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Phase effects in magnetic second-harmonic generation on ultrathin Co and Ni films on Cu„001…

U. Conrad,* J. Güdde,† V. Jähnke, and E. Matthias
Fachbereich Physik, Freie Universita¨t Berlin, Arnimallee 14, 14195 Berlin, Germany

~Received 3 November 2000; published 20 March 2001!

Phase relations in second-harmonic generation~SHG! have been studied systematically for Ni and Co films
on Cu~001! as a function of thickness in the range 1–12 ML. Below two monolayers we observe, with
s-polarized fundamental light andP-polarized second-harmonic light, phase shifts close to 180° of both films
against the Cu substrate. Such large phase shifts in this polarization combination appear to be characteristic of
the transition froms- to d-band metals. In the ferromagnetic thickness range therelative phasebetween odd
and even tensor elements becomes important. For Ni films it is independent of film thickness for bothp→P
and s→P polarizations, and leads to the ratioxxyy

odd /xzyy
even50.04760.013, in agreement with theoretical pre-

dictions. In the case of Co films the relative phase differs dramatically between these two polarization com-
binations. It is nearly independent of film thickness forp→P polarized SHG. However, fors→P polarization
it varies from 135° at 3 ML to 60° at 10 ML, causing a sign change of the magnetic contrast at 90° near 6 ML.
The ratio of odd to even second-harmonic field amplitudes was found to vary from 22% at 3 ML to 12.5%
above 6 ML. From these results we conclude that measurements of the relative phase are necessary for deriving
reliable information from SHG about the magnetization state of a sample.

DOI: 10.1103/PhysRevB.63.144417 PACS number~s!: 75.70.Ak, 42.65.Ky, 78.47.1p
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I. INTRODUCTION

Second-harmonic generation~SHG! in reflection is a ver-
satile method to optically investigate electronic, structu
and magnetic properties of surfaces and interfaces of
trosymmetric materials.1–3 Complete information about th
nonlinear response—in a dipole approximation of the fo
P(2v)}x (2):E(v)E(v)—requires knowledge of both th
amplitude and phase of the second-harmonic~SH! radiation.
While the amplitude is determined by the intensity, the ph
can only be recorded relative to a reference field. Ch
et al.4 were the first to measure SHG phases. They co
pared, for three semiconductor materials, the phases of
fields with that of a reference source, and from the ph
shifts derived the relative size of the nonlinear susceptib
ties. A more detailed discussion of how to determine pha
was later given by Berkovic and Shvartsberg5 and Stolle
et al.6 These authors also summarized all SH phase stu
that had been reported up to the mid-1990’s. A particula
interesting example was the demonstration that phases
tain information about the orientation of dipolar adsorba
on surfaces.6,7

An additional phase enters for SHG on magnetized m
rials, as first pointed out by Panet al.8 This originates from
the fact that the nonlinear susceptibility now contains t
contributions,x (2)(6M )5xeven

(2) 6xodd
(2) , one which responds

symmetrically~even! to magnetization reversal and anoth
one which changes sign~odd!. In the following we will de-
note this phase between even and odd parts of the SH fie
the relative phase. This has been studied, for example,
Rasing and co-workers for magnetic multilayer systems
Co/Au, ~Ref. 9! and Rh/Co/Cu.10,11 In the same group an
interferometric method was also developed for measu
relative phases in ultrahigh vacuum~UHV!.11,12

Magnetic second-harmonic generation~MSHG!, lacking
any phase information, was reported by several gro
for the following epitaxially grown ultrathin films:
0163-1829/2001/63~14!/144417~11!/$20.00 63 1444
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Fe/Cu~001!,13 Co/Cu~001!,14–18 and Ni/Cu~001!.16–18 The
power of the technique became evident by observation
structural changes with thickness in Fe/Cu~001!,13 and by
identifying periodic oscillations of surface magnetizatio
with thickness in Co/Cu~001!,15 effects which are in prin-
ciple not accessible to linear magnetooptical inspecti
However, the difference in thickness dependence of the
yields for thes- and p-polarized fundamental, first discov
ered by Jinet al.15 for Co/Cu~001!, proves that a mere inten
sity measurement does not suffice. The authors found tha
s→P polarization the magnetic contrast

r52
I ↑2I ↓

I ↑1I ↓ , ~1!

calculated from the MSHG intensitiesI ↑(2v) and I ↓(2v)
for opposite magnetic-field directions, changes sign betw
5 and 6 ML, while forp→P polarization this is not the case
The latter implies that the magnetization direction of the
film remains unchanged at such film thickness. Qualitative
Jin et al.15 explained the vanishing contrast as an exact c
cellation of the contributions from the film surface and t
Co/Cu interface. It was left open, however, why this effe
appears only in MSHG withs-polarized incident light but not
p-polarized incident light. In this paper we will prove that th
sign change of the magnetic contrast around 5–6 ML fos
→P polarization is exclusively a phase effect between
even and odd parts of the second-harmonic field, and th
similar effect does not appear in Ni/Cu~001!.

To this purpose we investigated variations of the S
phase with thickness for ultrathin Co and Ni films on
Cu~001! substrate. At first, the magnetic contrast was mo
tored during film growth at a well-defined substrate tempe
ture for s- andp-polarized incident light and opposite direc
tions of an external magnetic field in transversal geome
Then the phase ofP-polarized SHG was measured at seve
film thicknesses for the two polarization directions of t
©2001 The American Physical Society17-1
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fundamental. For both film materials we find a similar b
havior of the SH phase with thickness before the films t
ferromagnetic. In the magnetic range, however, therelative
phases behave differently for Ni and Co films. In particu
for Co films, variations of thes→P SHG with thickness
show dramatic effects that are caused by changes of the
tive phase which can even mimic a sign reversal of the m
netization. Our results highlight that information about th
film magnetism derived from magnetic SHG requires
knowledge of the relative phase.

II. SH YIELD AS A FUNCTION OF FILM THICKNESS

The variation of the SH intensity was measured dur
film growth for the two polarization combinationsp→P and
s→P. Those were chosen because they include differ
numbers of nonlinear susceptibility tensor components. If
define the geometry as2z along the surface normal,x axis
parallel to the plane of incidence, and the magnetic field
either the1y (↑) or 2y (↓) direction, then, for a~001!
surface, thep→P combination contains six components a
the s→P combination consists of only two. Forp→P po-
larization there exist three even components,xzzz

even, xzxx
even,

andxxzx
even, and three odd ones,xxxx

odd, xxzz
odd, andxzzx

odd, which
implies that the relative phase is effectively composed of
mutual phases of these six components. In contrast,s→P
polarization involves only one even element,xzyy

even, and one
odd element,xxyy

odd ,19 and the relative phase between ma
netic and nonmagnetic contributions is well defined.

In the experiments, Co and Ni films on Cu~001! were

FIG. 1. Dependence ofP-polarized SHG on Co film thicknes
for opposite magnetic-field directions oriented in plane perpend
lar to the plane of incidence. Results in~a! and~b! are obtained with
p- ands-polarized incident light, respectively.
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prepared in an UHV chamber at a base pressure o
310210 mbar. The uncertainty of the substrate surface o
entation was<1°. The film thickness was controlled b
medium-energy electron diffraction and SHG. Both quan
ties were monitored simultaneously during film growth
described in detail in Ref. 18. After cleaning the Cu~001!
surface by the usual sputtering and annealing cycles, Ni fi
were grown at substrate temperatures varying from 30 °C
45 °C, while for Co films room temperature was used. Un
these conditions there is no risk of interdiffusion.20

Light pulses of 30-fs width and a central wavelength
800 nm were provided by a home-built Ti:sapphire laser a
repetition rate of 76 MHz. Thep- or s-polarized laser beam
with an average power of about 400 mW was focussed b
fused silica lens~focal length 30 cm! through the UHV en-
trance window onto the sample at an angle of incidence
45°. Only P-polarized SH light, controlled by a Glan
Thomson prism, was recorded by a photomultiplier in
single-photon-counting mode. During film growth, an exte
nal magnetic field was applied perpendicular to the plane
incidence, which saturated the in-plane magnetization of
film. Its direction was alternately reversed, and for each m
netization direction the polarization of the fundamental w
turned froms to p. A typical growth rate was 0.2 ML/min. In
general, we observe a 25 times larger SH intensity for
p→P polarization combination compared to thes→P com-
bination, which leads to a correspondingly poorer signal-
noise ratio for the latter~cf. Figs. 1 and 2!. The reason for

-

FIG. 2. P-polarized second harmonic yield as a function of
film thickness for opposite magnetic-field directions oriented
plane perpendicular to the plane of incidence.~a! shows the results
for p-polarized light, and~b! results fors-polarized incident light.
The onset of ferromagnetic coupling at 5 ML and the reorientat
transition between 11 and 12 ML are indicated by dotted lines.
7-2
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this is the different number and character of the susceptib
components involved.

A. CoÕCu„001…

The variation of theP-polarized SH yield with film thick-
ness and magnetization direction is displayed in Fig. 1 fop-
and s-polarized fundamental light. We remark that there
general agreement with the data reported by Jinet al.15 In
detail, however, minor discrepancies exist which are pr
ably caused by different film qualities like impurity conce
tration and roughness, but these will not be discussed
further. Of interest to us are the following dominant featur
~1! the steep rise ofp→P SHG during the first 3 ML;~2! the
drop of thes→P yield to almost zero below 1 ML;~3! the
splitting of both yield curves for opposite magnetization
rections above 2 ML; and~4! the sign change of the mag
netic contrast@defined in Eq.~1!# for s→P polarization near
5.5 ML.

Features~1! and~2! are caused by the development of t
Co/Cu interface and connected changes of the absolute p
in a thickness range where the film is still paramagnetic.
a clean Cu~001! surface thep→P SHG yield is very small
for fundamental light of 800 nm. An increase by about tw
orders of magnitude during the first 2 ML reflects the no
linear response ofd electrons, which strongly enhances t
SH yield even for small coverages, long before the fi
monolayer is completed. This demonstrates the superb
face sensitivity of SHG, and justifies the neglect of nonlo
contributions to the SHG intensity. The slow overall d
crease beyond the maximum yield around 3 ML indicate
gradual change in weight of SHG from the Co/Cu interfa
to that from the film surface. Up to 4 ML we also obser
small maxima indicating layer completion,15 which can be
utilized for checking the film thickness.

The s→P yield behaves totally different. Below 1 ML i
drops to almost zero, then increases and levels off to ab
the same yield as for the pure Cu~001! surface. Phase mea
surements presented below show that the minimum aro
0.7 ML originates from a large phase shift betweens- and
d-band metals, which in the ideal case may amount to 18
The exact position of the minimum depends on the ratio
SHG for thick films to the one for clean Cu~001!, which can
be seen by comparing Figs. 1 and 2.

Feature ~3! in Fig. 1~a!, the splitting of the yield
curves for opposite magnetization directions, demonstr
ferromagnetic coupling with the in-plane magnetization
rection. The onset at a film thickness of 1.9 ML for a su
strate temperature of 300 K agrees well with the Curie te
perature reported in the literature.15,21For p→P polarization
the contrast for opposite magnetization directions pers
throughout the measured range, implying thatno reorienta-
tion of the magnetization takes place. We note, however,
splitting decreases linearly by about a factor of 2 betwee
and 12 ML. To interpret this reduction, knowledge of t
relative phase is required, and we will return to this po
later.

For s→P SHG a sign change of the magnetic contr
occurs around 5.5 ML@feature ~4! in Fig. 1~b!#, which is
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caused by phase shifts between odd and even contribu
to the SH field, as will be shown below. The magnetic co
trast has a maximum shortly after the onset of magnetizat
then decreases with increasing film thickness, changes s
and increases again with opposite sign for thicker film
Looking only at this sign change of magnetic contrast co
lead to the improper conclusion of a magnetization reve
near 5.5 ML. This emphasizes the importance of measu
the relative phase.

B. NiÕCu„001…

In Fig. 2 we show theP-polarized SH yield as a function
of Ni-film thickness forp- ands-polarized incident light and
opposite external magnetic-field directions. Compared to
films, we note a similar trend of the overall SH intensity; t
magnetic properties, however, are entirely different, as
ported previously.18 The beginning of film growth is again
characterized by a steep increase of thep→P yield, reaching
a maximum around 2 ML, while thes→P yield drops to
about zero below 0.5 ML. As for Co films, both features a
related to the different electronic structure and the correla
phase change. Forp→P polarization the layer completion i
also clearly discernible at 2 and 3 ML.

Ferromagnetic coupling of the Ni film appears in bo
polarization combinations around 5 ML, in agreement w
the Curie temperature for this thickness.22 Apart from the
onset point, the data reproduce the well-known fact that
magnetization is at first oriented in plane, and due to str
inside the film reorients around 10 ML into the directio
perpendicular to the film plane.23,24 We find that the relative
phases do not vary throughout the measured range of fe
magnetic coupling for bothp→P and s→P polarization
combinations.

III. PHASE MEASUREMENTS

In principle, the phase of the SH fields can be measu
by time- or frequency-domain interferometry with regard
a nonlinear reference source. Which of the two techniq
applies depends on whether or not sample and refere
pulses overlap in time. If they overlap, the interference
measured in the time domain by altering the optical ph
delay between the reference source and the sample.5,6 This is
usually done by varying the light path in gases, liquids,
other media with suitable phase velocity dispersion. In
for example, changing the optical path by about 5 cm le
to a phase shift of 2p for a fundamental wavelength of 80
nm.

Such time-domain interferometry cannot be utilized in e
periments with short laser pulses when the group velo
dispersion of a medium separates sample and refere
pulses. In that case interferometry must be performed in
frequency domain, as demonstrated by Veenstraet al.11 This
method is necessary, for example, when phase measurem
are to be carried out on a sample mounted in an UHV cha
ber, with the SH reference source located outside the UH
as indicated in Fig. 3. The different group velocities of fu
damental and SH light within the UHV window separa
7-3
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FIG. 3. Principal scheme for frequency-domain interferometry on thin metallic films in ultrahigh vacuum. Second harmonic pu
shaded, darker ones originate from the reference source. The inset shows a typical interference pattern in the frequency domain
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reference and sample pulses by much more than the p
width t, and interference in the time domain vanishes.
the frequency domain, however, a temporal separationDt
gives rise to a modulation frequency 1/Dt spread over a
spectral range of 1/t ~see the inset of Fig. 3!. The phase of
the modulations, depending on the relative phase betw
sample and reference pulses, can then be measured w
monochromator without the need of moving optic
elements.11,25 Ultrashort laser pulses with their broaden
spectrum, together with a polychromator, even permit re
time phase spectroscopy, as demonstrated by Wilsonet al.,25

who with this technique investigated the bias dependenc
SH amplitude and phase of a Si metal-oxide-semicondu
capacitor.

For our phase measurements we used a 250-mm-thick
z-cut quartz crystal as reference source. It was moun
outside the UHV chamber between the focusing lens
the 3-mm-thick fused silica UHV window. The differen
group velocities of fundamental and SH light within th
UHV window separate reference and sample pulses
about 0.5 ps, which is more than an order of magnitu
longer than the pulse width oft'30 fs. The resulting inter-
ferogram was recorded by a 0.5-m grating monochroma
with better than 0.1-nm resolution using a scanning spee
0.2–0.5 nm/min at a sampling time of 1 sec. By rotating
reference quartz plate about its surface normal, the ampli
of the reference pulse could be varied26 to match the SH
signal strength originating from the sample, in order
achieve an optimized interference contrast at any given
larization direction.

In the following we will briefly summarize the way to
extract the phase from the interference of sample and re
ence SH fields. Typical interferograms are shown in Fig
for s→P SHG on a 6-ML Co film and opposite magneti
field directions. Two main features characterize these
terns. One is the oscillation with a period of about 1 n
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caused by the temporal separationDt50.53 ps of SHrefer-
ence and sample pulses after passing the UHV window~cf.
Fig. 3!. The second feature are the two maxima of the en
lope which arise from SHG in the reference crystal. The
are known as ‘‘Maker fringes,’’ and are most pronounc
when the SH yield of the sample is weak, as is t

FIG. 4. Illustration of Fourier filtering for an interferogram re
corded withs→P polarization on a 6-ML Co film for opposite
magnetic field directions. The Fourier transform of the original d
in ~a! produces satellites aroundDt560.53 ps. Transforming thes
back produces the interferograms displayed below the orig
curves. Its magnified central part in~b! visualizes the phase differ
ence between opposite magnetization directions.
7-4
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case in Fig. 4. This phenomenon will not be discussed h
further; instead we refer to the literature.27

Of relevance to our purpose are the high-frequency os
lations which contain the phase shift between the oppo
magnetization directions. To extract the phase angles
adopted the filtering procedure described by Veenstraet al.11

It involves that only the satellites of the Fourier transform
6Dt will be taken into account. Backtransformation of the
satellites into the frequency domain then produces the ba
pass filtered interferograms from which the angular shift
tween the opposite magnetization directions can be
tracted. To demonstrate the power of such a filtering proc
we purposely picked the rather noisys→P interferograms in
Fig. 4~a!. In the original data a modulation period of about
nm at 400 nm can be observed, but the phase shift betw
the opposite field directions is not discernible. In contra
the Fourier-filtered interferograms, shown in the same fra
below the original data clearly exhibit the phase shift,
illustrated in the magnified central segment in Fig. 4~b!. This
amounts to 11°61°. The same procedure was applied to d
rive all phase shifts for Co and Ni films of various thic
nesses discussed below.

A. Phase change for nonmagnetic films

SHG on ultrathin films is composed of a coherent sup
position of interface and surface-to-vacuum response. B
contributions come into play when the film-substrate int
face is formed. Their relative weight varies with film thick
ness, and the question is how the total phase changes d
the growth process. To investigate this the SH phase mus
well defined, and polarization combinations involving se
eral tensor components do not qualify. Therefore, we u
s→P SHG, which includes only one tensor elementxzyy

even, in
the nonmagnetic thickness range. Also, we normalized
SH phase of the film to the one of the clean Cu substrate
measuring under identical conditions film and substr
phases with respect to a SH reference field.

In Figs. 1 and 2 we see, during the first 2 ML, an abru
increase of the SH intensity forp→P polarization. In con-
trast, for s→P polarization, a rapid drop before 1 ML i
followed by a steep increase up to the maximum aroun
ML. This general pattern is similar for Co and Ni film
suggesting that in both cases it reflects the evolution of
interface and the increased action ofd electrons. To test
whether the observed behavior is governed by a ph
change, we have performed phase measurements on Co
using thes→P polarization. Figure 5~a! presents typical
Fourier-filtered interferograms obtained with a cle
Cu~001! surface, with 0.2-ML Co coverage, and with
1.4-ML Co film. A magnified part in the lower frame@Fig.
5~b!# shows the phase shifts in more detail. Relative to
phase of clean copper~solid curve! one can recognize a shi
of about 13° for 0.2-ML coverage~dashed curve! and 143°
for the 1.4-ML Co film~dotted curve!.

The important result is that the phase shift increases
notonously with Co coverage up to 2 ML and does not sh
any particularity near the minium of the SHG. Hence t
minimum in the SH yield must be explained by assum
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that there exists a phase shift of at least 143° for the non
ear response ofs and d electrons, as illustrated in Fig. 6
Here we replotted thes→P yield variation with coverage of
Fig. 1~b!, together with the results of the phase measu
ments. Vector diagrams on top of the figure attempt to
plain the minimum. It is easy to see that such a minimu

FIG. 5. SH phase changes for the initial nonmagnetic stage
Co-film growth. ~a! Fourier-filtered interferogram recorded withs
→P polarization on a pure Cu~001! surface and one with 0.2- an
1.4-ML Co coverages.~b! Magnified central part of the interfero
gram illustrating the phase shifts.

FIG. 6. SH phase shifts~dots! for the initial stages of Co-film
growth compared to thes→P polarized SHG~solid curve! for op-
posite magnetization directions. The shaded area indicates the
netic contrast of the film. Vector diagrams illustrate the phase s
at three coverages to explain the minimum of the SH yield aro
0.65 ML.
7-5
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occurs for the resulting SH field when the Co field i
creases with increasing coverage, provided it is out
phase by more than 90° to the Cu field. Simultaneously
Cu field decreases, since beyond a thickness of about 2
its contribution has vanished, as indicated by const
phase and total field. Of course, the cancellation would
complete for a phase shift of 180°, and we suggest that
value is reached under ideal conditions. Deviations fr
180° could be caused by the small fraction ofs electrons in
Co, by possible contributions from surface states,28 and by
film imperfections and impurities. In fact, it is known th
perfect growth of Co films does not proceed until 2 ML~Ref.
29! are completed. In contrast, Ni films on Cu~001! grow
layer by layer, and consequently the conspicuous minim
of the s→P SHG on Ni/Cu~001! around 0.3 ML in Fig. 2
comes very close to zero which corroborates the proposi
of a 180° phase shift betweens and d electrons. Moreover
here a more or less constant yield is reached already
smaller thickness possibly reflecting the better growth in t
range.

The phase variation of thes→P SHG with coverage re-
flects its sensitivity to the electronic structure of the interfa
and film at a fundamental photon energy of 1.55 eV. In t
energy range below the Fermi levels electrons in Cu, but
mostly d electrons in Co with a higher density of states a
excited.

B. Relative phase between even and odd SH fields

As mentioned above, for magnetic materials therelative
phase between the even and odd fields is important.8,30 This
becomes evident when the MSH intensity is written in ter
of the nonmagnetic and magnetic SH response fields

I ↑↓~2v!}uE~2v!even6E~2v!oddu2 ~2a!

}Eeven
2 1Eodd

2 62EevenEoddcosf. ~2b!

HereE(2v) can be expressed in the form31,32

E~2v!5
2iv

c
F~2v!x (2)f~v!uE~v!u2dz, ~3!

which factorizes the nonlinear responsex (2) and the linear
optical properties at fundamental and doubled frequen
contained in the Fresnel factorsf~v! andF~2v!, respectively.
The interference term in Eq.~2b! depends on the relativ
phasef which can severely affect the SH intensity of ma
netized surfaces and interfaces. Upon magnetization reve
the nonlinear susceptibilityx (2)5xeven

(2) 1xodd
(2) can undergo

phase shifts between 0° and 180° while the Fresnel facto
Eq. ~3! are barely altered by the linear magnetooptical effe
That odd tensor elements indeed have opposite phase
opposite magnetization directions was verified by Sto
et al.10 using polarization-dependent SHG measurements
Rh/Co/Cu multilayers.

The relative phasef cannot be measured directly wit
interferometric techniques. Figure 7 illustrates the situati
Of interest is the anglef between the even- and odd-fie
contributions while measurements only provide the ph
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changeu and the intensity ratio,I ↓/I ↑, for opposite magne-
tization directions. These three quantities are connec
however. Starting from Eq.~2b!, geometrical analysis on th
basis of Fig. 7 leads to the following relations:33

cosf5
12I ↓/I ↑

@~11I ↓/I ↑!224 I ↓/I ↑ cos2u#1/2
, ~4!

uEoddu
uEevenu

5F11I ↓/I ↑22AI ↓/I ↑ cosu

11I ↓/I ↑12AI ↓/I ↑ cosu
G 1/2

. ~5!

The difficulty lies in the fact thatuEoddu is generally small
compared touEevenu, which makesu small even whenf is
large. Thus, for a reliable determination off and
uEoddu/uEevenu, one has to measureu andI ↓/I ↑ with high pre-
cision, which requires a good signal-to-noise level.

To demonstrate the typical accuracy of the raw data,
terferograms obtained with a 8.3 ML Co/Cu~001! film are
shown in Fig. 8 forp→P ands→P polarizations. The main
feature is the oscillation withDl'1 nm caused by the UHV
window ~cf. Fig. 3!. Again, the ‘‘Maker fringes’’27 are most
pronounced for thes→P yield, which, in this case, is abou
four times smaller compared to the one forp→P. The ratio
of the yields, however, depends critically on the angular
sition of the reference crystal and is therefore not a meas
of the actual ratio of sample contributions. As discuss
above, the phase shiftu between the opposite magnetizatio
directions can be derived from the high-frequency osci
tions using the Fourier filtering procedure,11 an example of
which is displayed in Fig. 4 for a 6-ML Co film.

From Fig. 7 it is obvious that the relative phase shiftf
between odd and even contributions can be understood a
difference between the phases of even and odd SH fi
with regard to a reference. We chose the SH field from
pure Cu~001! surface as reference, and measured these a
lute phases for a few film thicknesses to crosscheck the
sults for the relative phases.

FIG. 7. Vector diagram of SH fields illustrating the connecti
between the measured phase shiftu between up (↑) and down (↓)
magnetic field directions and the relative phasef between the even
and odd parts. Also included is the SH field from pure Cu~001!
which served as reference field.
7-6
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IV. RELATIVE PHASE AND MAGNETIC CONTRAST

A. p\P polarized SHG on CoÕCu„001…

The following proportionality exists between magne
contrastr, relative phasef, and ratio of odd- and even-fiel
amplitudes:

r'
uEoddu
uEevenu

2 cosf. ~6!

This relation can be derived from Eq.~2b! with the realistic
assumptionuEoddu/uEevenu!1. Hence the magnetic contra
can be influenced by both the relative phase and the rati
odd- and even-field amplitudes. This is visualized in Fig.
where the contrastr of the p→P polarized SH yield pre-
sented in Fig. 1~a! is compared to the independently me
sured phase anglef. The onset of ferromagnetic couplin
around 1.9 ML is followed by a maximum contrast at 2 M
which then decreases almost linearly in the measu
thickness range. At 12 ML the contrast is reduced by a fac
of 2 @Fig. 9~a!#. Since the relative phases in Fig. 9~b! remain
constant we find that, according to Eq.~6!, the ratio of odd-
to even-field amplitudes decreases by the same amoun
shown in Fig. 9~c!. Assuming thatuEevenu follows the average
yield of the opposite magnetization directions, which

FIG. 8. Typical SH interference patterns of pulses from a re
ence source and from a 8.3-ML Co film on Cu~001! for p→P ~a!
ands→P ~b! polarization combinations and opposite magnetizat
directions along6y, indicated by solid and dotted lines. Note th
different scale forp→P ands→P spectra.
14441
of
,

d
r
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only reduced by 30% between 2 and 12 ML, we can co
clude that the change of contrast is predominantly cau
by uEoddu.

When speculating about the reasons for the decline
uEoddu/uEevenu with thickness two reasons are conceivab
One could be that for small thicknesses the magnetizatio
the Co film is stronger compared to thicker films,34 and
therefore a largeruEoddu contributes to SHG. The other rea
son has to do with the fact that the field amplitudes and
relative phase are effective quantities which actually con
of three contributions. The mutual phases between the
tensor elementsxxxx

odd, xxzz
odd, and xzzx

odd might shift with film
thickness because only two of them depend on z. Withp
→P polarized SHG, including phase measurements, ther
no chance to decide between these two possibilities, and
conclude that experiments in this polarization combinat
are in principle not sufficient to provide information abo
the relative size of interface and film magnetizations.

B. s\P polarized SHG on CoÕCu„001…

Sinces→P SHG contains only one even (xzyy
even) tensor

element and one odd (xxyy
odd) tensor element, the relativ

phase is well defined, and we expect unambiguous infor
tion from this polarization combination. Indeed, as can

-

n

FIG. 9. Dependence on Co film thickness of thep→P polarized
magnetic contrast~a!, the relative phasef between even- and
odd- field contributions~b!, and the ratio of odd- to even-field am
plitudes~c!.
7-7
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seen in Fig. 10~a!, the observed variation of contrast wit
thickness derived from Fig. 1~b! differs dramatically from
the one forp→P polarization. As expected, the onset
magnetization at 1.9 ML agrees with that measured withp
→P polarization. The difference is that the magnetic co
trast reaches its maximum somewhat later between 2.5 a
ML, then decreases with increasing film thickness and e
changes sign near 6 ML. Beyond this point it increases ag
with opposite sign, but reaches no saturation within the m
sured range. The relative phase plotted in Fig. 10~b! varies in
exactly the same manner as the magnetic contrast, and
tifies the sign change as a mere phase effect. The phase
turns from 133° at 2 ML to 60° between 10 and 11 M
intersecting 90° near 6 ML, at exactly the same thickn
where the magnetic contrast changes sign.

In Fig. 10~b! we also included the phase anglea between
the even part of the SH field and that of Cu~001! ~cf. Fig. 7!.
The first three values in the nonmagnetic thickness ra
have been discussed in connection with Fig. 6. The
phases at 2.8 and 10.5 ML have been extracted from

FIG. 10. Dependence on Co film thickness of thes→P polar-
ized magnetic contrast~a!, the relative phasef ~dots! between
even- and odd- field contributions~b!, and the ratio between the tw
field amplitudes~c!. The variation of the phase shifta for the even
field with regard to the Cu surface is indicated in~b! by open
circles.
14441
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intensity ratioI ↓/I ↑, the phase shiftu for opposite field di-
rections, and the angleg between the fieldECo

↓ and the bare
Cu surface using the relationa5b1g. The angleb is ob-
tained by the expression

cosb5
AI ↓/I ↑1cosu

@11I ↓/I ↑12AI ↓/I ↑ cosu#1/2
, ~7!

derived from the cosine law for the triangles in Fig. 7. T
important result of this analysis is that the phase shift of
even part varies by only 23° between 2.8 and 10.5 ML, wh
the relative phasef between even and odd fields changes
as much as 73°. Since the phase shift of the odd field w
regard to the Cu reference is the sum of the shift for the e
part and the relative phase angle, we obtain for the odd
about 270° and 223° at 2.8 and 10.5 ML, respectively@see
Fig. 10~b!#. That means most of the relative phase change
about 73° between 2.8 and 10.5 ML originates from t
phase shift of the odd part.

The origin of the thickness dependence of the relat
phase in Fig. 10~b! is not clear. It is definitely not caused b
the varying path length (A2d at 45° angle of incidence! of
the fundamental and/or SH from the interface. Using the
fractive indicesnco(v)52.5 andnCo(2v)51.6,35 one can
estimate a phase shift with thickness ofDf52.4°/nm, much
too small to explain the observed variation.36 It is also far
less than the uncertainty of the relative phases observed
p→P polarization~Fig. 9!. A possible explanation for the
phase change are magnetostrictive effects. For exam
Allenspach37 found a sign change of the stress in Co/Cu~001!
films between 3 and 5 ML, depending on temperature a
preparation conditions. It is conceivable that such variatio
of the film stress correlate with the relative phase betw
even and odd SH fields.

The ratio of odd to even field amplitudes derived fro
magnetic contrast and relative phase@Eq. ~6!# is shown in
Fig. 10~c!. The contribution of the odd SH field starts clos
to 2 ML, where the Co film becomes ferromagnetic at roo
temperature. Contrary top→P polarization@cf. Fig. 9~c!#,
here we note a significant variation with thickness whi
reflects a magneto-optical property of the film, and is n
caused by any phase effect. Around 3 ML the amplitude ra
reaches a pronounced maximum; beyond 4 ML, it decrea
to and then remains constant above 6 ML. In principle, su
variation can originate from either field, but of main intere
are changes ofuEoddu with film thickness since those woul
indicate a difference between film and interface magnet
tions. To investigate this question we separated even-
odd- field amplitudes, assuming thatuEevenu is proportional to
the averaged SH yield for opposite magnetization directio
Inserting this value together with the phase anglesf and the
contrastr into Eq.~6! results in values foruEoddu which show
exactly the same trend as the amplitude ratio in Fig. 10~c!.
Hence we conclude that the variation with film thickne
originates exclusively from the odd contribution to the S
field.

The result of Fig. 10~c! is that the odd-field contribution
to the SHG is maximal around 3 ML, and is smaller by
factor of 2 and constant from 6 ML on. This implies a co
7-8
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respondingly stronger magnetization between 2 and 4 M
Again, as for the phase, magnetostrictive effects could
responsible for this enhancement, although it seems a
large. Another explanation would be the one mention
above for p→P polarization in connection with Fig. 9
namely, an enhancement of the magnetization for thin fil
For example, for a 2.1-ML Co film Srivastavaet al.34 ob-
served a 20% larger magnetic moment compared to b
Most likely both effects, magnetostriction due to film stre
and a gradual change of magnetic moments contribute to
observed behavior. Also, the constancy ofuEevenu and uEoddu
for films thicker than 6 ML shows that the band structure
then well established, and no longer affected by film thic
ness. That there is still some influence of the changing fr
tion of interface to surface SHG can be seen from the sl
variation of the magnetic contrast and the relative phas
Fig. 10.

V. RELATIVE PHASES FOR NI ÕCU„001…

Figure 2 shows that, apart from the size, the magn
contrast is similar forp→P and s→P polarization in the
case of Ni films. For that reason we decided to measure
relative phase only at one thickness~7 ML! located in the
in-plane magnetization range. Using the procedure descr
above we obtained for the shift of the relative phase betw
opposite external field directions the result displayed in F
11 and listed in Table I.

To obtain the ratio of odd to even tensor elements
analyzed the data in a slightly different way compared to
previous discussion. We substitute the SH field by the s
ceptibility tensorx (2) times the Fresnel factor which de
scribes the linear optical properties of the material at 2v.
Then the SH intensity for opposite magnetization directio
can be expressed as

I ↑↓~2v!}uAxeven
(2) 6Bxodd

(2)u2I 2~v!, ~8!

FIG. 11. Phase shiftsu between opposite magnetization dire
tions along6y obtained from Fourier-filtered interferograms me
sured with a 7-ML Ni film on Cu~001!. Shifts forp→P polarization
are diplayed in~a!, and those fors→P polarization in~b!.
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whereA and B are the effective Fresnel factors in the ca
that x contains several components. Equation~4! remains
unchanged, and Eq.~5! now represents the ratio
uBxodd

(2)/Axeven
(2) u. The magnetic contrast takes the form

r5
4uBxodd

(2) /Axeven
(2) u

11uBxodd
(2) /Axeven

(2) u2
cosf, ~9!

and the ratio of odd- to even-field contributions can be
rived from the relative phase and the magnetic contrast.

Needless to say, there is no chance to extract any m
details from the result forp→P polarization. Fors→P po-
larization, however, which contains only one even ten
component and one odd tensor component, their ratio ca
derived. Introducing the explicit expressions for the Fres
factors one obtains the relation33

U Bxodd
(2)

Axeven
(2) U5UF 1

N2sin2q
2

1

N4G 1/2U uxxyy
oddu

uxzyy
evenu

, ~10!

whereN is the refractive index for SH light andq the angle
of incidence which in our case was 45°. For the refract
index we can use the bulk value which for 400 nm amou
to N5(1.701 i2.69)62%.38 This is justified by the observa
tion of Wierengaet al.14 that the linear magnetooptical Ker
signals of Co films thicker than 3 ML can be described
bulk constants. InsertingN andq, for the absolute value o
the square root we obtain the value 0.4360.01, which to-
gether with the measured ratio given in Table I leads
uxxyy

oddu/uxzyy
evenu50.04760.013 for the 7-ML Ni film. Hence

the odd tensor element amounts to only 5% of the even o
Panet al.8 and Hübner30 predicted 7%, but used the magnet
moment 0.68mB of a free Ni~001! surface. However, mea
surements of x-ray circular dichroism on 4-ML Ni/Cu~001!
films resulted in (0.27560.1)mB .34 If we extrapolate this
value to 7 ML, we obtain a magnetic moment of abo
0.43mB for the 7-ML film. Using this value reduces the pre
dictions by Panet al.and Hübner for the ratio of odd to even
tensor elements to 0.044, in excellent agreement with
result.

VI. CONCLUSION

We have investigated the dependence of SH yield
thickness up to 12 ML for Co and Ni films on Cu~001!, using
the two polarization combinationsp→P and s→P of fun-
damental and SH light. Comparing the two films, a sign
cant difference was found for the magnetic contrast wh
was correlated to the relative phase between even and
SH field contributions in the case of Co films. Phase sh
were measured in the frequency domain, and analyzed
Fourier filtering the data, following the scheme introduc

TABLE I. Phasef and ratio of odd and even SH field contr
butions for 7 ML Ni/Cu~001!.

Polarization combination f uBxodd
(2) /Axeven

(2) u

p→P ~3367!° 0.02460.003
s→P ~62611!° 0.02060.005
7-9
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U. CONRAD, J. GÜDDE, V. JÄHNKE, AND E. MATTHIAS PHYSICAL REVIEW B 63 144417
by Veenstraet al.11 In general, we find that thep→P polar-
ization combination is not suited for unambiguous pha
measurements, since it involves three even and three
tensor components, which allows one to derive only effect
phase angles. Instead, a polarization combination likes→P
should be employed which consists of just one even com
nent and one odd component for a~001! surface. Using this,
we observe for both Co and Ni coverages in the nonmagn
thickness range below 1 ML, a drop of the SH yield to
most zero which we attribute to a phase shift of 180°
tween the nonlinear response ofs electrons in the case of
bare Cu surface andd electrons of the Co or Ni films.

In the ferromagnetic regime the relative phase betw
the even and odd parts of the SH field and their amplitu
ratio were determined. For Co/Cu~001! we find with p→P
polarization, a monotonic decrease of the magnetic cont
by a factor of 2 between 2 and 12 ML, which is not caus
by the relative phase but instead by a corresponding decr
of the amplitude ratiouEoddu/uEevenu. In contrast, the sign
change of the magnetic contrast fors→P polarization be-
tween 5 and 6 ML was identified as a mere phase effect. T
shift of the relative phase was shown to originate mai
from the odd SH field. In addition, the amplitude ratio w
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enhanced by a factor of 2 in the thickness range around 3
compared to values for films thicker than 6 ML. We sugg
that both the phase shift and the variation of amplitude ra
originate from a combined action of stress-induced mag
tostriction and higher magnetic moments for thinner film
Future investigations are necessary to reveal more detai

In the case of Ni/Cu~001! the magnetic contrast differs in
size but otherwise behaves similarly forp→P and s→P
polarization. For this reason we measured the relative ph
only at a thickness of 7 ML, well beyond the onset of t
in-plane magnetization. From the data fors→P polarization,
we derived the ratiouxxyy

oddu/uxzyy
evenu50.0560.01. This result

agrees well with predictions in the literature provided tha
magnetic moment of 0.43mB is used for the Ni~001! surface,
a value which can be extrapolated from x-ray magnetic
cular dichroism.
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19K. Böhmer, J. Hohlfeld, and E. Matthias, Appl. Phys. A: Mater.
Sci. Process.60, 203 ~1995!.

20J. Shen, M.-T. Lin, J. Giergiel, C. Schmidthals, M. Zharnikov,
C.M. Schneider, and J. Kirschner, J. Magn. Magn. Mater.156,
104 ~1996!.

21F. Huang, M.T. Kief, G.J. Mankey, and R.F. Willis, Phys. Rev. B
49, 3962~1994!.

22K. Baberschke and M. Farle, J. Appl. Phys.81, 5038~1997!.
23W.L. O’Brien and B.P. Tonner, Phys. Rev. B49, 15 370

~1994!.
24R. Vollmer, T. Gutjahr-Lo¨ser, J. Kirschner, S. van Dijken, and B.

Poelsema, Phys. Rev. B60, 6277~1999!.
25P.T. Wilson, Y. Jiang, O.A. Aktsipetrov, E.D. Mishina, and M.C.

Downer, Opt. Lett.24, 496 ~1999!.
26J.I. Dadap, J. Shan, A.S. Weling, J.A. Misewich, and T.F. Heinz

Appl. Phys. B: Lasers Opt.68, 333 ~1999!.
27J. Jerphagnon and S.K. Kurtz, J. Appl. Phys.41, 1667~1970!.
28K.J. Veenstra, A.V. Petukhov, E. Jurdik, and T. Rasing, Phys

Rev. Lett.84, 2002~2000!.
29J. Fassbender, R. Allenspach, and U. Du¨rig, Surf. Sci.383, L742

~1997!.
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