
PHYSICAL REVIE%' B VOLUME 50, NUMBER 18 1 NOVEMBER 1994-II

Crossover from in-plane to perpentbcular magnetization in ultrathin Ni/Cu(001) films
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The easy axis of magnetization in Ni/Cu(001) films exhibits a crossover from in-plane to perpendicular
orientation with increasing film thickness. This reorientation at =7 monolayers, observed by ferromag-
netic resonance, is substantially difFerent from previous findings for Fe and Co films and can be extrapo-
lated from thin-film data. The artificial lattice structure of Ni on Cu yields within magnetoelasticity
theory a volume anisotropy of 29 peV/atom agreeing perfectly with experiment. In thinner films the
surface anisotropy of —77 peV/atom dominates.

The study of ferromagnetic films in the monolayer
(ML) regime ofFers the possibility to explore magnetism
in two-dimensional systems, where a long-range order is
stabilized by anisotropy energies, so that the film is no
longer Heisenberglike. Thus deeper understanding of
low-dimensional systems requires further insight on an-
isotropy energies. However, to calculate them,
knowledge of the real crystallographic structure and the
corresponding band structure would be needed. The
present system turns out to be an ideal case.

In general, for ultrathin films an in-plane easy axis of
M is expected owing to the demagnetizing energy. In the
literature there are exceptions: A change from a perpen-
dicular orientation of the easy axis of M for film thickness
d below a few ML to an in-plane orientation for larger d
has been reported for Fe/Ag(001), ' Fe/Cu(001), ' and
Co/Au(111). ' The interpretation is straightforward:
The surface anisotropy can overcome the shape anisotro-
py 4srM for few ML's ( =1-5 ML}, yielding a magnetiza-
tion perpendicular to the film if the contribution of the
surface is positive. %ith increasing thickness the
effective surface contribution decreases, leading to a
switching of M to in-plane orientation. In this paper we
present the reverse case, namely, a reorientation of M
from in plane to out of plane with increasing thickness of
a Ni/Cu(001) film. This finding is of general interest for
two reasons: (i) For magnetic engineering, films of
=7-60 ML are much more favorable for perpendicular
recording devices than those of just one ML. (ii) From a
fundamental point of view, a model system with an
artificial structure imposed by the substrate is realized up
to a critical thickness being very large in the present sys-
tem. For this prototype of a we11-defined lattice free of
dislocations, a full quantitative explanation of the mea-
sured anisotropies is achieved by taking into account
magnetoelasticity effects with Ni bulk parameters.

Ferromagnetic resonance (FMR) measurements were
carried out to determine the anisotropy energies and thus
the easy axis of M from an analysis of the temperature
and angular dependence of the resonance field Hz. The
free-energy density E in an applied dc magnetic field H
for a film with tetragonal symmetry is given by (Fig. 1)
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The first term describes the Zeeman energy, the second
one the demagnetizing energy. E„andE,~ represent the
perpendicular uniaxial anisotropy of second and fourth
order, respectively, and the fourfold in-plane anisotropy
is given by E&ll Keeping the azimuth angle fixed at
pit=a/4, the general FMR resonance condition yields
for 8H =n./2 and 8' =0, respectively:
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where H„is the anisotropy field:
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FIG. 1. Coordinate system used in this paper. The mi-
crowave field Hhf lies always in the film plane, which equals the
x,y plane. The dc magnetic field H can be varied continuously
in the [110],z plane resulting in a specific orientation of the
magnetization M given by (O,y). Here the case of a perpendicu-
lar easy axis of M is shown, therefore, 8 & 8H.
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Commonly the effective anisotropy constants are separat-
ed in thickness-dependent and thickness-independent
terms:

2Ejef ~ V+ (4)

In the pioneering work, K describes the magnetocrys-
talline bulk anisotropy and E the Neel-type surface
term. In recent work it turned out that magnetostrictive
contributions have to be considered in addition, caused
by the formation and subsequent release of lateral strains:
For Ni/Cu(001) an extended regime of pseudomorphic
growth occurs below a critical thickness d„where the
strain is given by the mismatch q between film and sub-
strate and is thus thickness independent. Therefore, E
is not identical to the anisotropy energy in the unper-
turbed bulk material. The magnetocrystalline anisotropy
for Ni single crystals (Eb"'"=—0.39 peV/atom at 300
K), for example, is two orders of magnitude smaller than
K calculated below. Above d, the strain will be reduced

by misfit dislocations, resulting in a variation of the mag-
netostrictive anisotropy as approximately 1/d, thus in an
effective "surface" contribution K, ' '" which is not lo-
cated at the surface.

The magnetostrictive anisotropy is estimated within
magnetoelasticity theory. In the pseudomorphic regime
it is directly correlated with the lateral (tensile) stress e,
exerted by the substrate and the associated tetragonal dis-
tortion s2 (compressive stress). Minimizing the elastic en-

ergy with respect to e2 for a given c, yields

2c 12
(5)

where c, &
and c&z are the cubic elastic stiffness constants.

c,
&

is given by the mismatch q between Ni and Cu:
s, = —i) =2.5%. With c» and c,z from Ref. 12
ez= —3.2% is calculated (at 300 K). The existence of
this tetragonal distortion is experimentally confirmed in
the ML regime' and also for d)28 ML. ' From the
magnetoelastic energy for a cubic lattice, the perpendicu-
lar uniaxial anisotropy is estimated:

Eg =3/22100(cll c12)('E2 el ) &

where A, ,oo is the magnetostriction constant. Using the
values for bulk Ni at 300 K, ' E„=29(5)peV/atom re-
sults.

Ni was deposited at 300 K to avoid interdiffusion. The
base pressure of 4X10 " mbar increased during eva-
poration to 3X10 ' mbar. The film thickness d was
determined by means of a quartz microbalance and
Auger electron spectroscopy. Analysis of the Auger am-
plitudes' reveals that Ni evaporated on Cu(001) at 300 K
grows layer by layer, in agreement with the litera-
ture. ' ' ' The observation of sharp low-energy
electron-diFraction (LEED) patterns with a low back-
ground in combination with a very narrow FMR
linewidth for ultrathin films [190G at 9 GHz (Ref. 15) in

comparison to 130 G for bulk Ni (Ref. 18) and to 350 G
for 7 ML Ni/W (Ref. 19)], proves the good quality of the
epitaxial growth. From the linewidth the existence of
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FIG. 2. Hz(T) for an 8 MI film (T, =460 K) of Ni/Cu{001)
with perpendicular easy axis of M. The direction of the external
magnetic field was either parallel (~) or perpendicular (o ) to
the film plane.

very large magnetically homogeneous domains can be de-
duced having a lateral dimension of at least 200 to 600
nm. "

FMR was measured in situ at 9 GHz with the external
field H lying in the [110],z plane. From the FMR signal,
the resonance field Hz as well as the FMR linewidth can
be extracted. In this paper we focus on H„(Fig. 2),
which yields directly H,

„

in absolute magnetic field units
via Eqs. (2a) and (2b). Neglecting at first anisotropies of
fourth order, H,„,which contains two competing contri-
butions [Eq. (3)] determines the orientation of M. An in-

plane easy-axis magnetization is favored if H,„&0,
whereas H,„(0gives rise to a spontaneous out-of-plane
orientation of M. The latter case occurs if I%'„ is positive
and suSciently large, as observed for an 8-ML film (Fig.
2). H,„andthe corresponding anisotropy constants were
calculated by taking values of bulk Ni for M(T/T, ).
Values of H,

„

for different film thicknesses need to be
compared at the same reduced temperature r = T/T, be-

cause of the strong thickness dependence of T, (d). ' '
The anisotropy fields H for d=3-6. 3 ML, measured
with the field oriented parallel to the film at t =0.9, are
all positive. This corresponds to an in-plane orientation
of M. Using Eq. (3), 2E„/Mis calculated and plotted in

Fig. 3 as function of 1/d yielding a linear behavior. The
full circles (~ ) are measured at t =0.9. For 1/d =0. 15
ML ' the field 2E/M equals 4mM=3. 9 kG. Therefore,
we extrapolate that for larger thicknesses M is switched
to an out-of-plane orientation. Indeed the data (~ ) prove
this. This anomalous thickness dependence, namely, a
crossover from in-plane to out-of-plane orientation of M
at 7 ML, is opposite to previous findings. ' It is a novel
experiment with regard to the fact that from thin-film
data (~ ), the thickness at which M would fiip can be es-

timated, namely, at =7 ML.
From the linear behavior (Fig. 3) we conclude that

Ni/Cu(001) grows in a pseudomorphic way up to 8—9
ML, in agreement with the observed LEED patterns and
with Refs. 21 and 22. This finding clarifies previous in-

vestigations on the pseudomorphic growth of
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of the anisotropy constant K„'~at 300 K yielding

s) K„=30(3)peV/atom and K~= —77 peV/atom
o Eq. (4). The diamonds correspond to measure-
u/Ni/Cu sandwiches from Ref. 22.
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Ni/Cu(001). Only in this regime does the slope really
reveal the surface anisotropy and the intersection with
the ordinate axis yielding the magnetostrictive anisotropy
induced by strain owing to mismatch. In the inset of Fig.
3, E„at300 K is plotted, so that the results linearly ex-
trapolated (solid line) from the pseudomorphic regime are
comparable to the calculation of the magnetoelastic an-
isotropy [Eq. (6)]. From the inset we get K„=30(3)
peV/atom and K„=—77 peV/atom. This agrees per-
fectly well with the calculated K„of29(5) peV/atom.
Thus the large positive volume anisotropy may be ex-
plained within the magnetoelasticity model assuming a
tetragonal distortion due to pseudomorphic growth.
Comparing this result to a very recent investigation of
Cu/Ni/Cu(001} sandwiches22 (diamonds in the inset of
Fig. 3), a larger value for K„"=38/seV/atom has been ex-
trapolated (dotted line). This difference to theory is attri-
buted in Ref. 22 to the unknown magnetoelastic con-
stants in thin films. Another interpretation of their data
is to ignore one single data point taken at 13 ML. Then
the data fit well with our straight line, which reflects
indeed the pseudomorphic region, since the emphasis of
our experiment lies on the very-thin film limit. (In Ref.
22 the pseudomorphic region is extended up to =24 ML
due to the influence of the Cu coverlayer. } Recent calcu-
lations of K„(Ref.24) yield a value of —860 p,eV/atom
by taking into account the effects of the filling of the 3d
band and a crystal-field energy 5=0.5 eV from Ni(111)
band-structure calculations. However, 6 is not well
known for thin films, and 6= —0. 13 eV would agree
better with the experimental K . Furthermore, in con-
trast to theoretical calculations the measurements are
performed at 300 K and yield the averaged anisotropy of

both the Ni/Cu interface and the Ni surface. Further in-
vestigations are needed to separate surface anisotropies at
metal/metal interfaces from metal/vacuum surfaces. 25

Another mechanism, which can modify K, is the surface
roughness, which is negligible for our films. '

The particular signs of K and K, namely, a positive
value of E, favoring an out-of-plane magnetization, in
combination with a negative value of E, explain the
unusual thickness-dependent behavior of the spontaneous
magnetization orientation: For very thin films the
demagnetizing energy as well as the anisotropy term
2K„/M force M into the film plane because of a dominat-
ing negative surface contribution. Above 7 ML, the
influence of K has decreased so that the large positive
strain-induced volume anisotropy can manage a perpen-
dicular orientation of M. This emphasizes the role of
stress in ultrathin films. The results of an investigation
by Gradmann, 2s 30 years ago, on Ni(111) films covered
with Cu and prepared in 10 Torr vacuum are in accord
with the present work and may be interpreted in a similar
manner. If we consider Fe/Cu or Fe/Ag, in contrast to
Ni, a large positive surface contribution E„is responsible
for the perpendicular orientation, combined with a nega-
tive magnetostrictive contribution to K„dueto a reverse
sign of A, ,oo. This explains the reverse thickness behavior.

Now we turn to thicknesses larger than d„where the
pseudomorphic growth is supposed to cease. Fortunately
this was investigated recently. ' ' ' A perpendicular
magnetization for 28 ML and an in-plane magnetization
for 56 ML of Cu/Ni/Cu(001} sandwiches (6 in Fig. 3)
were measured. Above d, the K(1/d } curve should devi-
ate from the linear behavior towards lower K values, tak-
en at the same reduced temperature (dash-dotted line in
Fig. 3) due to strain relaxation. The data from Ref. 27
(dashed line) fit well with this model. Since they were
measured at lower t, they are shifted to higher values.
This model is totally confirmed by recent magneto-optic
Kerr effect (MOKE) measurements on Cu/Ni/Cu
sandwiches 2 (diamonds in the inset of Fig. 3), showing a
second linear regime with reversed slope due to the posi-
tive magnetoelastic contribution. This is here only an
effective surface anisotropy, since it can be assumed that
s= —gd, /d (Refs. 10 and 21) and that the magnetostric-
tive volume contribution is negligible above a certain
thickness. The misfit-induced strains are thus relieved
only very slowly, ' resulting in an out-of-plane orienta-
tion up to =56 ML. A perpendicular orientation of M
between 7 and 56 ML is an interesting result. The cross-
overs are not sharp but depend on temperature. It is
worth noticing that a separation in K and K with a
well-defined assignment of the magneto-
strictive contributions to K only and thus an interpreta-
tion of E as being a Neel-type anisotropy is not possible
in the thickness range 28 —280 ML, since it is far away
from the pseudomorphic regime. This is illustrated by
the reverse thickness dependence of the anisotropy
fields. In this region a correlation of the anisotropies
with stress requires measurements of the thickness-
dependent lattice distortions.

To confirm this unusual behavior we turn back to Fig.
2. The pronounced variation of Hz with temperature
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below T, reflects the temperature dependence of both M
and the anisotropy energies. Generally, if the field is
oriented parallel (perpendicular) to M, Htt is smaller
(larger) than to/y=2. 95 kG (corresponding to g =2.2)
and approaches this value with increasing temperature
(as T~ T, ). Thus Fig. 2 unambiguously shows that the
easy axis of M has an out-of-plane orientation. In order
to decide whether M is really oriented perpendicularly or
tilted with respect to the film plane, FMR is a very useful
method: The full angular dependence of H„canbe mea-
sured (Fig. 4). The smallest resonance field is achieved at
8H =O'. This reveals without doubt that the spontaneous
magnetization is oriented perpendicularly to the film
above 7 ML. Moreover, the validity of the uniaxial an-
isotropy model and the importance of fourth-order an-
isotropy constants can be seen from Fig. 4. The experi-
mental data have been fitted to the angular dependence of
Hz. The only fit parameters are E„,E,~, and E,~~.

A
second-order contribution E„is not suf6cient to describe
the full angular dependence of H„(dotted line), thus it is
necessary to introduce fourth-order contributions. Op-
timizing the fit to the data yields E„=10.5 peV/atom,
Et& =0. 14 IseV/atom, and Eii = —1.91 peV/atom (solid
line). E,i and E,i

have the same order of magnitude as
the fourth-order magnetocrystalline bulk anisotropy. In
these thin films, the easy axis in the film plane is the [110]
axis, as indicated by the negative sign of E,~~.

In conclusion, we have shown that a perpendicular
easy axis of the magnetization above 7 ML in Ni/Cu(001)
can be extrapolated from the anisotropy constants mea-
sured at small thicknesses and is experimentally
confirmed. With respect to other systems with perpen-
dicular magnetization, this finding represents an anoma-
lous thickness behavior and can be quantitatively ex-
plained by the present FMR investigation (large E„and
negative sign of E„).The intrinsic uniaxial anisotropy
caused by the tetragonal Ni lattice is the reason for per-
pendicular easy axis, in contrast to other systems where
E is the driving force. Below 7 ML the stronger
influence of the surface anisotropy E„leads to an in-

plane magnetization. In the pseudomorphic growth re-
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gime E„andE„canbe directly correlated to the Neel
surface anisotropy and the mismatch-induced magneto-
strictive anisotropy, respectively. In this region,
knowledge of the artificial lattice structure allows one to
estimate the latter by magnetoelasticity theory in perfect
agreement for the first time with the experimentally
determined E„.Concerning E„,further ab initio calcula-
tions are needed. The present study also demonstrates
that from magnetic measurements structural information
may be deduced.
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FIG. 4. Resonance field at 300 K vs 80 for an 8-ML film.
The dotted and solid lines are calculated by taking into account
the equilibrium condition for M together with the general reso-
nance condition which can be derived from Eq. (1). Taking
M=449 G and g =2.18 (Ref. 28), the fits are calculated with
E„=10.5 peV/atom, E»=E&~~=0 for the dotted line and
E„=10.5 peV/atom, E» =0.14 peV/atom, E,

~~

= —1.91
peV/atom for the solid line.
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