beam is ;8/ -60 E - . i . ™ f.
nearly s polarized and the fitting results inS1=4.06 -90 45 0 45 90
+0.02 fW,SZZ —0.26:0.06 f\N,S3:018i 0.03 fW, and )(2 ¢ (degrees)
=1.5, showing that the second-harmonic beam is neambplar-
ized, but of low intensity. In cas@), the incident beam is a linearly FIG. 4. Second-harmonic lightp-polarization intensity,

polarized, but withp- and s-polarized components and the fitting s-polarization intensity, and relative phade ¢s— ¢p generated as
results in S1=3.41+0.07 fW,S2=-4.28-0.10 fW, and S3 a function of input polarization angle for Sample 1. This data has
=3.24+0.06 fW andy?=1.0, showing that the second-harmonic been averaged over a full rotation of the input polarization optics, or
light has bothp- ands-polarized components. In caé®), the input  four complete rotations of the input polarization staféput
beam is nearlyp-polarized and the fit results it81=107.02  p-polarization corresponds to 0°. Inpstpolarization corresponds
+0.24 fW,S2=—3.54+0.91 fW,S3=1.24+0.41 fW, and x? to 90°)
=1.2, showing that the second-harmonic beam is intense and close
to p polarization. harmonics intensity, p intensity, and relative phas® of the

. . . s andp second-harmonic electric fields as a function of azi-
wave plate and linear polarizer on the input arm of the ap

¢ found that the input intensit ied b “muthal angle for Sample 1. For this measurement, the input
paratus, we found that the input Intensity varied by approXiy, 4z ation angle was set #=70° so that the output po-

mately 5% as the incident polarization state is changed. Tanzatlon was sensitive to all nonzero tensor elements. In

f&r:tlia;?Soa;t?hfeorhg};.sw\;?/rﬁnEéwﬁ trg?;[igﬁ;aof]? rthae C“?] n;g:et%his configuration, the different polarization state parameters
P varied by =5% as the azimuthal angle was varied. We as-

polarizer, four rotat_ions of the polarization vegtaPolarim- ociate this residual variation with observed higher-order
etry data a_nd t.he fitted Stokes parameters for three examp\%obble in our mount that could not be eliminated with a
input polarizations are shown in Fig. 3 for Sample 1 fromstimple two-axis tilt stage

Oy :

Table |. We can then use the measured Stokes parameters The azimuthal data confirm that our Al films are isotropic

deteérlmlgel SS’II Pi and tg?; relgtlve Fhalsfé= d’ﬁf ¢Pt' F'?' second-harmonic sources. Therefore, the model summarized
ure = SnowSs,lp, an or samp'e 1 for afl Input polar- -, Egs.(5) and(6) is appropriate for analysis of the second-
izations averaged over the four rotations of the pOIa”Zat'orharmonic data as a function of input polarization state. The

vector.'Slgn|f|can.t uncertainty i, ‘h‘? relative p.hat""e of the to p intensity ratio and relative phageof thes andp electric
s-polarized electric field to thp-polarized electric field, oc- fields were, therefore, fitted to the following functions:
curs nears- and p-input polarization because theoutput ' ’

intensity is approaching zero.

2)|2 ;

The entire set of second-harmonic Stokes parameters ver- tan¥ @ = |E(S )| = sir’ ¢ cos'¢ (9)
sus incident light polarization was then measured at 32 dis- |EQ|?  (ncop+ ksirg)?
crete sample azimuthal angular positidB& different rota-
tional positions about the surface normalVobble in the and
sample rotation mount was measured by placing a position- )
sensitive quadrant photodiodein the path of the intense, 5= arcta Im( 7 coS ¢+ « sir’ ) 10
reflected beam. We then adjusted a two-axis tilt stage that Re( 7C0Lp+ kSirte) |

held the sample to minimize the difference signals from the

quadrant photodetector, thereby aligning the sample normadere, Im denotes “the imaginary part of” and Re denotes
and the azimuthal axis of rotation. For all films measured the real part of.” The data was fitted to tah(® and &

the data shows that the intensity and polarization state of theimultaneously, resulting in values and associated uncer-
second-harmonic light is independent of sample azimuthaiainty for the complex parametersand «, which are given
angle to+=5%. Figure 5 shows the variation in the second-from Egs.(5), (6), (9), and(10) for the isotropic model by:

_ kigtky, € tp 2kp,CO80rsin 9TXﬁ2)+ k[ Sir? 01(xP+ x B ) + coOrx B ] "
7™ kit €1ka, Ky ts 2 SinGT)(ﬁz)

and
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p-intensity (fW)  s-intensity (fW) 5 (degrees) 04f; Ty T ]

FIG. 5. Second-harmonic polarization variation as a function of g
sample azimuthal angle for an incident beam with polarization >
angle, ¢, of 70° for sample 1. At this input polarization angle, the é
nonlinear response is sensitive to all nonlinear susceptibility tensor © gof | ) .3 .
elements. The variation in the parameters is approximatehpo 0 180 360 540
and is attributed to residual wobble in the sample mount. ¢ (degrees)

FIG. 6. Second-harmonic light generated from Sample 1 fitted
to Egs.(9) and (10). The input polarization was varied through a
full rotation of the input half wave platésee Fig. 2, resulting in
four full rotations of the input polarization vector. The fitting results
8 was not fitted neas- andp-incident polarizatio> The fit ~ in |5 =2.89+0.02¢,=(18.1+0.3)°|x|=0.58+0.01, and¢,=
for the data shown in Fig. 4 is shown in Fig. 6 for all four (—80.4+0.5)° with ax?=3.7. The value of? differs from unity
quadrants of equivalent input polarization angle and the fitbecause of systematic errors neandp input polarization, where
ted values ofy and« and their associated statistical error ares-polarized SHG decreases to zero, aftét”’ becomes very sensi-
shown in Table I. Thee? for the fit shown in Fig. 6 was 3.7 tive to systematic errors in calibration.
and the fits for all other films resulted j? values between
3 and 13. The success of these fits demonstrates that the,(2) XﬁZ) ts Ky €Ki+ €K, 7 Koy COSOT
isotropic model described above accurately accounts for OU'Z_ZZT Tk (k¥ Ky,) SING ¥ Sing
results. Polycrystalline Al films of this type are excellent XULk  XgULk ' P "x €1{K1z27 R2z L T
“textbook” examples of isotropic SHG.

cos b L

2
K1+ Ko, €1 ls kxXé&LK

T kit ek Kito e (2" 12
€2kj|_z+ €1k22 kl tp zsinaTXhZ) ( )

K

. (14)
IV. ANALYSIS OF RESULTS TO EXTRACT x@ S|r120T

Our direct observation of isotropic second-harmonic reClearly, in addition to and x, we need the linear optical
sponsgFig. 5), along with the success of Eq9) and(10) in constants to allow analysis gf(®).
fitting the experimental results leads us to consider a deeper |n order to determine the linear optical constants neces-
analysis of the data sets, aimed at extracting the actual valuggry for evaluation of Eq$13) and(14), we used a combi-
of the second-harmonic tensor elements. While the measureation of spectroscopic variable angle eIIipsomJéitlty) de-
ments reported above are definitive in demonstrating that thesrmine optical properties and atomic force microscopy

SHG in these films is accurately isotropic and consistent witfAFM) to determine surface morphology. We used the ellip-
a minimal set of surface SHG elements as demanded by théometer to measur# Y, which characterizes the relative

symmetry considerations, it is nevertheless essential to regnear reflectivity of the films through ta#t™=|rp|/|rg|,

ognize that further analysis is, by necessity, model depenyhere r, and rg are the linear reflectivities op- and
dent. Many isotropic models are possibly consistent with they polarized light and\, the relative phase of the reflectpd
observed intensity and polarization states. Just as in ellipand s-polarized light. For each film, data were taken with
sometry, the reflected far-field wave can be accurately calcuncident light varying from 300 nm to 900 nm and at mul-
lated given a known surface, but the reflected wave does nefple angles of incidence. For each film, multiple AFM im-
itself contain enough information to allow inversion to deter- ages were taken and the resulting root_mean_squamg
mine surface properties. However, such a model-dependepbughness calculations were averaged. The variation in the
inversion is necessary to allow direct comparison with eXiStToughness measurements for a given film was typically 0.1—
ing theory. In this section, we discuss our efforts to develom.3-nm rms. A sample image is shown in Fig. 7. The rough-
an internally consistent model of the film morphology thatness of each film is shown in Table I. The rms roughness of
explains both the linear and the nonlinear optical responsgne silicon dioxide/silicon substrates was found to be 0.8 nm.
This model allows us to extract a set of nonlinear tensorrhe ellipsometer data were modeled in a way consistent with
elements that is consistent with our data. From E8j5(10),  the AFM results and the known surface oxide of Al in order
(11), and(12), we can relate the relative values of the non-to obtain numerical values for the linear optical constants.
linear Susceptlblllty tensor elements to the measured com- Again, e”ipsometric data suffers from an inversion prob-

plex quantitiesy and « via lem in that it is impossible to determine the exact surface
2) morphology from ellipsometric data aloh&For our data,
X2 1 e kitky ke ts we investigated several models for the film surfaces, all of
m_ﬂ Ky €Ky, + €Ky, SiNOT tp 13 which generated excellent fits to thelop'tical data. For'each
model, the structure of the surface is fixed and the linear
and optical constants of the Aldetermined from a three Lorent-
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15 nm

L ym 0 nm

FIG. 7. Onexm? atomic force microscopy image of an Al film

(Sample 3. The granular appearance of the image suggests many

nanocrystalline orientations within the typical 10m focal spot of

our Ti:sapphire laser. This film shows a root-mean-square roughness

of 2.4 nm.

zian model for the dielectric functigrare varied in order to
produce the best match to the experimental data.

We considered three major mode($) film surfaces mod-
eled as a bare Al/air interface(2) films with a top
Al/Al ,05(20 A)/air interface, and3) films with a surface
that included a roughness layer mixing Al, 8k, and air
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FIG. 9. Ellipsometric data¥ andA) from sample 3 and fit to

a model for the film surface that includes a roughness layer consis-
tent with AFM results and uses a three-Lorentzian model for the
dielectric constant of Al are shown in the top two graphs. The lower
graph shows the optical constantsandk, that result from the fit
(dashed lingsand, for comparison, the tabulated valuesrf@andk

for aluminum taken fronHandbook of Optical Constants of Solids
(Ref. 18 (solid lines.

are plotted from a model including a simple Al/air interface

that was consistent with the AFM results. Al three modelsUsing tabulated values for Al optical constatftsn the lower
produced statistically identical fits to the ellipsometric data.9raph, the real and imaginary parts of the index of refraction,

show the fitting results for the third modéhat includes a
roughness layer consistent with the AFM resu#tlong with
the experimental data foF ¥ and A. Additionally, results
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FIG. 8. Comparison of ellipsometer fitting for different models
of the Al surface for sample 3. In the top two plots, solid lines show
the fit result to a simple metal/air interface. The angle of incidenc
for each data set and fit is noted on the figure. Fitting results for
other models of the Al surface are indistinguishable from the soli
lines. For comparison, dashed lines in these two plots show resul
generated by using a simple air/Al interface with tabulated valuedh€ elements

for the Al optical constants frontHandbook of the Optical Con-

models mentioned above.

Because multiple models were successful in fitting the
ellipsometric data, we have chosen to use a model believed
to be the most consistent with AFM results. The data for all
of the films were simultaneously fitted to a model that in-
cludes the silicon wafer, the silicon dioxide layer, a three-
Lorentzian optical model for the Al dielectric constant, an
Al,O; layer, and a roughness layer. For the five films found
to be optically thick, the aluminum layer was set to have a
thickness that was consistent with the sputtering time and
conditions. The roughness layers were set equal to the values
measured with AFM. The fit was allowed to vary the optical
constants of the aluminum, the thickness of the two optically
thin films, and the relative content of the /8;/roughness
layer. Fit results for sample 3 and a comparison of the fitted
Al optical constants to the tabulated values foandk are
shown in Fig. 9. This model resulted in indices of refraction
of Nn=1.94 andk=7.24 atA\ =810 nm andn=0.43 andk
=4.08 at\ =405 nm. The results of other models suggested
that our determination of the linear optical properties were
only good to*+10%, with the major source of uncertainty

ebeing our ignorance of the precise surface conditions. The

obust values oh andk that we find for the various models
give us confidence in the further analysispand« to yield
of@.

The details of the film surface are also relevant to the

stants of Solid¢Ref. 18. In the lower plot, the Al optical constants, model used in SHG calculations. In Sec. II, we assumed that
n andk, are plotted for three successful models of the Al surfacethe surface was a simple metal/air interface. However, be-
solid lines result from a model that includes surface roughness angause our Al films were air exposed, a more accurate model
an oxide layer; dashed lines result from a model that assumes \&ould include details of the surface structure. We studied the
20-A surface oxide; and dotted lines result from a simple metal/aieffect a layer of AJO; would have on the second-harmonic
interface. reflection efficiency as follows: We compared the simple
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TABLE Il. Measured magnitudes and relative phases of the nonlinear susceptibility tensor elements for the films shown in Table I.

Sample Xﬁz) . — dBuLk Xﬁz) d|— PeuLk X(thaLK
(cm?/statVoltx 10 16) (degrees) (cm?/statVoltx 10~ 16) (degrees) (cm?/statVoltx 10~ 16)

1 2443+ 485 10+ 6 13.9+2.7 85+ 3 9.0+£1.8
2 2155+ 424 3+5 12.9+2.5 64+ 2 7.2:1.4
3 2083+ 334 —-9+5 11.5+2.2 56+ 3 7.2-1.4
4 2400+ 469 —1+5 12.9+2.4 65+ 3 8.1+1.6
5 2015+477 —-8+%5 13.4+2.7 60+ 3 7614
6 1527302 3+5 11.4£1.9 48+ 4 7.6-1.4
7 1810+ 392 —-1+5 8.9+r1.6 53+3 8.1+1.6

model (described in Sec. Jithat has an abrupt metal/air in- x5, ,x{?, and x{* is the uncertainty in choice of optical
terface with one that includes the oxide laj&This model model for the linear optical constants.
assumed that all SHG occurred at the oxide/Al interface and Finally, we convert the relative values pf?) to absolute

was generated by an electric field that had been transmittegh|yes by using the calibrated gain of our system. We cali-
through the oxide. The reradiated second-harmonic electrigyated the overall optical gain of the system using bulk SHG
field was calculated by satisfying the boundary conditionsom 4 4 mmy-cut quartz platé.The crystal was rotated so

for the linear and second-harmonic fields at the air/oxide an%at thex axis was positioned parallel to the polarization of
oxide/Al interfaces. The ellipsometry measurements SU9he incident beam. As reported by Angewtral,’® Maker

gested that the oxide layers on our films were about 20 '%'ringe§° are not observed because of the group velocity mis-

th'.Ck' Our moqel showed .that the effect of a 20 A layer OfEnatch of the bound and free waves associated with the broad

oxide resulted in changes in the values of the tensor elements .. . L g .

i . optical bandwidth of the incident Ti:sapphire pulses. A sum-

that were much smaller than the statistical error in our data, . . .

: . Inary of the calculations necessary to determine the ampli-

For this reason, the effects of_an oxide layer are ne_glected ide of the second-harmonic electric field generated from
the calculations of the reradiated second-harmonic electrlgulk SHG in quartz is shown in the Appendix

field presented here. The resulting absolute magnitudes and relative phases of
We then used the optical constantsiand 2w with the o0 et of(® are shown in Table II. The uncertainties

fitted values fory and « to deduce the relative magnitudes . . }
and phases of@), , .y andxﬁz) Because the statistical reported for the amplitudes and relative phaseg /6t and
BULKOAL & I x}? represent the propagated uncertainty of 10% in the op-

error in » and « is much smaller than the uncertainty in the tical constants of the Al films in the calculations of the rela-

complex index of refraction arising from model-choice, thet_ litud d bh 2 and v@ with ‘i

dominant source of uncertainty in the relative values of '\(’28) amplitudes and phases #f? and x{? wi respect to
XBuLk - The uncertainties reported for the magnitude of

XBULk represent the uncertainty in the optical constants and

002t ] the uncertainty in the calibrated gain of our system, propa-
°© 0013 5 ; gated through the calculation of the absolute values of the
~r 3 3 e 2 il
0.00 =———F —
0.02-§ ; 1 = 8511 ]
o ¢ ¢ 3 o0
0.01} i 5 2 65 o 5o ]
e 2 T
0.00 —t—t—t—u—u a ¢ 5
4 B N 45 C 1 i i 1 1 ? 1 ]
AP S B B 5 B . 20} T — ]
by o N I I
1 2 3 4 5 6 7 L5 O P I
Sample Number Q 1
20} _
FIG. 10. Magnitudes of the dimensionless paramedglbs andd 1 2 3 4 5 6 7
that characterize the second-harmonic response. Error bars in the Sample Number

top plot show the error arising from uncertainty in the linear optical

constants propagated through the determination in absolute inten- FIG. 11. Relative phases @f andb to d. Error bars show the
sity. In the two lower plots, the error bars show the error arisingerror arising from the uncertainty in the linear optical constants
from the uncertainty in the linear optical constants propagategropagated through the calculation of the relative phases of the
through the calculation of the relative magnitudes of the surfacesurface polarization parameteasand b to the bulk parameteq.
polarization parameteis andb to the bulk parameted. The absolute phase is not determined.
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tensor elements. This uncertainty is also present in the rd?MT sensitivity, and amplifier gains of the system. The cross
ported values for{? and x{”). We also calculated the di- check demonstrates that our calibrated gain is reasonable.
mensionless parametera,b, and d, which are shown in Additionally, our overall agreement on the size afwith

Figs. 10 and 11 using Ed7), with e(w) determined from other experimental work suggests that our calibration is cor-
n(w) andk(w) andm set to the free electron mass. As in rect. If our calibration did indeed underestimate the gain of
Table Il, the error bars ia andb reflect the propagated error the system in order to explain the deviation from expected
in the optical constants in the calculation of the relative val-results (this would require an error of f0in intensity, it

ues and phases to while the error bars in the plot of  would imply that our measured value afwas an order of
reflect the error in the calculation in the overall gain of themagnitude larger than that found for bare Alivacuum inter-
system. faces, contradicting both theoretical and past experimental

Multiple films were_measured in oro_ler to determine if \y ok Lastly, we note that while an error in gain might ex-
there was any correlation between the film surface morphols5in the small observed magnitudes lpfnd d, it cannot

ogy and the resulting nonlinear optical properties. The dat xplain the relative phase bfandd, which, at 63°, deviates

shows that the results for all of the films are very similar. Thesignificantly from the theoretical expectation of 180°.

only correlation between film properties and optical proper- For the reasons above, we believe that our gain is correct
ties that we could determine is that Samples 6 and 7, which d. theref id ’ ible phvsical gl " f
were optically thin, showed smaller amounts of SHG forand. teretore, consider possible physical expianations 1or

p-input polarization, resulting in smaller values g (see the small observed andd. One could imagine that the value

Table 1l). It seems unlikely that interference from the back-Of [bl is suppressed due to surface oxidation, much as is

side of the Al film could be responsible for this suppression®PServed forjal. This hypothesis contradicts theoretical

of x?, since the magnitude of the squared transmitted elednodels that expedb| to be insensitive to the details of the
tric field is approximately 30 times smaller due to transmis-€l€ctronic surface structure, and would furthermore not ex-
sion through the Al film. These films are also the two pla[n the small value ofd|, Wh"?h arises from bulk contri-
smoothest films, suggesting that the magnitude,\/ﬁf) is, butions and should_be largely independent of the det_alls of
perhaps, smaller for smooth films, in qualitative agreemen he surfage.._Regardmg the smdNalues, one could ;:on5|der
with previous measuremerfs. the possibility that the surface tensor eIememE%o( and
x3), are nonzero. Theoretical models predict these elements
to be zero due to continuity of the electric field component
tangential to the surface. If these elements were nonzero,
Comparison of our results for the measured surface cuithey could in principle cause destructive interference with
rent perpendicular to the surface of Al shows relatively goodthe bulk SHG and suppress the effective valugddf How-
agreement with previous theoretical and experimental workever, this hypothesis does not help explain the suppression of
We find an average value df|=2.30+0.72, which is |b|, which arises entirely from a single surface contribution,
smaller than the predicted value of LS for the bare Al/x{3,=x{,.
vacuum interface, but consistent with the observed suppres- As mentioned above, previous experiments have also
sion of Al SHG due to oxide overlayers in theinput, demonstrated disagreement with theoretical predictionb for
p-output geometry. andd. In particular, Janzt al® “. .. found that there was
Despite this agreement on the value atbetween our no measurable component sfpolarized SH light at any
measurements and past work, we find strong disagreemewavelength or angle of incidence available to us.” Thus, Janz
between our measured valuestoéndd and theoretical ex- et al. found |b|~0 while |a|~30 for their bare UHV Al
pectations. We find average values|bf=0.014-0.004|d|  surfaces. The measurable effect of surface charge on bulk
=0.009+0.002, and¢,— ¢4=63+12°. This is in contrast SHG from Ag, as observed by Simpson and Fulta&lso
to the expectations fob and d shared by hydrodynamic, contradicts a jellium-type model for SHG. However, their
Boltzmann, and density functional treatments. These modelsuggestion that this effect is due to an alteration of the tail of
predict thatb= —1 for smooth surfaces arfsk<1 for rough the bulk free-electron density seems likely to only lead to a
surfaces. However, decreasesbigue to surface roughness small suppression af(w) rather than the large effect that we
are expected to be smdlkss than a factor of)2and do not have observed.
easily account for our measured value that is 100 times Collectively, our experimental results as well as results
smaller than predicted. Fal, these models are fairly sim- from UHV Al surfaces and charged electrolyte/Ag interfaces
plistic and agree on the valug=1. Additionally, d is ex-  show significant variation in the parametdssand d, but
pected to be robust to changes in surface conditions, makingpnsistent results foa. This observation is in contrast to
our measured value even more difficult to explain. Theseheoretical predictions suggesting tteats very sensitive to
discrepancies lead us to carefully consider both the smathe details of the surface, but thhtand d are relatively
observed values df andd and their relative phase. robust to the surface conditions. While many of these ap-
A simple explanation for the small measured sizbahd proaches are essentially free-electron-gas calculations, and
d is that our calibration of gain is incorrect. As a cross checktherefore ignore interband transitions and the associated
of the gain calibration, we have compared the calculated gaiphysics, most allow for at least approximate modification to
using quartz crystals with an estimation of the gain using thebtain a more realistic response. For example, the classical
known input pulse shape, input power, laser repetition ratemodels can include finite-frequency Lorentzian oscillators

V. DISCUSSION
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and generate good approximate linear optical susceptibilitiesve follow the procedure shown by Angerer al!®
Similar improvements for the associated nonlinear calcula- For a Gaussian electric field pulse propagating through

tions still lead to Eqgs.(7), but with improved values of the vacuum in the direction, polarized in the direction,

€(0)—1 as compared to experiment, but no change in theind with a central frequency afy, we may write our electric
prediction thaib| and|d| are unity?? At present, we believe field frequency distribution as

that our results highlight the fact that essentially all of the

simple models, whether hydrodynamic, Boltzmann, or den-

sity functional jellium (that provide the most accurate pre- - Eo. (0 w) AW Al (wg€)2

dictions for a), lack some crucial physics necessary for a E(w)= Exe ° e (A1)
deeper understanding of nonlinear optical processes.

Here,c is the speed of light in the vacuum addv = 1/At is
VI. CONCLUSION the inverse of the electric field pulse duration, dglis the

We have measured the complete amplitude and reIativBeak magnitude of the electric field. If this pulse is normally

phases of the nonlinear susceptibility tensor elements respoHicident on a section oj-cut quartz with itsx axis aligned
sible for second-harmonic generation at the surface of a vawith the x direction, then it will induce a nonlinear polariza-
riety of air-exposed Al films. The measurements show thation distribution in the bulk of the quartz accordingt4*
the seven-element surface nonlinear susceptibility tensor for
an isotropic system adequately explains the observed surface
SHG for these isotropic films. Additionally, the data and ﬁ(w):f fdwldwzeodllé(wl)é(wz)5(w—wl—wz)
analysis show that the complex paramete@nd « can con-
veniently characterize SHG from an isotropic surface for any €~ [ )
particular angle of incidence and fundamental frequency. = 1K \/;dlltzEge(‘”z’”O)’ZA“’ e'k@z  (A2)

We have also used the measured valueg ahd « using @
a specific model for our surface in order to determine the ) ) .
nonlinear currents in the surface and bulk of the Al films.Where, diy a3 the nonlinear susceptibility of quartz
The analysis shows that the surface currents perpendicular {9-3 PM/V);” tis the transmission Fresnel coefficient at the
the surface of the films are consistent with previous calculafundamental frequency,, andk(w)=n(w)w/c is the wave
tions and experiments. However, the analysis also shows th¥gctor inside the quartz. This nonlinear polarization acts as a
the currents parallel to the surface and in the bulk of thesource term in Maxwell's equations that results in a particu-
aluminum are dramatically smaller than is predicted by thelar solution (often called the “bound” waveto the wave
oretical calculations. This discrepancy indicates a need fofduation,
development of a more accurate understanding of the effec-
tive bulk susceptibility and of the susceptibility due to sur- -
face currents parallel to the surfaces of such films. EB(w)= #oC”P (@)

_. A
n?(w)—n?(2w) (A3)
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In order to accurately describe the second-harmonic elec-
tric field generated from a quartz crystal by femtosecond-
duration electric fields, it is necessary to take into account Er(w)=Eg(w)
the full spectrum of the incident electric field. The broad Kot ke
spectrum of Ti:sapphire sources causes significant bandwidth
in the second-harmonic light in the bulk of the crystal andwhereWV = (kg—Kkg)L,kg=2k(w) is the bound wave vector,
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APPENDIX: QUARTZ CALIBRATION

4k

sin(W), (A4)
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electric field to first order inv — wy and to Fourier transform WhereD:(3k/¢9w)|w:w0—(0k/¢9w)|w:2wo- The transmitted

back into the time domain: second-harmonic electric field separates into two Gaussian

pulses that only interfere to produce Maker fringes when the

- 2\2md t?E5AL | Kk A : .
E{(t)= T o Fei20t product of the material dispersion and thickness are small
n%(w)—n?(2w) | Kotke compared with the duration of the pulse. In our experiment,
X[enI'ef(l/Z)[Aw(DLft)]z_eflllfef(lIZ)[Aw(DLth)]z] the two pulses c'Jolnot oyer!ap apprec!a}bly and the measured
' second-harmonic intensity is not sensitive to the exact quartz
(A5) thickness.
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