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Reversible H-Induced Switching of the Magnetic Easy Axis in Ni/Cu(001) Thin Films

D. Sander, W. Pan, S. Ouazi, and J. Kirschner
Max-Planck-Institut fiir Mikrostrukturphysik, Weinberg 2, D-06120 Halle/Saale, Germany

W. Meyer, M. Krause, S. Miiller, L. Hammer, and K. Heinz

Lehrstuhl fiir Festkorperphysik, Universitit Erlangen-Niirnberg, Staudtstrasse 7, D-91058 Erlangen, Germany
(Received 22 March 2002; revised manuscript received 13 August 2004; published 10 December 2004)

A reversible switching of the easy axis of magnetization for Ni on Cu(001) from in plane to out of
plane is found by changing the partial pressure of hydrogen in the gas phase around the sample,
allowing even for oscillations of the magnetization direction. A quantitative low-energy electron
diffraction study of the diffracted intensity versus electron energy [I(E)] shows that the hydrogen-
induced spin reorientation transition is accompanied by changes of the tetragonal distortion of the
topmost Ni layer upon hydrogen adsorption. Surprisingly, the orientation switch to perpendicular to the
surface comes with a relaxation, i.e., reduction of the film’s tetragonal distortion rather than its

amplification.
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In general, the spontaneous magnetization in thin mag-
netic films is either in plane or perpendicular to the
surface plane of atoms. The magnetic anisotropy energy
(MAE) determines the orientation of the film magneti-
zation. Different contributions have been identified,
which modify the MAE: film thickness [1], temperature
[2], composition [3], stress [4], adsorbate coverage [5], or,
e.g., the presence of a small external magnetic field [6]. By
varying one of these parameters the spontaneous magne-
tization can switch the direction and a spin reorientation
transition (SRT) is observed. With increasing film thick-
ness most frequently a shape anisotropy driven SRT from
perpendicular to in plane is observed, typically at a
critical thickness of the order of half a dozen monolayers.
An exceptional case is a so-called “reverse SRT,” i.e., a
SRT from in plane to perpendicular. Because of the
tetragonal distortion of the film, the most well-known
example for this kind of behavior is Ni on Cu(001) [1,7,8].

This Letter reveals surprising new features for the
system Ni/Cu(001) concerning the influence of hydrogen
adsorption: There is a H-induced SRT [8] and we show by
magnetic and crystallographic measurements comple-
mented by gas pressure and surface coverage measure-
ments that the hydrogen-induced reverse SRT is
reversible, the reversibility of the SRT leads to an oscil-
latory sequence of in-plane and perpendicular magneti-
zation when the hydrogen coverage is made to oscillate as
controlled by the ambient hydrogen pressure, and the
reverse SRT is accompanied by a relaxation, i.e., reduc-
tion of the film’s tetragonal distortion rather than its
amplification. Very likely these features bear the potential
to construct a hydrogen-sensitive magnetic switch.

The magnetism related experiments were performed in
an ultrahigh vacuum (UHV) chamber equipped with
magnets for in situ magneto-optical Kerr effect
(MOKE) measurements [4]. The Cu(00l) crystal was
prepared by cycles of Ar ion bombardment (2 uA,
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2 keV) and subsequent annealing at 800 K until no con-
taminations were detected by Auger electron spectros-
copy and a sharp LEED pattern had developed. Ni was
deposited from an high purity (99.99 + %) rod at a rate of
approximately one monolayer (ML) per 150 s as con-
trolled by a quartz thickness monitor (residual gas pres-
sure <3 X 107! mbar). Hydrogen (99.999 + %) was
then introduced via a leak valve; a quadrupole mass
spectrometer recorded the purity of the gas (partial pres-
sures py given below are corrected for the H sensitivity of
the pressure gauge). Crystal curvature measurements
were performed to monitor both the film stress during
growth and the H-induced change of the surface stress of
the Ni film, from which an independent estimate of the H
coverage was derived. The crystallography of the film and
its morphology were investigated by quantitative LEED
and by scanning tunneling microscopy (STM), respec-
tively, where the sample was in a different UHV vessel
allowing for even lower residual gas pressure
(=1 X 107'° mbar) both during Ni deposition and mea-
surements. After deposition of eight ML Ni and cooling
to about 100 K LEED intensity vs energy spectra, I(E),
were recorded with a computer-controlled video method
[9] for the (10), (11), (20), (21), and (22) beams up to an
electron energy of 600 eV (accumulated data base width:
AE = 1800 eV). This took 15 min so that residual gas
adsorption could be kept well below 1 ML. This is man-
datory to detect the H-induced structural changes upon
subsequent H exposure, and to avoid spurious surface
contamination by other adsorbates. Eventually, the sam-
ple was investigated by STM. An image evaluation of the
nominally 8 ML film showed only three height levels
with domain weights of 20%, 71%, and 9% attributed to
domains of 7, 8, and 9 ML, respectively (effective film
thickness 7.9 ML). This justifies to use a flat 8 ML film in
the LEED analysis, in particular, as analyses of films of
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neighbored thicknesses showed that the multilayer re-
laxation is thickness independent in this coverage range.

Full dynamical calculations were applied using the
matrix-inversion method for the layer diffraction and
the layer-doubling method for the stacking of layers
[10]. The H-covered film was treated as a composite layer,
where on-top, bridge, and hollow H-adsorption sites were
tested at a coverage 6y = 1 (1 H atom per surface Ni
atom). Electron attenuation was considered by a constant
imaginary potential (V,; = —5.0 eV) and the real part of
the inner potential, V,,, was taken to be energy dependent
[11]. This has been proven to be important for the correct
reproduction of the crystallographic in-plane lattice pa-
rameter a,. In an earlier LEED analysis of epitaxial Ni
films on Cu(001) carried out by part of the present authors
[7] a constant value of V|;, was used. This led to a slightly
reduced value of a,, rather than the correct value of
Cu(001), a, = 2.550 AatT = 100 K, as taken from crys-
tallographic tables and confirmed by a careful other
LEED analysis considering the energy dependence,
Vo-(E) [12]. Because of the considerable reduction of
the data acquisition time it was possible to keep the
surface much cleaner than in the earlier work [7]. For
both the clean and hydrogen covered film the first six
interlayer spacings d; ;.| (i = 0, 5) were varied in steps of
0.005 A (dy; = dy denotes the distance between the H
and top Ni layer). Layer spacings below the fifth Ni layer
were set to a constant value d;,, which was also fitted (note
that the Ni-Cu interface did not need to be considered as
in a depth of about 12 A it is hidden by electron attenu-
ation). In addition to the structural parameters also differ-
ent isotropic vibration amplitudes of the top and
subsurface Ni atoms were taken as fit parameters. The
best fit was identified by the Pendry R factor, and error
limits were estimated by its variance [13].

The main result concerning the magnetic properties is
a H-induced reversible switching of the easy magnetiza-
tion axis of an 8 ML thick Ni film as presented in Fig. 1.
When uncovered (or for low values of py) this Ni film has
an in-plane easy axis of magnetization. By increasing pgy
from 9.3 X 1071° to 2.7 X 10~® mbar we detect a rema-
nent polar MOKE signal, indicative for a perpendicular
easy axis of magnetization. As indicated by the vanishing
polar MOKE signal a subsequent reduction of py reverts
the magnetization back to in plane. This switching of the
magnetization orientation is fully reversible as apparent
from the succession of polar MOKE signals in Fig. 1(a),
and it has to be correlated with the py profile in Fig. 1(b).

The H coverage 6y was calculated from the hydrogen
partial pressure and the adsorption temperature of 322 K
[14]. The resulting 8y curve for the 8 ML film reveals that
at 0y = 0.23 the easy axis of magnetization switches
from in plane to out of plane [Fig. 1(c)]. The time depen-
dence of the SRT in response to a change in py is
determined by the dynamics of the H coverage on the

Ni surface. As the desorption rate at 322 K is sizable, it
seems that H is an ideal adsorbate for a reversible SRT.
This is contrary to oxygen adsorption, which induces an
irreversible SRT since the adatoms do not desorb after
reduction of the O, pressure; see also [5]. Experiments at
different Ni thicknesses indicate that H-coverage values
of 6y = 0.15, 0.23, and 0.5 are sufficient to induce the
SRT for 9, 8, and 7 ML Ni films, respectively.

The change of the magnetic anisotropy with py is
recorded by applying a small magnetic field (1 mT) nor-
mal to the film surface. The magnetic response is mea-
sured by the polar MOKE signal as illustrated in Fig. 2
for 8 ML. For sufficiently small py a linear curve with no
hysteresis is observed, which characterizes an in-plane
easy axis of magnetization. The slope of this curve is
inversely proportional to the magnetic anisotropy: a
higher py induces a lower magnetic anisotropy. The
rectangular hysteresis curves measured for the largest
pu value show full remanence which as such indicates
an easy out-of-plane direction of the magnetization.
Figure 2 suggests that the magnetic anisotropy depends
on the H coverage: a larger 6y favors an out-of-plane
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FIG. 1. (a) H-induced variation of the polar MOKE signal of
an 8 ML Ni film on Cu(001) at 322 K. The switching of the easy
axis of magnetization from in plane, M— , to perpendicular to
the Ni film, M{, due to a py variation, as displayed in panel
(b), is apparent [the time delay between the signals is caused by
the dynamics of the H-adsorption process (see text)].
(c) Calculated 6y for the pressure variation of (b). The broken
lines indicate that at fy = 0.23 the magnetization direction
switches from in plane to out of plane and back.
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FIG. 2. Polar MOKE measurements for the Ni film of
Fig. 1(a) at different H-partial pressures. The slopes of the
curves at smaller py indicate a hard magnetization direction
perpendicular to the film. The rectangular hysteresis curves
obtained at large py identifies a perpendicular easy magneti-
zation direction.

orientation of the magnetization. The following discus-
sion of the H-induced structural change of the film in-
dicates that the Ni surface layer relaxation drives this
SRT.

Comparison of the experimental LEED I(E) spectra
for the clean and H-covered 8 ML Ni film (Fig. 3) reveals
clear modifications induced by H adsorption: shifts of
peaks or changes of their shape and/or height are ob-
served. The corresponding structural changes are re-
solved by full dynamical intensity analyses. For the
clean film an excellent thll‘f[?“ = (0.073 results, and the
corresponding structural parameters are displayed in
Table 1. As expected, the lateral strain [¢) = +2.5%,
calculated using a, = 2.487 A for the (001) layers of
bulk Ni at 7 = 100 K] of the Ni film due to pseudomor-
phic growth on Cu(001) leads to a vertical contraction,
i.e., tetragonal distortion. This has been identified before
as the driving force for the out-of-plane magnetization of
thicker Ni films on Cu(001) [8]. On spatial average of the
clean film (d¢ = 1.708 A) the vertical contraction is € =
—2.9% in near-quantitative agreement with the value

= clean H-covered
& (1 0) beam (1 0) beam
g — exp. — exp.
B - -- calc| - - calc.
C

Q

E

100 200 300 400 500 600 100 200 300 400 500 600
energy (eV) energy (eV)

FIG. 3. LEED I(E) spectra of the (10) beam for the clean

8MLNi/Cu(001) film (left) and the hydrogen covered film, H/8

ML Ni/Cu(001) (right). Continuous curves refer to experimen-
tal data, dotted curves to calculated best-fit spectra.

resulting from continuum elasticity theory [15], €, =
_2(612/6'11)6” = —3.2% (Nl Cip = 152 GPa, c11 =
249 GPa). This tetragonal distortion gives rise to a mag-
netoelastic anisotropy contribution to the MAE, which is
absent in cubic systems. Its magnitude is B$" (e — €)
[15]. We measured the effective magnetoelastic coupling
constant BST for 8 ML Ni on Cu(001) as 3.5 MJ/m? [16],
and this result supports the view that the tetragonal dis-
tortion favors a perpendicular magnetization direction
via magnetoelastic coupling. Note that the structural
analysis reveals a nonuniform tetragonal distortion in
the film. The top spacing d;, = 1.675 A is contracted
most, whereas the layer spacings below are identical
within our error limits ( = 0.01 A), and a vertical surface
layer contraction as large as eis = —4.8% results.

For the hydrogen covered 8 ML film the LEED analysis
yields again an excellent best-fit quality (R, = 0.078),
which allows the determination of the adatom position:
Hydrogen adsorbs in the fourfold hollow site with an
adsorption height of d; = 0.32 A. The latter is equivalent
to a reasonable value of the hydrogen radius, ry = 0.58 A
(the other adsorption sites produce much less favorable R
factors, RIL > (.13, and, in addition, physically unrea-
sonable values of ry). The adsorption height dy agrees
with a previous ion-scattering study [17], which, however,
did not identify the layer relaxation induced in the Ni
film. This relaxation as resulting from the present LEED
analysis is summarized in the last line of Table 1. The
most important feature is that the topmost layer spacing
dj, is relaxed upon H adsorption to 1.770 A. This is a
remarkable result, as the SRT of the clean Ni film is driven
by the tetragonal distortion, and one might have specu-
lated that a further H-induced compression of the layer
spacing is responsible for the H-induced SRT. As is
obvious, however, this is not the case. Instead, the H-
induced relaxation reduces the tetragonal surface distor-
tion, GI}_’S =~ (, but the average tetragonal distortion is
only little modified (Eﬁl_ = —2.5%). Thus, a SRT driven
by an H-induced enhanced magnetoelastic anisotropy is
excluded.

The SRT for a bare Ni film on Cu(001) occurs at a
thickness of 10—11 ML [8] and a submonolayer H cover-
age shifts this SRT to a lower thickness. The Ni/Cu(001)
system is unique in the sense that no structural transition

TABLE 1. Vertical layer spacings d; ;44 (A) for the best-fit
structures as retrieved by quantitative LEED. The last digit
indicates the location of the R-factor minimum with respect to
the 0.005 A structural search grid. Note that the (001) layer
spacing in bulk Ni is 1.759 A.

dH d12 d23 d 34 d45 d56 db

1.675 1720 1.705 1.715 1.720 1.710
1.770 1.695 1.700 1710 1.710 1.710

eight ML Ni
H/8 ML Ni  0.31

247203-3



PRL 93, 247203 (2004)

PHYSICAL REVIEW

week ending

LETTERS 10 DECEMBER 2004

occurs at the SRT from in plane to out of plane of the
clean Ni film at 11 ML thickness [8]. The tetragonal
distortion, which favors the out-of-plane magnetization,
is present in the film in the whole thickness range up to the
end of pseudomorphic growth around 18 ML, well beyond
the SRT. The in-plane magnetization of thinner Ni films
comes as a surprise, and it has been ascribed to the
anisotropy contribution from the interfaces, which favor
in-plane magnetization [1,8]. In view of this picture, our
results suggest that hydrogen adsorption reduces the mag-
netic surface anisotropy, and this makes the magnetoe-
lastic anisotropy the dominant contribution to the MAE.

The essential aspect of the SRT is a balancing of differ-
ent anisotropy contributions, driven by hydrogen adsorp-
tion. However, largely different energy scales describe
both phenomena. Whereas the adsorption energy of hy-
drogen is 1 eV/atom [14], the competing magnetic an-
isotropy contributions are approximately 4 to 5 orders of
magnitude smaller, e.g., the shape anisotropy of Ni is
12 weV/atom [15]. In view of the small magnetic anisot-
ropy energy, the adsorption process is a dramatic effect,
and subtle details of the adsorbate-induced change of the
electronic structure may determine the SRT.

Nevertheless, very general arguments illustrate that the
small magnetic anisotropy of bulk cubic elements (Ni :

K, = —0.4 peV/atom) can be ascribed to the quenching

of the orbital moment, which is induced by the crystal
field [18]. On the contrary, a partial unquenching of the
orbital moment is expected for a tetragonally distorted
system, and the magnetic anisotropy is enhanced. This
view is corroborated by perturbation theory, which sug-
gests that the magnitude of the anisotropy is proportional
to £2/W for uniaxial systems, whereas for cubic systems
it is proportional to &*/W? [£ is the spin-orbit coupling
(50-100 meV), and W is the 3d bandwidth (a few eV)
[18]]. These values indicate that the change from a uni-
axial system towards a more cubic system reduces the
magnetic anisotropy by 3 orders of magnitude, and vice
versa. Therefore, it seems plausible that the H-induced
layer relaxation from di, = 1.675 A (clean Ni) to dy, =
1.77 A (H-covered Ni) induces a corresponding reduction
of the magnetic surface anisotropy, as the uniaxial dis-
tortion of the layer is reduced. We may further suggest
that the large contraction (ei’s = —4.8%) of the topmost
layer spacing as compared to bulk Ni might be an im-
portant aspect of the large magnetic surface anisotropy of
Ni of order 100 ueV/atom [5,8].

Our results offer highly accurate structural parameters
for comparison to theoretical studies which recently were
performed for both structure and magnetic anisotropy of
the H/Ni system [19]. The authors performed state-of-
the-art ab initio calculations, which offer an explanation
of the electronic origin of the H-induced change of the
magnetic anisotropy. The calculations indicate that the

strong hybridization between H and Ni leads to an out-
ward relaxation of the topmost Ni-layer spacing, a reduc-
tion of the magnetic moment of the topmost Ni layer, and
to a reduction of the magnetic surface anisotropy. The
authors calculate a nontrivial structural relaxation upon
H coverage, which leads to substantial outward relaxation
of the topmost Ni-layer spacing (1.74 A) and a contracted
second-layer Ni spacing (1.67 A) as compared to the inner
Ni-layer spacings (1.69 A). Our experimental results
qualitatively confirm their prediction of the H-induced
structural relaxation.

The proposed connection between surface relaxation
and magnetic anisotropy is expected to be of general
validity. This view is corroborated by a recent calculation
of the O-induced change of magnetic anisotropy of a Ni
stack [5]. The authors claim that a significant aspect of
the change of the magnetic anisotropy upon adsorption is
the O-induced lattice relaxation. These examples suggest
that, irrespective of the details of the electronic interac-
tion, the layer relaxation is a common feature of these
adsorbate-driven SRTs. Highly accurate structural data
are called for to unravel the interplay between adsorption,
structural relaxation, and magnetic anisotropy.

In conclusion, our results provide experimental evi-
dence for the intimate relation between surface relaxation
and magnetic anisotropy. The adsorbate-induced layer
relaxation of tetragonally distorted Ni films reduces the
magnetic surface anisotropy, and this drives the
adsorbate-induced SRT.
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