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One monolayer-periodic oscillations in the magnetization induced second
harmonic generation signals during the growth of Co films on Cu (001)

Q. Y. Jin,Y R. Volimer, H. Regensburger, and J. Kirschner
Max-Planck-Institut fu Mikrostrukturphysik, Weinberg 2, D-06120 Halle/Saale, Germany

Magnetization induced optical second harmonic generation is used to investigate the surface
magnetic properties during the layer-by-layer growth of Co films of0CG1). The second harmonic

(SH) signal changes as a function of Co thickness and an oscillatory behavior of the SH asymmetry
with one monolayer period is observed for the transverse Kerr-geometrg-poldrized incident

light, while the average SH signal has no such oscillations. The magnetization induced SH signal at
half filled layers is enhanced with respect to that of filled layers, which agrees with the enhancement
of magnetic moment of edge atoms and the higher step density at half filled layers. Its dependences
on the growth rate and temperature are discussed19@9 American Institute of Physics.
[S0021-897€09)40508-7

I. INTRODUCTION The growth of Co on C{@01) at room temperature fol-
lows a layer-by-layer mode. Co islands periodically nucleate,
The magneto-optical Kerr effect has been considered agrow in size, and then coalesce, giving rise to oscillations of
a fruitful and powerful technique to study the magnetism ofthe average step density during the growth. Consequently a
multilayers and ultrathin films. In the past few years after theperiodically oscillating magnetic moment of the topmost
first theoretical paper by Pan, Wei, and Shand experi- layer of the film is expected.
mental work by Reifet al., nonlinear optics has been intro- Here we report on 1 ML period oscillations of the mag-
duced into the study of magnetic properties of ultrathinnetization induced second harmoriH) signals during the
films,3"*which is called magnetization induced second har-growth of Co on C(001). From the measured data, we de-
monic generatiofMSHG). rive that the magnetization induced surface component of
It is well known that in materials with inversion symme- x'?) is enhanced at half filled layers, which agrees with the
try the second harmonic generatit®HG) is generated only discussion above.
at the surface and buried interfaces, where the inversion sym-
metry of the electronic density is locally broken. The pres-ll. EXPERIMENT
ence of magnetization in materials does not break the inver- ' .
sion symmetry of the bulk, but lowers the symmetry at The 90 films were grown on @001) in a molecular
. N eam epitaxy(MBE) apparatus with a base pressure of less
surfaces/interfaces resulting in more nonzero tensor elemen

—11
of the tensor of second order susceptibiliff). Therefore than 4x 10" “"mbar. A growth rate of 7 ML/h was used at

MSHG is surface/interface sensitive and has been used gc_)m te_mperature for.the study of the 1 ML periodic oscil-
: ) ations in MSHG, while other growth rates and substrate
study the magnetism of surface and interfaces. It has been

) o emperatures were chosen for comparison experiments.
shown that the thickness sensitivity is 1 to 2 monolayers Ip:or the MSHG measurement ﬁhe light p?ulses from a
(ML).58 ’

Ti:sapphire laseix =840 nm, 80 fs pulse widjhwas fo-
The dimensional effect on the magnetism of ultrathin bp ( P )

) . . ) 15 .. cused onto the sample in the MBE chamber. Only experi-
films has been widely investigatéd:2° It is generally con-

) ] ) ’ mental results witls-polarized incident light and transversal
firmed that the magnetic moment in ferromagnets like Fe

- X (:tjeometry were discussed in this article. The optical plane
Co, and Ni is enhanced with reduced number of neares

. ; Was parallel to thé110) azimuthal direction of the Cu crys-
neighbors due to the decrease of the bandwititfilt was tal, and the external magnetic field of 70 Oe was applied to

found that the magnetic moment of a free surface is enFnagnetically saturate the film along tkE10 direction, the

hanced with respect to that of the bulk, and that a rougfkasy axis of magnetization. During the growth of the Co

surface may have a larger magnetic moment than a Smoomm, the SH light generated in the sample was detected by a
surfalc7e. The early work of K10 on W(110) by Albrecht o qtomyltiplier and recorded for the two opposite directions
et al”" showed that the magnetic moment of a real step atory¢ magnetization.

was enhanced by roughly Qu5 with respect to the atomic

moment in a smooth surface. The calculation for 2.5 ML Co

on CU100 gave an enhancement of about @glof mag- lll. RESULTS AND DISCUSSIONS

netic moment for the atom at the step site with respect to the  Figure ¥a) shows the SH intensitids (2w) andl | (2w)

3 ML thick film.*8 as a function of the Co film thickness for the two opposite
magnetization directions. The SH signal from the pure Cu
Ipermanent address: Department of Physics, Fudan University, Shangubstrate is very small. After an initial decrease, the intensi-
hai 200433, China; electronic mail: qyjin@fudan.ac.cn ties increase very rapidly until at about 2 ML they reach a
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smooth curve averaged over 50 points is plotted. By contrast,
the 1 ML periodic oscillations for the asymmetry can be well
observed in Figs. (b) and Xd). Therefore morphology in-
duced changes ip(g%)nmag are absent in the present experi-
mental configuration. The 1 ML period is entirely caused by
changes iz,

The observed asymmetry is not entirely due to the sur-

15

10 F

I(2w) (arb. units)

[ face, but results from the combined contributions of the Co
< O1F: surface and the Co/Cu interface. From the analysis of a thick
2 ool g Co film,'® we know that the surface and interface contribu-
g - 5 tions have nearly opposite phases. An increase of surface
E 1 = part of y'2)_increases the asymmetry while the interface part
? 8 mag
® 02 > decreases it. The sign change of the asymmetry at about 4

oal B ML is only caused by the gradual increase of the interface
0041 - contribution relative to the surface contribution with increas-
002} : = ing Co thickness, which results from the variation of the
0.00 L 2 electronic structure of the Co film with thicknesses. At 4 ML
)y s 3 a complete destructive interference of surface and interface
002 - B magnetization induced SH light occurs. However, the 1 ML
-0.04 | : HRA SRR "; variation of the asymmetry always exhibits a maximum at

=
81

o 2 4 & 8 100 2 4 5 8 half filled layers. Therefore, we can conclude that in the
Co film thickness d__ (ML) whole range of the Co thickness, the magnetic SHG signal at
co the surface is enhanced at half filled layers, with respect to
FIG. 1. (a) Measured total SH intensity as a function of the Co film thick- filled layers.
ness fors-polarized incident light in the transversal Kerr geometry for the In Ref. 19 it is shown that the nonlinear magneto-optical

magnetization in opposite directior(®) Magnetic asymmetry angt) aver- T : P
age SH intensity calculated from the SH intensitiegan In (d) the differ- Kerr susceptibility is proportional to the magnetization at the

ence of the magnetic asymmetry and its running average over 50 points gurface or inter;‘ace, respectively. This suggests that the en-
plotted. In (e) the similar difference as irfd) is plotted for average SH hancement Oﬁ(Engg of the surface at half filled layers reflects

intensity 5, . the enhancement of the surface magnetization which agrees
with the argument that the magnetic moment of step atoms
has an enhanced value relative to that of atoms within the flat
maximum. The curves fol,(2w) and | (2w) separate at gyrface.
about 1.5 ML where the Co film begins to order ferromag- It is known that the growth conditions, such as growth
netically. temperature and evaporation rate, influence the growth
In Fig. 1(b) the magnetization asymmetAy=(l,—1,)/  mode, the structure, and the magnetic properties of the film.
(I4+1)) calculated from the SH intensities in Figalis  Figures 2 and 3 compare experimental results for different
plotted, where oscillations with a period of 1 ML are clearly evaporation rates and different growth temperatures, respec-
seen as a function of the Co film thickness, superimposed ofyely, with otherwise identical conditions to the measure-
top of a smooth curve. In the transverse geometry the magnent in Fig. 1. In all cases the average sighgldoes not

netic asymmetry can be writtene$ show any 1 ML periodic oscillations. For ease of compari-
3% son, the result of Fig. 1 is shown again in coluanof Fig.
A= T2 Cose, (1) 2 and column(b) of Fig. 3.

In the whole range of the evaporation rate investigated,
wherex= x{2{ X ehmag XagaNdx anmagare effective tensor  we see the 1 ML oscillations in the asymmetry as the Co film
elements of the magnetization induced and nonmagnetithickness increases, indicating that the growth is layer by
nonlinear susceptibility, respectively, agds the phase dif- layer up to 40 ML/h of the evaporation rate. It was only
ference between these two parts. During growth, the periodipossible to vary the evaporation rate by a factor of less than
nucleation, growth, and coalescence of Co islands result i6. Therefore, the island size is expected to decrease only by
oscillations of the average step density. This causes the pe-factor of less than 2. No significant increase in the ampli-
riodic change of both the morphology and the magneticude of SA is observed although the average surface proper-
properties of the Co surface. It is not guaranteed a priori thafies are changed as can be seen most easily at the shift of the
the morphology induced variation mﬁ%%magdoes not affect zero crossing point of the asymmetry to lower thickness with
the asymmetry. increasing evaporation rate indicating a reduced surface con-

However, the average SH intensity,=(l;+1,)/2 in  tribution. Further experiments are necessary to clarify this
Fig. 1(c), which depends almost entirely %)nmag, exhibits  growth rate dependence.
only some long periodic variations with the Co film thick- By contrast to the deposition rate, the change of the sub-
ness after a strong increase up to 2 ML. No 1 ML oscillationsstrate temperature has a much stronger influence. At higher
can be detected even in the enlarged view of Fig),Wwhere  temperaturg350 K), the growth is still layer by layer, but
the difference between the average intendity and the the oscillations are less pronounced than those at room tem-



5290 J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Jin et al.

(a) 7 ML/h (b} 20 ML/h (c) 40 ML/h (a) 240
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(c) 350 K
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FIG. 2. Measured SH intensitid$2w), magnetic asymmetrie&, and the FIG. 3. Measured SH intensitid¢2w), magnetic asymmetries, and the
differencesdA between the asymmetry and its running average over SOyitterencessA between the asymmetry and its running average over 50
points as a function of the Co film thickness for the magnetization in OPPOh5ints as a function of the Co film thickness for the magnetization in oppo-
site directions. Figures in columita), (b), and(c) have been obtained with site directions. Figures in columrig), (b), and (c) have been obtained at
evaporation rates of 7, 20, and 40 ML/h. Otherwise, the measurement COMrowth temperatures of 240, 300, and 350 K.

ditions are identical to those of Fig. 1.
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