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Spin-reorientation transition in Ni films on Cu „001…: The influence of H2 adsorption
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The spin-reorientation transition of ultrathin Ni films is investigated by means ofin situ magneto-optical
Kerr imaging as a function of the temperature. A critical thicknessdc of about 11.4 monolayers~ML ! at T
5170 K and 10.3 ML at 370 K has been found. Adsorbates strongly reduce this critical thickness. In particular
the adsorption of about 2 langmuir H2 reducesdc to 7 ML at 170 K. The magnetocrystalline anisotropy energy
of the clean Ni surfaceK2s52153 meV/atom is strongly reduced by hydrogen adsorption.
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The anomalous reorientation transition of Ni films o
Cu~001! has been investigated quite intensively during
last years.1–12 The effect of overlayers such as Cu has be
studied10,13–16but less attention has been paid to the infl
ence of gaseous adsorbates like hydrogen on the mag
anisotropy of the Ni films. It was found, however, 20 yea
ago that hydrogen adsorption on Ni surfaces strongly redu
the magnetic moment of the first layer.17,18 Therefore, a
strong effect on the magnetic anisotropy of thin Ni films c
be expected as well.

The adsorption and desorption kinetics,19 the
structure,20–22 as well as possible lattice relaxations induc
by H2 adsorption on nickel,22 have been investigated quit
intensively since the early days of surface science.
briefly summarize the relevant results: H2 adsorbs dissocia
tively on Ni~001! in fourfold hollow sites.20 Adsorption and
desorption of hydrogen are completely reversible upon te
perature cycling. The isosteric heat of adsorption is
eV/H2 molecule. At 300 K and a partial pressure of
310211 mbar an equilibrium coverage of about 0.1
expected19 @coverage51 corresponds to the Ni~001!-H (1
31) structure#. A decrease in temperature by 20 K or a
increase of the hydrogen pressure by a factor of 10 wo
increase this coverage by more than a factor of 3. In view
the fact that during evaporation of the Ni films typically th
pressure rises up to the 10210 mbar range with evaporatio
rates of the order of monolayer~ML !/min it is not unlikely
that films grown at room temperature are precovered with
undetermined but not negligible amount of hydrogen. It
the purpose of this paper to show that hydrogen adsorp
strongly affects the surface magnetic anisotropy energy.

Ni grows pseudomorphically on Cu~001!. Compared to
the Ni bulk the interlayer spacing of the Ni film is reduce
by about 3.2% and the in-plane lattice constant is increa
by 2.5% to match the Cu substrate lattice.21 This tetragonal
distortion of the lattice induces a second-order magnetoc
talline anisotropy energyK2. It has been shown that fo
small film thicknessK2 can be written asK25K2v1(K2s
1K2i)/d, with the film thicknessd, K2v the thickness-
independent ‘‘volume’’ magnetization anisotropy energ
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and K2s and K2i the ‘‘surface’’ and ‘‘interface’’ parts.1,3,15

K2v is found to be positive and therefore favors a perp
dicular easy axis of magnetization whileK2s1K2i,0 favor
in-plane magnetization.1,3 Therefore—opposite to the usua
behavior—thin Ni films have the easy axis in plane and a
critical thicknessdc the expression (K2s1K2i)/dc becomes
smaller than effective bulk anisotropy energyK2v22pMs

2

and the easy axis switches to the surface normal.dc values
ranging from 7 ML,4,5,11 8 ML,12 and up to 10 ML~Ref. 6!
have been reported.

In phenomenological modelsK2v often is described as a
magnetoelastic anisotropy energyK2v[Kme523/2ls, with
l the bulk magnetostriction constant ands that stress, which
in bulk Ni would lead to the 2.5% in-plane lattice expansi
observed in the Ni films on Cu~001!.5,14 The surface and
interface partsK2s and K2i are either thought to be of en
tirely ‘‘Néel-type’’ origin5,14 or contain a magnetoelasti
component as well.23 With increasing film thickness the
stress in the Ni film induced by the tetragonal distortion
creases until dislocation formation sets in, allowing for
~partial! release of the stress by reduction of the tetrago
distortion. ConsequentlyKme becomes now thickness depe
dent and is reduced in line with the reduced lattice distorti
A second spin reorientation occurs at a thicknessd2c where
(K2s1K2i)/dc21Kme(dc2) equals the shape anisotrop
22pMs

2 . This transition occurs over a much broader thic
ness range from 37 ML to more than 50 ML.14,15 Therefore,
it is now well accepted that the strain-induced anisotro
componentK2v is responsible for the perpendicular magn
tization.

In our experiments wedgelike Ni films were grown atT
5298 K on a Cu~001! single crystal~miscut ,0.2°) in a
molecular beam epitaxy~MBE! apparatus~base pressure
,4310211 mbar!. To avoid morphology changes during th
temperature-dependent measurements the film was ann
to 453 K. The flux of the Nie-beam evaporator was cal
brated by means of medium energy electron diffract
~MEED! prior to the growth of the wedge. The growth ra
was about 0.5 ML/min at a pressure of less than 2310210
6277 ©1999 The American Physical Society
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6278 PRB 60BRIEF REPORTS
mbar during evaporation. The thickness of the wedge w
cross-checked by Auger analysis after completion of
measurement and by magneto-optical Kerr effect~MOKE!
measurements on individual layers. From that we estim
that the error in the thickness calibration is less than 10%

For the in situ Kerr imaging a similar setup as describe
in Ref. 24 was used~see Fig. 1!. The sample was illuminated
with the light from a 50 W halogen lamp. A combination
colored glass filters was used to block the blue and infra
light. The light passed a Glan-Thompson polarizer. The
cident angle was about 20° with respect to the surface
mal. A special ‘‘long-distance’’ microscope objective form
an image of the crystal on the chip surface of a ‘‘slow-sca
charge-coupled device~CCD! camera. For polarization
analysis a second Glan-Thompson polarizer is placed in f
of the microscope objective. Images for opposite magnet
tion either in the remanent state or with an external magn
field of about 300 Oe normal to the surface were taken
the analyzer set close to maximum extinction.

By Kerr imaging a Ni wedge, ranging from 3.9 ML t
'12.5 ML, we observed the spin reorientation during the2
exposure. A H2 partial pressure of 1029 mbar was adjusted
and a series of Kerr images of the Ni wedge were taken w
the repeated sequence of2300, 0,1300, 0 Oe external field
In Fig. 2 the asymmetry image, i.e., the difference of t
image for2300 and1300 Oe divided by their sum, is dis
played for five H2 exposures of the same selected stripe
0.6 mm35 mm atT5143 K. At the low end of the stripe
corresponding to 5.5 ML Ni thickness, the asymmetry
zero, indicating that there is no polar Kerr signal and the
fore no perpendicular component of the magnetization. T
magnetization component parallel to the film does not s
nificantly contribute to the measured Kerr signal. Using b
optical constants we estimate the longitudinal Kerr effec
be smaller by a factor of about 12 for the chosen geome
Experimentally we found an even smaller longitudinal Ke
effect. While for the clean Ni wedge a Kerr asymmetry
observed only for films thicker than about 11 ML the bord
of the spin reorientation decreases with increasing H2 expo-
sure down to about 7 ML at 1.4 langmuir~L!. The exposure
is determined from the pressure as read from the ion ga
without any further corrections. The actual H2 exposure is
considerably larger, approximately by a factor of 3–4. T
uptake curve, critical thickness of the spin-reorientation tr

FIG. 1. Schematic view of the experimental Kerr microsco
setup: M, mirror; La, halogen lamp; L1, condensor; D, diaphrag
F1, F2, colored glass filters; L2, lensf 5100 mm; GT1, Glan-
Thompson polarizer; GT2, analyzer~Glan-Thompson!.
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sition versus H2 exposure, is consistent with a simple firs
order adsorption process. At complete hydrogen cover
the critical thickness is reduced by about 4 ML with resp
to the clean Ni surface.

Figure 3 shows the critical thicknessdc as a function of
the sample temperature for the clean~squares! and hydrogen-
covered surface~circles!. As indicated in the inset, the thick
ness at which the remanent Kerr signal dropped to 8
~10%! of the extrapolated polar Kerr signal of the sam
thickness is indicated as solid~open! symbols. The data
points for the uncovered Ni wedge were taken for decreas
temperature. Because of unavoidable hydrogen adsorp
~of the order of 0.05 L!, dc might be already reduced at low
temperatures. From uptake curves,dc versus hydrogen cov
erage, we estimate that at the lowest temperature in Fi
this would lead to an increase ofdc ~indicated by an arrow!
of less than 0.4 ML for the clean film. About 1.7 L of H2 was
adsorbed at 143 K for the hydrogen-covered Ni film. Th
Kerr images were taken for increasing sample tempera
anddc was determined in the same way as for the clean fi
Because at about 300 K hydrogen desorbs,dc increases and
finally merges into the curves for the clean Ni within th
experimental error.

Generally, a very fast increase of the remanent Kerr sig
at the reorientation transition was observed that thedc deter-
mined from the drop to 10% or 80% of the full polar Ke
signal at remanence or from the drop to 50% with 300
external field differ only by a fraction of a monolayer. In th
following discussion we use always values ofdc determined
from the drop to 10%.

Similar experiments were performed for CO adsorption25

There dc ~determined from the 10% remanence curve! of
about 8 ML was obtained at low temperatures (T5143 K!. A

;

FIG. 2. Polar Kerr asymmetry images of the same section o
Ni wedge on Cu~001! for five H2 exposures atT5143 K. The Ni
thickness increases from the bottom to the top of the image
indicated by the scale on the left hand side. The bright area i
cates the presence of perpendicular magnetization, the dark
in-plane magnetization.
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small fraction of CO remained on the Ni surface even a
annealing to 450 K opposite to the case of hydrogen ads
tion which is fully reversible. The influence of a Cu cov
layer was investigated on a Cu/Ni/Cu~001! double wedge.
Largely independent of the Cu cover layer thickness adc
57.4 ML at T5300 K anddc58.1 ML at T5143 K was
found for the Cu/Ni/Cu sandwich.

For the above measurement the Ni film was anneale
450 K for several minutes which results in rather smo
films26 but does not change the magnetic properties besid
small reduction in the coercive field.8 It has been shown tha
surface roughness may affectdc as well.27,28 Therefore we

FIG. 3. Critical thicknessdc of the spin-reorientation transition
of a Ni film vs sample temperature for the clean surface~squares!
and for the surface exposed to 1.5 L H2 at 143 K ~circles!. Open
~solid! symbols represents the thickness at which the remanent
signal is dropped to 10%~80%! of the ~extrapolated! polar Kerr
signal of the same thickness. Note that the strong increase ofdc at
about 300 K is caused by the desorption of hydrogen at that t
perature. The small arrow at the open squares atT5143 K indicates
an estimate of the reduction ofdc by possibly adsorbed small trace
of hydrogen. The inset shows the measured Kerr asymmetry
function of the Ni thicknessd at 233 K for the H-covered film. The
dashed line indicates the extrapolated polar Kerr signal used in
determination ofdc .
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compare thedc obtained from the annealed film with thedc

derived from measurements taken directly after the Ni we
was grown at 298 K. For the latter we found the critic
thickness about 1/3 ML smaller at 300 K. However, repea
temperature cycling after the first annealing did not ca
any further change indc .

The thicknessdc at which the spin reorientation from in
plane magnetization to perpendicular magnetization occu
not related to the thickness at which the film starts to deve
a dislocation network to reduce the strain.5,15,21While earlier
work14,29 reported the onset of misfit dislocations at abou
ML it was found recently that no significant reduction of th
tetragonal distortion occurs for thicknesses up to at leas
ML.21 By measuring hysteresis loops with film thickne
O’Brien et al.15 found a strong increase of the coercive fie
at a thickness of 13 ML which is in agreement with our ow
observation. The above authors interpreted this increas
the onset of misfit dislocation formation. Therefore the sp
reorientation transition of the clean Ni film, which we foun
to occur at about 10–11 ML, is still below this onset of mis
dislocations.

Magnetization anisotropy energies for Ni/Cu~001! films
and Cu/Ni/Cu~001! sandwiches were determined by seve
groups.5,9,14,15 The values fordc , K2v , K2s , and K2i are
summarized in Table I. Comparing the values ofK2s1K2i of
Ref. 5 andK2s of Ref. 14 would imply that the surface
vacuum interface does not contribute significantly. Contr
to this result a recentab initio calculation shows that atT
50 K the surface/vacuum anisotropy is much larger than
anisotropy of the Cu/Ni interface.30 In our experiment we
could not determineK2v independently. However, if we tak
the value ofK2v from Ref. 5 and 2pMs

257.5meV/atom, we
derive with (2pMs

22K2v)dc5K2s1K2i the valuesK2i5
283 meV/atom andK2s52153 meV/atom from our mea-
surements on Ni/Cu~001! and Cu/Ni/Cu~001!. We see that
the surface magnetocrystalline anisotropyK2s at the
Ni/vacuum interface is indeed much larger than that of
Ni/Cu interface in agreement with the ‘‘intuitive’’ picture o
a stronger disturbance of the electronic structure at the
face. If we extrapolate the measureddc of the hydrogen cov-
ered Ni surface to 300 K we getdc56.8 ML and K2s5
270 meV/atom. Therefore, the absolute value of the surfa
anisotropy energy decreases dramatically upon H2 adsorp-
tion. It seems that hydrogen adsorption reestablishes a m
bulklike behavior of the surface. Our value of the Cu/
interface anisotropy is quite low compared to the values
Ref. 14. However, their value derived from a quite ste
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a
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TABLE I. Critical thicknessdc of the reorientation transition and derived surfaceK2s , interfaceK2i , and
volumeK2v anisotropy constants for Ni/Cu~001! ~1 mJ/m25386 meV/atom, 1 mJ/m3568.3meV/atom).

Our results From Ref. 5 From Ref. 14 From Refs. 6,15

K2v @meV/atom# – 30 37 –
dc @Ni/Cu~001!# @ML # 10.5 7 – 10/7
dc @Cu/Ni/Cu~001!# @ML # 7.4 – – 6
K2s1K2i @meV/atom# 2236a 2154 – –
K2s @meV/atom] 2153a – – 285 a

K2i @meV/atom# 283 a – 2154 262 a

aDerived usingK2v530 meV/atom from Ref. 5.
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wedge would imply a critical thickness of about 10 M
which definitely is not consistent with our data. On the oth
hand, O’Brienet al.15 found a critical thickness of about
ML or K2i5262 meV/atom for a Cu/Ni/Cu~001! sandwich
quite close to our result. Their value for the uncovered
wedge, however,dc'7 ML is much too low compared to
our result. In view of the difficulties in avoiding hydroge
adsorption even at room temperature, we believe that
reported low values ofdc and therefore ofK2s may be
caused by such an adsorption. The fact thatuK2su is much
larger thanuK2i u is also in agreement with the first principle
calculation of Uiberackeret al. at T50 K.30

The temperature dependence ofdc is quite small because
of the opposite sign of surface/interface anisotropy ene
K2i1K2s and the effective volume anisotropyK2v22pMs

2 ,
largely canceling out temperature dependence. If we t
from the temperature-dependent measurements of Ref. 9
extrapolated valueK2v(0 K)572 meV/atom and our~ex-
trapolated! dc(0 K)511.6 ML for the clean Ni surface, we
obtain K2s1K2i'2700 meV/atom. This is much large
on
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than the result of the theoretical calculations which are ab
2100 meV/atom.31,30 However, in Ref. 30 the definition o
K2s andK2i is different from that used above to analyze t
experimental data. In the theoretical workK2s and K2i are
essentially the magnetic anisotropy energy of the surface
layer and the interface Ni layer, respectively, while in t
experimental workK2s andK2i are determined from theex-
trapolation down to zero film thickness. These two defin
tions lead to the same result only in the case that the m
netic anisotropy energy does not change with thickness in
interior of the film, which is, according to their calculation
not fulfilled.

In conclusion, we have shown that hydrogen adsorpt
strongly reduced the critical thickness of the sp
reorientation transitiondc in Ni films on Cu~001!. For the
clean Ni film we observe adc of about 10–11 ML. Similarly,
CO adsorption or a Cu cover layer reducesdc . The surface
magnetization anisotropy energy for the clean Ni film,K2s
52153 meV/atom, islarger than the Ni/Cu~001! interface
anisotropy,K2i5283 meV/atom, atT5300 K.
.
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1K. Baberschke, Appl. Phys. A: Mater. Sci. Process.62, 417
~1996!.

2 M. Farle, Rep. Prog. Phys.61, 755 ~1998!.
3M. T. Johnson, P. J. H. Bloemen, F. J. A. den Broeder, and J

de Vries, Rep. Prog. Phys.59, 1409~1996!.
4F. Huang, M. T. Kief, G. J. Mankey, and R. F. Willis, Phys. Re

B 49, 3962~1994!.
5B. Schulz and K. Baberschke, Phys. Rev. B50, 13 467~1994!.
6W. L. O’Brien and B. P. Tonner, Phys. Rev. B49, 15 370~1994!.
7M. Farle, W. Platow, A. N. Anisimov, P. Poulopoulos, and K

Baberschke, Phys. Rev. B56, 5100~1997!.
8J. Shen, M.-T. Lin, J. Giergiel, C. Schmidthals, M. Zharnikov,

M. Schneider, and J. Kirschner, J. Magn. Magn. Mater.156, 104
~1996!.

9M. Farle, B. Mirwald-Schulz, A. N. Anisimov, W. Platow, and K
Baberschke, Phys. Rev. B55, 3708~1997!.

10P. Srivastava, F. Wilhelm, A. Ney, M. Farle, H. Wende, N
Haack, G. Ceballos, and K. Baberschke, Phys. Rev. B58, 5701
~1998!.

11W. L. O’Brien and B. P. Tonner, J. Appl. Phys.79, 5623~1996!.
12 S. Z. Wu, G. J. Mankey, F. Huang, and R. F. Willis, J. App

Phys.76, 6434~1994!.
13C. Chang, J. Appl. Phys.68, 4873~1990!.
14R. Jungblut, M. T. Johnson, J. aan de Stegge, A. Reinders, an

J. A. den Broeder, J. Appl. Phys.75, 6424~1994!.
15W. L. O’Brien, T. Droubay, and B. P. Tonner, Phys. Rev. B54,
ic

J.

F.

9297 ~1996!.
16G. Bochi, C. A. Ballentine, H. E. Inglefield, C. V. Thompson, and

R. C. O’Handley, Phys. Rev. B53, R1729~1996!.
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