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Phase-sensitive detection technique for surface nonlinear optics
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We have developed a simple technique to measure the phase of the weak surface optical second-harmonic
response to excitation with femtosecond laser pulses that uses the principle of spectral interference. This
approach is necessary for the study of surfaces uqdeahigh vacuum conditions, where the conventional
method fails due to the dispersion in optical windows. As a demonstration, we have applied the technique to
clean N{110 in UHV and to a Rh/Co/Cu multilayer in air. We have determined the phase with an accuracy of
5° which is comparable to the conventional methi@&D163-182608)50548-9

Optical second-harmonic generati®HG) has attracted using an additional SHG sourdeeference at positiond in
significant attention due to its high sensitivity to the elec-the path of the beam, interference can be observed in the
tronic, magnetic, geometric, etc., structure of surfaces andetected total SH signal
interfaces:™ The surface sensitivity stems from the fact that

SHG is dipole forbidden in the bulk of centrosymmetric me- 20, t0f(d) =124 st T2
dia but is allowed at interfaces where the centrosymmetry is
lifted. In surface SHG experiments only the intensity of the +t2al20,5120,,008 60 (d) + @], (2)

generated harmonic light is usually measured. The phase gf

) . X 9vhere|2ws andl,, , are the SH signals generated by the
the second-harmoniSH) light does, however, often contain g5 mpje‘and the reference, respectively. The spatial coherence
valuable information for a correct interpretation of the ex-

; " is described by the coherence parametethis interference,
perimental data. Furthermore, phase-sensitive measureme

,Wéwever, disappears if the reference SH pulse and the sample

are especially useful in surface-specific second-harmon_lgH pulse arriving at the detector do not overlap in time. As is

generation where the response mainly originates from a thi hown in Fig. 1, this occurs when the femtosecond funda-

,Cep“b”“y X , | oy X of a UHV system. For example, the dispersion of a few mm
information about molecular orientation on surfatasd in hick fused quartz UHV window causes a total delay of order

liquid crystals: In magnetization-induced second-harmonicy ¢ penveen the fundamental and SH light. Instead of com-
generatiofMSHG), phase information is needed to evaluatepens‘,jmng the delay in a complicated optical setup, our ap-

the relative size of the od@magneti¢ and even(nonmag-  ,r5ach s to use this delay to obtain the phase information

- 9
netio tensor elements. , from the spectrum of the generated second-harmonic light.
The phase of the SH response can be determined by em- |, the time domain the optical field at the detector of two

ploying an interference technique originally introduced by g, pulses with a delay can be described by the function
Changet al1° This method, however, is not compatible with,

for example, ultrahigh vacuunfUHV) experiments when Eq(t)=E,g(t)e 1290+ E,g(t— r)e~ 2@t +i® 4o ¢ |
femtosecond lasers are used. The reason is the dispersion of 3
the optical windows fngass~ 1072), causing a too large
time delay ¢~1 ps between the fundamental and SH
pulses that destroys the interference. For studying clean sur-
faces, UHV conditions are nevertheless unavoidable, leading
to a demand for an alternative approach. In this paper we
show that by making use of spectral interferométr}?
phase-sensitive measurements in UHV are readily accessible.
We believe our technique to be easy, accurate, and reliable.

UHV-system

o &
When a SH (2) and a fundamentak{) pulse(described window & &
. . . X o
by their amplitudes€g, andE;) propagate through air, the PP

relative phasaP betweenEg, andE? gradually changes, Ad&

X reference

4’7TAnaird

O(d)=Py+ 5P=Dy+ X )

oY)

monochromator

where Ang;=n(2w) — rll(w)~1075 is the dispersion of the FIG. 1. Sketch of the experimental setup. The SH pulse from the
ambient air,d is the distance the two pulses travel throughreference is delayed with respect to the fundamental laser pulse due
air, and\ is the wavelength of the fundamental pulse. Byto the dispersion of the window.
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whereE;g(t) describes a slowly varying envelope with am- 400 ' ' ' '
plitude E; (i=1,2). The fast oscillating part of the pulses a)
and their relative phas@ are contained in the exponentials. 350¢
Using the so-called “time-shifting” identity, g(t 300
- 1eG(Q)e'?, whereg(t) = G(Q) and the Fourier trans-
formation is denoted by=, the measured spectrum at the 250} /\/ e
detector is given by N
200 time [ps.

| (2wo+ Q) |G(Q)|][ (E2+E3
+2aEEco8 2w+ Q7+ P)],  (4)

b) _

where () denotes the deviation of the frequency from the
central frequency &, within the spectrum of the SH pulse.
The first term in the cosine,d2y 7, is a fixed number whereas
the second() r, leads to beatings with a periods27 in the
spectrum of the SH light. The phase of the beatings is di-

|
rectly related to the phasé of the response from the 0 M \/\_‘z”\"_

30 ¢t

spectral intensity

15

sample. Thus, the phase information can be easily recovered 151
just by using a spectrometer with a resolution of better than

0.25 nm(with a second-harmonic wavelength of 400 nm and 2301
a delay of 1 ps Note that no additional components are

needed such as, e.g., delay lir@hich would be needed to -45

recover the interference in the time domair a Mach- 418 419 420 421 422 423
wavelength [nm]

Zender interferometefwhich is often needed to observe

: 1
spectral interferencé™). , , FIG. 2. lllustration of the data treatment procedufa. The

To demonstrate our technique we have studied the SHsjginal (as measuredSH spectrum. Inset: autocorrelation function
response from a N110) single crystal in a UHV system with ¢ (1): the horizontal bars show the windows used to calculate the

fused quartz windows as shown in Fig. 1. A Tirsapphire |33‘?bscillating partsl () of the spectrum, which is displayed {h).
was used to generate the fundamental 80 fs light pulses with

a repetition rate of 80 MHz. The average power at the samplat t== 7, which contain the information on the oscillatory
was about 400 mW with a spot diameter of approximatelypart in the raw data. The inverse Fourier transform is then
150 um. The polarization combination for the fundamental exclusively applied to those parts of the autocorrelation func-
and the second-harmonic beam could be chosen by usingt®n that contain the two satellitdthe chosen windows are
Babinet-Soleil compensator and an analyzing polarizer. Thenarked in the inset by horizontal bgr#\s is displayed in
reference source is a glass slide covered on one side by a thi@nel(b), this procedure results in the oscillating par{(})
poled polymer film with a high second-order nonlinearity. It of the spectrum only. The overall spectrum of the SH light
was placed outside the UHV chamber as shown in Fig. 1. Foand most part of the random noise are removed. The relative
the detection of the harmonic light we used a monochrophase® is defined as the phase of(Q) relative to 2w
mator, with a resolution of 0.125 nm, in combination with a (note that the phase depends on the choice ©f)2 The
charge-coupled devidgCCD) camera. A color filteBG39) estimate of the phas® and of the errorA® is made by
was used to filter out the fundamental light. A magnetic fieldfinding eight zeros of theSI (1) function, from which six
could be applied along the easyj(j]) axis of the Ni crystal evaluations of® are performed. A typical error bar of the
that was in the optical plane of incidence. phase evaluation from our spectra is found toAse=+5°,

In Fig. 2@ the measured spectrum of the second-which is comparable to the accuracy that is usually achieved
harmonic light generated by the nickel sample and the referusing the technique of Chanet al. for weak surface SH
ence is displayed. The spectrum clearly shows the spectri@Sponseé>°We have verified that within a few degrees the
interference oscillations as expected from E). From the evaluation of the phase is not sensitive to the numerical pa-
raw data it is, however, difficult to accurately determine therameters used in the Fourier analysis.
relative phase. Therefore, we apply a Fourier analysis to the In order to study the reliability of the results as obtained
data. First, the Fourier transforii(t) of the (shifted SH Dby the phase-determination method described above, two test
spectrumF (Q)=1(2wy+ Q) is calculated, where @, is a experiments were performed. In the first experiment the rela-
certain frequency close to the center of the spectrum. In théve phaseP was determined for 12 different positiodsof

insetf(t) is shown, which is proportional to the autocorrela- the reference in air. According to E¢l), the phase delay
tion function ®(d) between SHG from the sample and the reference is a

linear function ofd. As shown in Fig. 3, our evaluation of
toe , , the relative phasé closely follows this expected linear de-
f(t)“J_w g)E (' —t)dt (5 pendence. The standard deviation from the straight line is
. found to be 8°, which is comparable with the estimate of the
of the overall envelop&(t)=E,g(t)+E,g(t— r)e'® at the phase evaluation errak® given above. We note that the
entrance of the spectrometer. The autocorrelation functioneference translation is not a necessary step for the phase
(5) possesses one central peak aroun@ and two satellites  determination but is only used here as a test of the technique.
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FIG. 3. Variation of the measured phabeas a function of the
reference translatiodd. The inset shows the relative positions of wavelength [nm]

the lens, the reference SH source, the window, and the sample.
FIG. 4. Spectral interference from a Rh/Co/Cu multilayer for

. two opposite magnetization directions. The inset shows the relative
In the second experiment the phase of the MSHG repgsitions of the lens, the reference SH source, the window, and the
sponse from a Rh/Co/Cu multilayer was measured. In thgample.

longitudinal geometry the-polarized SHG from this isotro-

pic sample should be odd in the magnetization so that rever- The method was also applied to measure the phase change
sal of the magnetization direction must change the phase @ff the SH response from a clean(ML0) sample induced by

the response by 188°In contrast to the experiment with the magnetization reversal. The magnetic asymmetry measured
clean nickel sample, this experiment was performed in airin an MSHG experiment in a fixed polarization configuration
As indicated in the inset of Fig.,4 3 mmthick glass plate is®

was used to introduce the time delaybetween the SHG

response from the sample and the reference. In addition to [(+M)—1(=M) 2| Xodd! Xevel
that, the relative position of the lens and the reference was S TERY IRy odd” Teve scosb,  (6)
reversed(see the inset in Fig.)4therefore in this setup no (+M)+1(=M) 1+ Xodd! Xever

delay was introduced by the lens. The interference oscilla- . o

tions measured for opposite directions of the magnetizatioWN€re xodd @Nd xeven are linear combinations of od@nag-
are shown in Fig. 4. The phase change introduced by thB€ti0 and even(nonmagnetik tensor elements and corre-
magnetization reversal is found to l(—M)—®(+M) sponding Fresnel factors. In thgy, poy, geometry with

_A7Ro4+Eo - M| (111) being in the optical plane of incidence we have
=176°+5°, in excellent agreement with the expected
shift g P measured a phase change oft? and an asymmetrj

As in conventional phase measurements, the strength of 0-10=0.02 giving, for this particular configuration,
the interference depends on the ratio between the signa?é)dd/Xeven:o'QSZt 0.011. .
generated by both SH sources and on the coherence param-!n €onclusion, we have shown that spectral interference
eter « that is present in Eq€2) and (4). In addition to the can be used to perfor_m phase-sensﬂwe measurements in sur-
laser beam parameters and the quality of the optical compd@c€ Second-harmonic generation. The major advantage of
nents like the UHV window, the coherenaecan be affected the method is its appll_cablllty In setups wher_e sar_nple and
by, for instance, the fact that the focal lengtof the lens is _reference are necessarily separa_ted by an optical W'““”W
slightly different for the fundamental and the SHG light. As instance, for samples mo_unted In a.UHV chamber or In a
a result, in the first experimeriFig. 3), the curvature of the cryostal. In the .convent|onal technique such a window
phase front of the fundamental light after the lens differsW_OUId cause the |r.1t.erferer?(:ef femtoseconq "T"Ser pulses
from that of the SHG light from the reference. If the differ- diSaPpear. In addition, using our method it is not necessary
ence in the focal lengthsF is comparable or larger than to vary_the phase delay between reference and sample _by
F2\/d2, whered is the beam diameter before the lens, thetranslatmg the reference along the path of the beam like in

phase shift betweefig, and Ef essentially varies within the the conventional method. Instead, phase information is ob-

beam cross section and thus leads to a loss of contrast in tﬁ%‘”ed directly from the spectrum of the second-harmonic

interference pattern. In the first experiment the lens was p I{ght. We have demonstrated the feasibility of the technique

between the reference and the sample, in order to allow f(L)by performing experiments on Nil0) in UHV and a Rh/

the reference translation in air. The effect of the frequency&)/Cu multilayer in air.

dependence of the focal length then led to a relatively low We would like to thank A.F. van Etteger for useful dis-
value a~ 0.2 of the coherence factor. In the second experi-cussions and technical assistance. Part of this work was sup-
ment(Fig. 4) there was no lens between the sample and th@orted by the Stichting Fundamenteel Onderzoek der Materie
reference and a much higher coherence facterl was (FOM), Stichting Toegepaste WetenscH&TW), and by the
found. TMR network NOMOKE.
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