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Experimental example of isotropic surface second-harmonic generation: dc-sputtered air-expose
aluminum thin films

Charles W. Teplin* and Charles T. Rogers
Department of Physics, University of Colorado at Boulder, Boulder, Colorado 80309-0390

~Received 26 November 2001; published 29 May 2002!

We have determined the amplitudes and relative phases of the allowed components of the effective surface
second-harmonic susceptibility,x (2), 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 isotropicx (2) with seven elements in three families.
Using measured linear optical properties, the elements ofx (2) were determined from the data. In terms of the
dimensionless parametersa, b, andd @J. Rudnick and E. A. Stern, Phys. Rev. B4, 4274 ~1971!#, we find
uau52.3060.72, in rough agreement with previous measurements of the surface current perpendicular to the
surface on oxidized Al surface,ubu50.01360.004 for the surface current parallel to the surface, andudu
50.00960.002 for the bulk contribution. The relative phases ofa and b with respect tod are found to be
(20.466)° and (63612)°, respectively. The measurement indicates a large discrepancy between measured
values and the universal theoretical expectation thatb521 andd51.

DOI: 10.1103/PhysRevB.65.245408 PACS number~s!: 78.20.2e, 42.65.Ky
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I. INTRODUCTION

Optical second-harmonic generation~SHG! is a powerful
tool for studying the properties of surfaces and interface
condensed matter systems, particularly those with cubic
isotropic bulk structure.1 In systems of this type, SHG i
dominated by dipolar response near the symmetry-brea
surfaces and interfaces and bulk magnetic dipole and ele
quadrupole response; it therefore provides a direct prob
surface and interface properties for any interface access
optically. A great deal of theoretical and experimental eff
has focused on developing an understanding of SHG in v
ous situations.

Microscopic theories for SHG from the surface of cub
metals have existed for more than 30 years.2 Initial efforts
concentrated on Boltzmann equation and electron gas hy
dynamics calculations of the nonlinear surface currentJWS

(2)

due to surface dipolar response, and calculations of the n
linear bulk currentJWB

(2) due to bulk magnetic dipole and ele

tric quadrupole response, proportional toEW 3BW . These early
theories succeeded in setting the scale and identifying m
sources of surface response. They also helped demons
the sensitivity of results for the surface current perpendicu
to the surface,JS,Z

(2) , to the detailed surface structure. Sin
the work of Rudnick and Stern,3 effort has focused on calcu
lations of the dimensionless parametersa(v) andb(v) that,
respectively, characterize the nonlinear surface currents
pendicular and parallel to the surface, andd(v) that charac-
terizes the nonlinear bulk current@see Eq.~7! below#. For
example, Leibsch and Schaich4 ~LS! have used a self
consistent jellium model for the sample surface, and finda
523224i at l50810 mm and electron densities similar t
the observed Al density. All theoretical treatments of isot
pic metal surfaces with which we are familiar agree th
b(v)521 andd(v)51 but find various results fora(v)
depending on details of the calculated or assumed electr
0163-1829/2002/65~24!/245408~11!/$20.00 65 2454
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density profile near the surface. All of this work is in goo
qualitative agreement with Rudnick and Stern’s original
gument, namely, that while hydrodynamics is adequate
calculations of the bulk nonlinear current and the surfa
currents parallel to the surface,JS,Z

(2) is sensitive to surface
structure.

Aluminum is an easily prepared, nearly free-electr
metal, which has been used extensively for fundamental
face SHG studies. In particular, the observed values ofa(v)
for ultrahigh vacuum~UHV! prepared Al~111! surfaces have
been found to be described semiquantitatively by theoret
treatments using the jellium approximation, probably indic
ing a very smooth ionic potential for this surface.5,6 These
experiments have also demonstrated that SHG from UH
prepared Al~111! and Al~100! is often not isotropic with ro-
tation about surface normal, thereby motivating further wo
on anisotropic SHG.7

In an initial attempt to confirm the predictions of LS
Murphy et al.5 report good agreement with the result ofuau
537 for UHV Al~111! surfaces atl51.064 mm. On
Al ~100! and polycrystalline Al surfaces, their measureme
found uau522. Measurements by Janzet al.6 on UHV
Al ~111! and Al~110! single crystals also show qualitativ
agreement with the results for values ofa(v) from LS over
a wide wavelength range. Their results fora(v) on Al~100!
surfaces show good agreement with the experimental res
of Murphy et al.Additionally, measurements in their labora
tory found thatp-polarized SHG forp-polarization incident
light decreased by a factor of roughly 10 when UHV A
surfaces were oxidized.8 Experiments on air-exposed poly
crystalline Al and Al~100! surfaces by Pedersen and Kelle9

found thatuau was similar in magnitude tob andd, but are
not well fitted by an isotropic model. Lastly, measureme
of Al/glass interfaces10 showed thata was near to unity. Col-
lectively, these results show a reasonable degree of ag
ment between theory and experiment for the overall mag
©2002 The American Physical Society08-1
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tude of the surface sensitive parametera(v) for UHV ~111!
surfaces. Additionally, experimental results show th
Al ~100! surfaces and Al surfaces that have intermediate
ide or glass layers exhibit effectively smaller values fora.

Previous experimental work, however, has been less c
in its measurements ofb(v) and d(v). This has been, in
part, because previous SHG experiments on UHV Al s
faces have focused on measurements of thep-input, p-output
geometry, which exhibits the largest second-harmonic yi
This geometry is largely sensitive toa(v), thoughb(v) and
d(v) also contribute. In comparison,b(v) controls the yield
of s-polarized SHG due to a mixeds- andp-polarized input
beam, whiled(v) controls thep-polarized SHG from pures
input. These geometries are typically observed to have m
lower SHG yields. Thus, few detailed comments on m
sured values ofb andd from Al surfaces are presently avai
able. Murphy et al. found strong anisotropy in SHG an
made few comments onb or d. Janzet al. did not detect any
s-polarized second-harmonic light for any wavelength or
cident polarization. Nor did they detect any second-harmo
light for s-polarized incident light. These results indicate th
their measured values forb(v) andd(v) were indistinguish-
able from zero, a surprising result considering the gen
expectation that these parameters are of order unity and
robust to detailed surface conditions. Additionally, we no
the surprising findings of Simpson and Furtak,11 who found
that d(v) was sensitive to the charging of the surface
single-crystal Ag in an electrochemical environment. Aga
this measurement indicates a discrepancy with the theore
models that expect the bulk contribution to be insensitive
the details of the surface. Finally, previous measurement
SHG from free-electron-like metals provide little or no info
mation on the relative phases ofa,b, andd.

In this work, we report a measurement of the eleme
~both their magnitude and relative phases! of the effective
surface second-harmonic susceptibility tensorx (2) for air-
exposed polycrystalline, Al thin films. These films were ch
sen because they are easily prepared, technologically im
tant, and expected to yield straightforward, isotrop
behavior that would allow for simple analysis. Our measu
ments of the intensity and polarization state of surfa
second-harmonic light as a function of input beam polari
tion and azimuthal angle of the Al sample are well describ
by an isotropic model for surface SHG. The success of
model allows for the determination of the absolute valu
and relative phases ofa, b, and,d. This analysis clearly in-
dicates thatb and d are much smaller than theoretical pr
dictions and indicates the need for a deeper understandin
these parameters.

The rest of this paper is organized as follows. In Sec.
we provide an overview of the theoretical model for SH
from an isotropic surface. Section III explains the details
the experimental apparatus we used to measure the sec
harmonic intensity and polarization state as a function
sample azimuthal angle and input beam polarization st
This section also includes analysis of the second-harm
data and shows that our results are consistent within sta
cal error of the model in Sec. II. In Sec. IV, we expla
measurements of sample surface morphology and linear
24540
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tical constants and use these measurements to deduc
numerical values of the susceptibility tensor elements.
Sec. V our experimental results for the magnitudes and r
tive phases of the tensor elements are compared to prev
measurements and theoretical models. Finally, conclus
from this work are discussed in Sec. VI.

II. THEORETICAL MODEL FOR SECOND-HARMONIC
GENERATION FROM AN ISOTROPIC SURFACE

For a surface scientist, the goal of a surface SHG exp
ment is to measure surface properties via their influence
the second-harmonic currents at the surface of a mate
Quite generally, the Cartesian components of these curr
may be written as

JS,i
(2)

22ıv
5PS,i

(2)5xS,i jk
(2) Eje

2vtEke
2vt. ~1!

Here,JS
(2) is the surface current density at twice the fu

damental frequencyv,PS
(2) is the dipole moment per uni

area in the dipole approximation,xS,i jk
(2) is the second-

harmonic surface susceptibility tensor, andEi is thei th com-
ponent of the electric field at the fundamental frequency
the surface of the material. These currents are manifes
the reflected optical intensity at 2v.

As shown by Shen,1 the nonlinear boundary conditions a
the surface imply that a nonlinear surface polarization ra
ates in the following way:

EP
(2)5

ı4pk1

e2k1z1e1k2z
~k2zPS,x

(2)1kxPS,z
(2)!,

ES
(2)5

ı4pk1

k1z1k2z

k1

e1
PS,y

(2) . ~2!

Here,ki is the wave vector at 2v in medium i ,ki ,z is the z
component of the wave vector at 2v, ande i ,2v is the dielec-
tric constant at 2v in medium i. As shown in Fig. 1, the
surface normal is taken to be in theẑ direction and the opti-

FIG. 1. Coordinate system showing the optical beams. The
cident beam is transmitted at an angle,uT , and reflected at an angl
uR . Second-harmonic inhomogeneous~driven! and homogeneous
beams propagate into at anglesuT and uHomo. . Second-harmonic
light is reflected at angleuR .
8-2
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EXPERIMENTAL EXAMPLE OF ISOTROPIC SURFACE . . . PHYSICAL REVIEW B 65 245408
cal plane of incidence is thex̂-ẑ plane. The surface polariza
tion at 2v arises from the electric fields present at the s
face of the material through the susceptibility tensor as in
~1!. As has been shown previously,1 the susceptibility tenso
can be simplified extensively for an isotropic surface. In
coordinate system of Fig. 1, the nonzero tensor elements
an isotropic surface occur in three distinct familie
xZZZ

(2) ,xZXX
(2) 5xZYY

(2) , and xXZX
(2) 5xXXZ

(2) 5xYZY
(2) 5xYYZ

(2) . With
these tensor elements, the surface polarizations can be
ten as

PS,x
(2)5~xXXZ

(2) 1xXZX
(2) !tP

2sinuTcosuTcos2fEI
2 ,

PS,y
(2)5~xYYZ

(2) 1xYZY
(2) !tPtSsinuTsinf cosfEI

2 ,

PS,z
(2)5~xZZZ

(2) sin2uT1xZXX
(2) cos2uT!tP

2cos2fEI
2

1xZYY
(2) tS

2sin2fEI
2 , ~3!

where tP is the Fresnel transmission coefficient f
p-polarized light,tS is the Fresnel transmission coefficie
a
ic
l

ich
nt
s
ex
ct

th
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for s-polarized light, uT is the transmitted complex angle,
f is the angle of the incident polarization from ppolariza-
tion ~so p occurs at 0° and 180° ands occurs at 90° and
270°), andEI is the incident electric field magnitude.

In addition to radiation at 2v from induced surface cur
rents, second-harmonic radiation also arises from nonlin
currents in the bulk of the metal. As has been sho
previously,3 these currents arise from a quadrupolar eff
proportional toEW 3BW in the bulk of the material. Thus, th
nonlinear bulk currents are in the direction of the transmit
wave vector. These currents radiatep-polarized electric
fields:1

EP
(2)5

ı4pk1

e2k1z1e1k2z
kxg~ tS

2sin2f1tP
2cos2f!EI

2 , ~4!

whereg characterizes the bulk nonlinear susceptibility.
From Eqs. ~2!–~4!, we can write the radiatedp- and

s-polarized second-harmonic fields as
~5!

and

ES
(2)

EI
2

5
ı4pk1

k1z1k2z

k1

e1
tStPsinf cosf sinuT~xYZY

(2) 1xYYZ
(2) !. ~6!
,

-
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From these equations, it is clear that experimentally one c
not separate the bulk radiation from surface terms, part
larly xZXX

(2) and xZYY
(2) .12 Quite generally, all the theoretica

models of surface SHG from isotropic surfaces with wh
we are familiar predict that the surface tensor eleme
xZXX

(2) 5xZYY
(2) , are zero due to the continuity of the transver

component of the incident electric field. Because of this
pectation, for the remainder of this work, we will negle
xZXX

(2) and xZYY
(2) ~but see Sec. V below!, replaceg with an

effective susceptibility element,xBULK
(2) ,xXZX

(2) 5xXXZ
(2) 5xYZY

(2)

5xYYZ
(2) with x i

(2) , and xZZZ
(2) with x'

(2) . In the notation of
Rudnick and Stern, these effective tensor elements can
be written as3

x'
(2)5a~v!S e

16pmv2D @e~v!21#,

x i
(2)5b~v!S e

16pmv2D @e~v!21#,
n-
u-

s,
e
-

en

xBULK
(2) 5d~v!S e

16pmv2D @e~v!21#, ~7!

wheree is the charge of the electron,m is the electron mass
ande(v) is the dielectric function at angular frequencyv.

III. EXPERIMENTAL MEASUREMENTS OF
ISOTROPIC SHG

The experimental apparatus~Fig. 2! is designed to mea
sure the polarization state of the second-harmonic light p
duced by an 80 mW average power Ti:sapphire laser be
~100 MHz pulse rate, 50 fs pulse duration, 810 nm cen
wavelength! focused onto an Al film~roughly 10 mm spot
diameter! at a 45° angle of incidence. The polarization of t
input beam is varied by using a half wave plate to rotate
polarized output of the laser followed by a Glan-Taylor p
larizer to ensure the purity of the polarization state. T
angle of the wave plate and the polarizer are controlled
motely with stepper motors that allow for 25 steps betwees
8-3
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CHARLES W. TEPLIN AND CHARLES T. ROGERS PHYSICAL REVIEW B65 245408
and p polarization. An objective lens with a small effectiv
numerical aperture of 0.06 is used to focus the beam onto
sample in order to preserve the input polarization state
second lens collects the reflected laser beam and the sec
harmonic light from the sample. A flint glass prism is used
spatially separate the much weaker second-harmonic
from the reflected primary beam in order to facilitate optic
analysis. Anti-reflection coatings on the prism reduce the
larization sensitivity to below 1% of transmission differen
betweens- andp-polarized incident waves.

We used this apparatus to measure SHG from a variet
air-exposed Al films. The films were grown by dc sputteri
with a simultaneous rf bias onto a growth substrate of 10
Å SiO2 ~thermally grown oxide! on Si~100! from a 99.999%
pure Al target.13 For the different films, the rf bias, growt
rate, and growth time were varied in order to acquire a ra
of different film properties. X-ray diffraction data from cha
acteristic Al films produced in our growth chamber sugg
that the films are~111! textured, with random orientation in
the plane of the film. The surface roughness and thickn

FIG. 2. Experimental apparatus.
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for seven different films for which we present data are lis
in Table I.

We measured the intensity and polarization state of
second-harmonic light with a rotating-wave-plate polarim
ter. The polarimeter consists of a remotely stepped ze
order quarter wave plate followed by a linear polarizer o
ented to passp polarization and a photo-multiplier tube. Th
intensity of the polarimeter throughput is measured a
function of quarter-wave-plate angle. During each polari
tion measurement, the wave plate is spun many times and
average intensity and the average deviation from the ave
intensity is calculated. The resulting data and statistical e
is fitted to a function of the Stokes parameters,S1,S2, and
S3 that completely describe the intensity and polarizat
state of the light through

S15I P2I S ,

S25I 452I 245,

S35I RCP2I LCP . ~8!

Here, I P ,I S ,I 45,I 245,I RCP, and I LCP are the intensities of
p, s, 45°,245°, right-circularly polarized, and left
circularly polarized light, respectively.S0, the Stokes param
eter identifying the total intensity of the light, is found withi
experimental error to satisfyS025S121S221S32, indicat-
ing that the second harmonic has no unpolarized compon
During fitting, therefore, we setS025S121S221S32 and
fit for only S1,S2, andS3. Typical values ofx2 per degree of
freedom, the square of the average deviation of the fit fr
the data normalized to the square of the measured statis
deviation from the average measured value~not to be con-
fused with x (2), the nonlinear susceptibility! for these fits
were close to unity. Calibration of the offset fromp polariza-
tion in the linear polarizer and the actual retardation a
offset fromp polarization in the wave plate is achieved usi
standardp polarized and nearly circularly polarized inpu
light to the polarimeter.

We then study the polarization state of the seco
harmonic beam as a function of polarization state of the
cident Ti:sapphire beam. Due to imperfections in the h
rowth
mplex
nse
TABLE I. Properties of Al film samples. Film thicknesses for samples 1–5 are estimated from g
conditions. Film thicknesses for samples 6 and 7 are determined from ellipsometric fits. The co
parametersh ~with phasefh) andk ~with phasefk) characterize the isotropic second-harmonic respo
for each film, as shown in Eqs.~9! and ~10!.

Sample Roughness

(Å) (rms)

Thickness

(Å)

uhu uku fh

(degrees)

fk

(degrees)

1 25 600 2.8960.02 0.5860.01 18.160.3 280.460.5
2 29 400 2.6960.02 0.5060.01 25.260.6 259.960.3
3 24 1070 3.1260.02 0.5760.01 25.160.7 251.260.3
4 16 1070 3.0360.03 0.5760.01 25.060.9 260.760.6
5 17 1070 3.1760.02 0.5160.01 25.260.6 255.260.2
6 14 312 2.3760.02 0.7360.01 20.260.7 243.760.3
7 12 332 2.9360.04 0.8360.01 26.460.6 248.160.6
8-4
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EXPERIMENTAL EXAMPLE OF ISOTROPIC SURFACE . . . PHYSICAL REVIEW B 65 245408
wave plate and linear polarizer on the input arm of the
paratus, we found that the input intensity varied by appro
mately 5% as the incident polarization state is changed
compensate for this variation, we took data for a compl
rotation of the half-wave-plate~two rotations of the linear
polarizer, four rotations of the polarization vector!. Polarim-
etry data and the fitted Stokes parameters for three exam
input polarizations are shown in Fig. 3 for Sample 1 fro
Table I. We can then use the measured Stokes paramete
determineI S ,I P , and their relative phased5fS2fP . Fig-
ure 4 showsI S ,I P , andd for Sample 1 for all input polar-
izations averaged over the four rotations of the polarizat
vector. Significant uncertainty ind, the relative phase of the
s-polarized electric field to thep-polarized electric field, oc-
curs nears- and p-input polarization because thes-output
intensity is approaching zero.

The entire set of second-harmonic Stokes parameters
sus incident light polarization was then measured at 32
crete sample azimuthal angular positions~32 different rota-
tional positions about the surface normal!. Wobble in the
sample rotation mount was measured by placing a posit
sensitive quadrant photodiode14 in the path of the intense
reflected beam. We then adjusted a two-axis tilt stage
held the sample to minimize the difference signals from
quadrant photodetector, thereby aligning the sample nor
and the azimuthal axis of rotation. For all films measur
the data shows that the intensity and polarization state of
second-harmonic light is independent of sample azimu
angle to65%. Figure 5 shows the variation in the secon

FIG. 3. Measured intensity as a function of polarimeter quar
wave-plate angle for input polarization angle of~a!89, ~b!67, and
~c!1° for Sample 1. Solid lines show the fit to the polarization st
of the second-harmonic beam. In case~a!, the incident beam is
nearly s polarized and the fitting results inS154.06
60.02 fW,S2520.2660.06 fW,S350.1860.03 fW, and x2

51.5, showing that the second-harmonic beam is nearlyp polar-
ized, but of low intensity. In case~b!, the incident beam is a linearly
polarized, but withp- and s-polarized components and the fittin
results in S153.4160.07 fW,S2524.2860.10 fW, and S3
53.2460.06 fW andx251.0, showing that the second-harmon
light has bothp- ands-polarized components. In case~c!, the input
beam is nearlyp-polarized and the fit results inS15107.02
60.24 fW,S2523.5460.91 fW,S351.2460.41 fW, and x2

51.2, showing that the second-harmonic beam is intense and c
to p polarization.
24540
-
i-
o
e

le

to

n

er-
s-

n-

at
e
al
,
e

al
-

harmonics intensity,p intensity, and relative phased of the
s andp second-harmonic electric fields as a function of a
muthal angle for Sample 1. For this measurement, the in
polarization angle was set tof570° so that the output po
larization was sensitive to all nonzero tensor elements
this configuration, the different polarization state paramet
varied by65% as the azimuthal angle was varied. We a
sociate this residual variation with observed higher-or
wobble in our mount that could not be eliminated with
simple, two-axis tilt stage.

The azimuthal data confirm that our Al films are isotrop
second-harmonic sources. Therefore, the model summar
in Eqs.~5! and~6! is appropriate for analysis of the secon
harmonic data as a function of input polarization state. Ths
to p intensity ratio and relative phased of thes andp electric
fields were, therefore, fitted to the following functions:

tanC (2)[
uES

(2)u2

uEP
(2)u2

5
sin2f cos2f

~hcos2f1ksin2f!2
~9!

and

d5arctanF Im~h cos2f1k sin2f!

Re~hcos2f1ksin2f!
G . ~10!

Here, Im denotes ‘‘the imaginary part of’’ and Re denot
‘‘the real part of.’’ The data was fitted to tanC (2) and d
simultaneously, resulting in values and associated un
tainty for the complex parametersh andk, which are given
from Eqs.~5!, ~6!, ~9!, and~10! for the isotropic model by:

r-

e

se

FIG. 4. Second-harmonic lightp-polarization intensity,
s-polarization intensity, and relative phased5fS2fP generated as
a function of input polarization angle for Sample 1. This data h
been averaged over a full rotation of the input polarization optics
four complete rotations of the input polarization state.~Input
p-polarization corresponds to 0°. Inputs polarization corresponds
to 90°.!
h5
k1z1k2z

e2k1z1e1k2z

e1

k1

tP

tS

2k2zcosuTsinuTx i
(2)1kx@sin2uT~x'

(2)1xBULK
(2) !1cos2uTxBULK

(2) #

2 sinuTx i
(2)

~11!

and
8-5
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k5
k1z1k2z

e2k1z1e1k2z

e1

k1

tS

tP

kxxBULK
(2)

2sinuTx i
(2)

. ~12!

d was not fitted nears- andp-incident polarization.15 The fit
for the data shown in Fig. 4 is shown in Fig. 6 for all fo
quadrants of equivalent input polarization angle and the
ted values ofh andk and their associated statistical error a
shown in Table I. Thex2 for the fit shown in Fig. 6 was 3.7
and the fits for all other films resulted inx2 values between
3 and 13. The success of these fits demonstrates tha
isotropic model described above accurately accounts for
results. Polycrystalline Al films of this type are excelle
‘‘textbook’’ examples of isotropic SHG.

IV. ANALYSIS OF RESULTS TO EXTRACT x „2…

Our direct observation of isotropic second-harmonic
sponse~Fig. 5!, along with the success of Eqs.~9! and~10! in
fitting the experimental results leads us to consider a de
analysis of the data sets, aimed at extracting the actual va
of the second-harmonic tensor elements. While the meas
ments reported above are definitive in demonstrating that
SHG in these films is accurately isotropic and consistent w
a minimal set of surface SHG elements as demanded by
symmetry considerations, it is nevertheless essential to
ognize that further analysis is, by necessity, model dep
dent. Many isotropic models are possibly consistent with
observed intensity and polarization states. Just as in e
sometry, the reflected far-field wave can be accurately ca
lated given a known surface, but the reflected wave does
itself contain enough information to allow inversion to dete
mine surface properties. However, such a model-depen
inversion is necessary to allow direct comparison with ex
ing theory. In this section, we discuss our efforts to deve
an internally consistent model of the film morphology th
explains both the linear and the nonlinear optical respon
This model allows us to extract a set of nonlinear ten
elements that is consistent with our data. From Eqs.~9!, ~10!,
~11!, and ~12!, we can relate the relative values of the no
linear susceptibility tensor elements to the measured c
plex quantitiesh andk via

x i
(2)

xBULK
(2)

5
1

2k

e1

k1

k1z1k2z

e2k1z1e1k2z

kx

sinuT

tS

tP
~13!

and

FIG. 5. Second-harmonic polarization variation as a function
sample azimuthal angle for an incident beam with polarizat
angle,f, of 70° for sample 1. At this input polarization angle, th
nonlinear response is sensitive to all nonlinear susceptibility ten
elements. The variation in the parameters is approximately65%
and is attributed to residual wobble in the sample mount.
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x'
(2)

xBULK
(2)

52
x i

(2)

xBULK
(2) S tS

tP

k1

kx

e2k1z1e1k2z

e1~k1z1k2z!

h

sinuT
2

k2z

kx

cosuT

sinuT
D

2
cos2uT

sin2uT

21. ~14!

Clearly, in addition toh and k, we need the linear optica
constants to allow analysis ofx (2).

In order to determine the linear optical constants nec
sary for evaluation of Eqs.~13! and ~14!, we used a combi-
nation of spectroscopic variable angle ellipsometry16 to de-
termine optical properties and atomic force microsco
~AFM! to determine surface morphology. We used the ell
someter to measureC (1), which characterizes the relativ
linear reflectivity of the films through tanC (1)5ur Pu/ur Su,
where r P and r S are the linear reflectivities ofp- and
s-polarized light andD, the relative phase of the reflectedp-
and s-polarized light. For each film, data were taken wi
incident light varying from 300 nm to 900 nm and at mu
tiple angles of incidence. For each film, multiple AFM im
ages were taken and the resulting root-mean-squared~rms!
roughness calculations were averaged. The variation in
roughness measurements for a given film was typically 0
0.3-nm rms. A sample image is shown in Fig. 7. The roug
ness of each film is shown in Table I. The rms roughness
the silicon dioxide/silicon substrates was found to be 0.8 n
The ellipsometer data were modeled in a way consistent w
the AFM results and the known surface oxide of Al in ord
to obtain numerical values for the linear optical constants

Again, ellipsometric data suffers from an inversion pro
lem in that it is impossible to determine the exact surfa
morphology from ellipsometric data alone.17 For our data,
we investigated several models for the film surfaces, all
which generated excellent fits to the optical data. For e
model, the structure of the surface is fixed and the lin
optical constants of the Al~determined from a three Lorent

f
n

or

FIG. 6. Second-harmonic light generated from Sample 1 fit
to Eqs.~9! and ~10!. The input polarization was varied through
full rotation of the input half wave plate~see Fig. 2!, resulting in
four full rotations of the input polarization vector. The fitting resu
in uhu52.8960.02,fh5(18.160.3)°,uku50.5860.01, andfk5
(280.460.5)° with ax253.7. The value ofx2 differs from unity
because of systematic errors nears andp input polarization, where
s-polarized SHG decreases to zero, andd (2v) becomes very sensi
tive to systematic errors in calibration.
8-6
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EXPERIMENTAL EXAMPLE OF ISOTROPIC SURFACE . . . PHYSICAL REVIEW B 65 245408
zian model for the dielectric function! are varied in order to
produce the best match to the experimental data.

We considered three major models:~1! film surfaces mod-
eled as a bare Al/air interface,~2! films with a top
Al/Al 2O3(20 Å)/air interface, and~3! films with a surface
that included a roughness layer mixing Al, Al2O3, and air
that was consistent with the AFM results. All three mod
produced statistically identical fits to the ellipsometric da
In Fig. 8, we show results for sample 3. The top two grap
show the fitting results for the third model~that includes a
roughness layer consistent with the AFM results! along with
the experimental data forC (1) and D. Additionally, results

FIG. 7. One-mm2 atomic force microscopy image of an Al film
~Sample 3!. The granular appearance of the image suggests m
nanocrystalline orientations within the typical 10mm focal spot of
our Ti:sapphire laser. This film shows a root-mean-square rough
of 2.4 nm.

FIG. 8. Comparison of ellipsometer fitting for different mode
of the Al surface for sample 3. In the top two plots, solid lines sh
the fit result to a simple metal/air interface. The angle of incide
for each data set and fit is noted on the figure. Fitting results
other models of the Al surface are indistinguishable from the s
lines. For comparison, dashed lines in these two plots show re
generated by using a simple air/Al interface with tabulated val
for the Al optical constants fromHandbook of the Optical Con
stants of Solids~Ref. 18!. In the lower plot, the Al optical constants
n and k, are plotted for three successful models of the Al surfa
solid lines result from a model that includes surface roughness
an oxide layer; dashed lines result from a model that assum
20-Å surface oxide; and dotted lines result from a simple meta
interface.
24540
s
.
s

are plotted from a model including a simple Al/air interfa
using tabulated values for Al optical constants.18 In the lower
graph, the real and imaginary parts of the index of refracti
n and k, for the Al film are shown for the three successf
models mentioned above.

Because multiple models were successful in fitting
ellipsometric data, we have chosen to use a model belie
to be the most consistent with AFM results. The data for
of the films were simultaneously fitted to a model that
cludes the silicon wafer, the silicon dioxide layer, a thre
Lorentzian optical model for the Al dielectric constant, a
Al2O3 layer, and a roughness layer. For the five films fou
to be optically thick, the aluminum layer was set to have
thickness that was consistent with the sputtering time
conditions. The roughness layers were set equal to the va
measured with AFM. The fit was allowed to vary the optic
constants of the aluminum, the thickness of the two optica
thin films, and the relative content of the Al2O3/roughness
layer. Fit results for sample 3 and a comparison of the fit
Al optical constants to the tabulated values forn and k are
shown in Fig. 9. This model resulted in indices of refracti
of n51.94 andk57.24 atl5810 nm andn50.43 andk
54.08 atl5405 nm. The results of other models sugges
that our determination of the linear optical properties we
only good to610%, with the major source of uncertaint
being our ignorance of the precise surface conditions. T
robust values ofn andk that we find for the various model
give us confidence in the further analysis ofh andk to yield
the elements ofx (2).

The details of the film surface are also relevant to
model used in SHG calculations. In Sec. II, we assumed
the surface was a simple metal/air interface. However,
cause our Al films were air exposed, a more accurate mo
would include details of the surface structure. We studied
effect a layer of Al2O3 would have on the second-harmon
reflection efficiency as follows: We compared the simp

ny

ss

e
r

d
lts
s

:
nd

a
ir

FIG. 9. Ellipsometric data (C andD) from sample 3 and fit to
a model for the film surface that includes a roughness layer con
tent with AFM results and uses a three-Lorentzian model for
dielectric constant of Al are shown in the top two graphs. The low
graph shows the optical constants,n andk, that result from the fit
~dashed lines! and, for comparison, the tabulated values forn andk
for aluminum taken fromHandbook of Optical Constants of Solid
~Ref. 18! ~solid lines!.
8-7



ble I.

CHARLES W. TEPLIN AND CHARLES T. ROGERS PHYSICAL REVIEW B65 245408
TABLE II. Measured magnitudes and relative phases of the nonlinear susceptibility tensor elements for the films shown in Ta

Sample x'
(2)

(cm2/statVolt310216)

f'2fBULK

(degrees)

x i
(2)

(cm2/statVolt310216)

f i2fBULK

(degrees)

xBULK
(2)

(cm2/statVolt310216)

1 24436485 1066 13.962.7 8563 9.061.8
2 21556424 365 12.962.5 6462 7.261.4
3 20836334 2965 11.562.2 5663 7.261.4
4 24006469 2165 12.962.4 6563 8.161.6
5 20156477 2865 13.462.7 6063 7.661.4
6 15276302 365 11.461.9 4864 7.661.4
7 18106392 2165 8.961.6 5363 8.161.6
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model ~described in Sec. II! that has an abrupt metal/air in
terface with one that includes the oxide layer.10 This model
assumed that all SHG occurred at the oxide/Al interface
was generated by an electric field that had been transm
through the oxide. The reradiated second-harmonic elec
field was calculated by satisfying the boundary conditio
for the linear and second-harmonic fields at the air/oxide
oxide/Al interfaces. The ellipsometry measurements s
gested that the oxide layers on our films were about 20
thick. Our model showed that the effect of a 20 Å layer
oxide resulted in changes in the values of the tensor elem
that were much smaller than the statistical error in our d
For this reason, the effects of an oxide layer are neglecte
the calculations of the reradiated second-harmonic elec
field presented here.

We then used the optical constants atv and 2v with the
fitted values forh andk to deduce the relative magnitude
and phases ofxBULK

(2) ,x'
(2) , andx i

(2) . Because the statistica
error in h andk is much smaller than the uncertainty in th
complex index of refraction arising from model-choice, t
dominant source of uncertainty in the relative values

FIG. 10. Magnitudes of the dimensionless parametersa, b, andd
that characterize the second-harmonic response. Error bars i
top plot show the error arising from uncertainty in the linear opti
constants propagated through the determination in absolute in
sity. In the two lower plots, the error bars show the error aris
from the uncertainty in the linear optical constants propaga
through the calculation of the relative magnitudes of the surf
polarization parametersa andb to the bulk parameterd.
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xBULK
(2) ,x'

(2) , andx i
(2) is the uncertainty in choice of optica

model for the linear optical constants.
Finally, we convert the relative values ofx (2) to absolute

values by using the calibrated gain of our system. We c
brated the overall optical gain of the system using bulk SH
from a 4 mmy-cut quartz plate.6 The crystal was rotated s
that thex axis was positioned parallel to the polarization
the incident beam. As reported by Angereret al.,19 Maker
fringes20 are not observed because of the group velocity m
match of the bound and free waves associated with the b
optical bandwidth of the incident Ti:sapphire pulses. A su
mary of the calculations necessary to determine the am
tude of the second-harmonic electric field generated fr
bulk SHG in quartz is shown in the Appendix.

The resulting absolute magnitudes and relative phase
the elements ofx (2) are shown in Table II. The uncertaintie
reported for the amplitudes and relative phases ofx'

(2) and
x i

(2) represent the propagated uncertainty of 10% in the
tical constants of the Al films in the calculations of the re
tive amplitudes and phases ofx i

(2) and x'
(2) with respect to

xBULK
(2) . The uncertainties reported for the magnitude

xBULK
(2) represent the uncertainty in the optical constants

the uncertainty in the calibrated gain of our system, pro
gated through the calculation of the absolute values of

the
l
n-

g
d
e

FIG. 11. Relative phases ofa and b to d. Error bars show the
error arising from the uncertainty in the linear optical consta
propagated through the calculation of the relative phases of
surface polarization parametersa and b to the bulk parameter,d.
The absolute phase is not determined.
8-8
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EXPERIMENTAL EXAMPLE OF ISOTROPIC SURFACE . . . PHYSICAL REVIEW B 65 245408
tensor elements. This uncertainty is also present in the
ported values forx i

(2) and x'
(2) . We also calculated the di

mensionless parameters,a,b, and d, which are shown in
Figs. 10 and 11 using Eq.~7!, with e(v) determined from
n(v) and k(v) and m set to the free electron mass. As
Table II, the error bars ina andb reflect the propagated erro
in the optical constants in the calculation of the relative v
ues and phases tod while the error bars in the plot ofd
reflect the error in the calculation in the overall gain of t
system.

Multiple films were measured in order to determine
there was any correlation between the film surface morp
ogy and the resulting nonlinear optical properties. The d
shows that the results for all of the films are very similar. T
only correlation between film properties and optical prop
ties that we could determine is that Samples 6 and 7, wh
were optically thin, showed smaller amounts of SHG
p-input polarization, resulting in smaller values ofx'

(2) ~see
Table II!. It seems unlikely that interference from the bac
side of the Al film could be responsible for this suppress
of x'

(2) , since the magnitude of the squared transmitted e
tric field is approximately 30 times smaller due to transm
sion through the Al film. These films are also the tw
smoothest films, suggesting that the magnitude ofx'

(2) is,
perhaps, smaller for smooth films, in qualitative agreem
with previous measurements.21

V. DISCUSSION

Comparison of our results for the measured surface
rent perpendicular to the surface of Al shows relatively go
agreement with previous theoretical and experimental wo
We find an average value ofuau52.3060.72, which is
smaller than the predicted value of LS for the bare
vacuum interface, but consistent with the observed supp
sion of Al SHG due to oxide overlayers in thep-input,
p-output geometry.8

Despite this agreement on the value ofa between our
measurements and past work, we find strong disagreem
between our measured values ofb andd and theoretical ex-
pectations. We find average values ofubu50.01460.004,udu
50.00960.002, andfb2fd563612°. This is in contrast
to the expectations forb and d shared by hydrodynamic
Boltzmann, and density functional treatments. These mo
predict thatb521 for smooth surfaces andb,1 for rough
surfaces. However, decreases inb due to surface roughnes
are expected to be small~less than a factor of 2! and do not
easily account for our measured value that is 100 tim
smaller than predicted. Ford, these models are fairly sim
plistic and agree on the valued51. Additionally, d is ex-
pected to be robust to changes in surface conditions, ma
our measured value even more difficult to explain. The
discrepancies lead us to carefully consider both the sm
observed values ofb andd and their relative phase.

A simple explanation for the small measured size ofb and
d is that our calibration of gain is incorrect. As a cross che
of the gain calibration, we have compared the calculated g
using quartz crystals with an estimation of the gain using
known input pulse shape, input power, laser repetition r
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PMT sensitivity, and amplifier gains of the system. The cro
check demonstrates that our calibrated gain is reasona
Additionally, our overall agreement on the size ofa with
other experimental work suggests that our calibration is c
rect. If our calibration did indeed underestimate the gain
the system in order to explain the deviation from expec
results ~this would require an error of 104 in intensity!, it
would imply that our measured value ofa was an order of
magnitude larger than that found for bare Al/vacuum int
faces, contradicting both theoretical and past experime
work. Lastly, we note that while an error in gain might e
plain the small observed magnitudes ofb and d, it cannot
explain the relative phase ofb andd, which, at 63°, deviates
significantly from the theoretical expectation of 180°.

For the reasons above, we believe that our gain is cor
and, therefore, consider possible physical explanations
the small observedb andd. One could imagine that the valu
of ubu is suppressed due to surface oxidation, much a
observed for uau. This hypothesis contradicts theoretic
models that expectubu to be insensitive to the details of th
electronic surface structure, and would furthermore not
plain the small value ofudu, which arises from bulk contri-
butions and should be largely independent of the details
the surface. Regarding the smalld values, one could conside
the possibility that the surface tensor elementsxZXX

(2) and
xZYY

(2) are nonzero. Theoretical models predict these elem
to be zero due to continuity of the electric field compone
tangential to the surface. If these elements were nonz
they could in principle cause destructive interference w
the bulk SHG and suppress the effective value ofudu. How-
ever, this hypothesis does not help explain the suppressio
ubu, which arises entirely from a single surface contributio
xYZY

(2) 5xYYZ
(2) .

As mentioned above, previous experiments have a
demonstrated disagreement with theoretical predictions fb
andd. In particular, Janzet al.6 ‘‘ . . . found that there was
no measurable component ofs-polarized SH light at any
wavelength or angle of incidence available to us.’’ Thus, Ja
et al. found ubu'0 while uau'30 for their bare UHV Al
surfaces. The measurable effect of surface charge on
SHG from Ag, as observed by Simpson and Furtak,11 also
contradicts a jellium-type model for SHG. However, the
suggestion that this effect is due to an alteration of the tai
the bulk free-electron density seems likely to only lead to
small suppression ofd(v) rather than the large effect that w
have observed.

Collectively, our experimental results as well as resu
from UHV Al surfaces and charged electrolyte/Ag interfac
show significant variation in the parametersb and d, but
consistent results fora. This observation is in contrast t
theoretical predictions suggesting thata is very sensitive to
the details of the surface, but thatb and d are relatively
robust to the surface conditions. While many of these
proaches are essentially free-electron-gas calculations,
therefore ignore interband transitions and the associa
physics, most allow for at least approximate modification
obtain a more realistic response. For example, the class
models can include finite-frequency Lorentzian oscillato
8-9



tie
la

th

he
en
e-

a

tiv
po
v

ha
r f
rfa
nd

n
.

th
s

ar
la
th
th
he
f

fe
r-

a
it
on
p
o

e
o
om

le
nd
un
ad
id
nd
s

ha
ca
si

gh

lly

-

z
he

s a
cu-

s
tted
iply
-
n be
ont

on
nal
is
ns-

,

he
the

CHARLES W. TEPLIN AND CHARLES T. ROGERS PHYSICAL REVIEW B65 245408
and generate good approximate linear optical susceptibili
Similar improvements for the associated nonlinear calcu
tions still lead to Eqs.~7!, but with improved values of
e(v)21 as compared to experiment, but no change in
prediction thatubu andudu are unity.22 At present, we believe
that our results highlight the fact that essentially all of t
simple models, whether hydrodynamic, Boltzmann, or d
sity functional jellium ~that provide the most accurate pr
dictions for a), lack some crucial physics necessary for
deeper understanding of nonlinear optical processes.

VI. CONCLUSION

We have measured the complete amplitude and rela
phases of the nonlinear susceptibility tensor elements res
sible for second-harmonic generation at the surface of a
riety of air-exposed Al films. The measurements show t
the seven-element surface nonlinear susceptibility tenso
an isotropic system adequately explains the observed su
SHG for these isotropic films. Additionally, the data a
analysis show that the complex parametersh andk can con-
veniently characterize SHG from an isotropic surface for a
particular angle of incidence and fundamental frequency

We have also used the measured values ofh andk using
a specific model for our surface in order to determine
nonlinear currents in the surface and bulk of the Al film
The analysis shows that the surface currents perpendicul
the surface of the films are consistent with previous calcu
tions and experiments. However, the analysis also shows
the currents parallel to the surface and in the bulk of
aluminum are dramatically smaller than is predicted by t
oretical calculations. This discrepancy indicates a need
development of a more accurate understanding of the ef
tive bulk susceptibility and of the susceptibility due to su
face currents parallel to the surfaces of such films.
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APPENDIX: QUARTZ CALIBRATION

In order to accurately describe the second-harmonic e
tric field generated from a quartz crystal by femtoseco
duration electric fields, it is necessary to take into acco
the full spectrum of the incident electric field. The bro
spectrum of Ti:sapphire sources causes significant bandw
in the second-harmonic light in the bulk of the crystal a
the associated loss of Maker fringes for sample thicknes
greater than 0.5 mm. We present the equations that we
used to calibrate our SHG experiment so that this work
be easily compared to future experiments. In this analy
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we follow the procedure shown by Angereret al.19

For a Gaussian electric field pulse propagating throu
the vacuum in theẑ direction, polarized in thex̂ direction,
and with a central frequency ofv0, we may write our electric
field frequency distribution as

EW ~v!5
E0

Dv
x̂e2(v2v0)2/Dv2

eı(v0 /c)z. ~A1!

Here,c is the speed of light in the vacuum andDv51/Dt is
the inverse of the electric field pulse duration, andE0 is the
peak magnitude of the electric field. If this pulse is norma
incident on a section ofy-cut quartz with itsx̂ axis aligned
with the x̂ direction, then it will induce a nonlinear polariza
tion distribution in the bulk of the quartz according to23,24

PW ~v!5E E dv1dv2e0d11EW ~v1!EW ~v2!d~v2v12v2!

5
e0

Dv
x̂Ap

2
d11t

2E0
2e2(v22v0)/2Dv2

eı2k(v)z, ~A2!

where, d11 is the nonlinear susceptibility of quart
(0.3 pm/V),25 t is the transmission Fresnel coefficient at t
fundamental frequencyv0, andk(v)5n(v)v/c is the wave
vector inside the quartz. This nonlinear polarization acts a
source term in Maxwell’s equations that results in a parti
lar solution ~often called the ‘‘bound’’ wave! to the wave
equation,

EW B~v!5F m0c2PW ~v!

n2~v!2n2~2v!
G . ~A3!

Along with the bound wave, there are also four ‘‘free’’ wave
~the reflected second-harmonic beam, the transmi
second-harmonic beam, and forward and backward mult
reflected waves in the quartz plate! that satisfy the homoge
neous wave equation. The amplitudes of these waves ca
determined by satisfying the boundary conditions at the fr
and back surfaces of the crystal.26 Including all four waves in
the calculation results in a fine oscillatory dependence
sample thickness that is superimposed on the traditio
Maker fringes.20 For the purposes of this calculation, th
fine structure can be neglected and we can write the tra
mitted nonlinear wave as

EW T~v!5EW B~v!
4kF

k01kF
sin~C!, ~A4!

whereC5(kB2kF)L,kB52k(v) is the bound wave vector
kF5k(2v) is the free wave vector, andL is the thickness of
the quartz plate. For a monochromatic wave, the sin(C) fac-
tor results in traditional Maker fringes. The last step in t
analysis is to expand the wave vectors in the phase of
8-10
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electric field to first order inv2v0 and to Fourier transform
back into the time domain:

EW T~ t !5F2A2pd11t
2E0

2Dt

n2~v!2n2~2v!
G kF

k01kF
eı2vt

3@eıCe2(1/2)[Dv(DL2t)] 2
2e2ıCe2(1/2)[Dv(DL1t)] 2

#,

~A5!
e

s

c

u
a

24540
whereD5(]k/]v)uv5v0
2(]k/]v)uv52v0

. The transmitted

second-harmonic electric field separates into two Gaus
pulses that only interfere to produce Maker fringes when
product of the material dispersion and thickness are sm
compared with the duration of the pulse. In our experime
the two pulses do not overlap appreciably and the meas
second-harmonic intensity is not sensitive to the exact qu
thickness.
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