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Higher-order magnetic anisotropies and the nature of the spin-reorientation transition
in face-centered-tetragonal Ni„001…/Cu„001…
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Institut für Experimentalphysik, Freie Universita¨t Berlin, Arnimallee 14, D-14195 Berlin, Germany
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Second- and fourth-order constantsK2 , K4 of the magnetic anisotropy energy in tetragonally distorted
Ni~001! ultrathin films on Cu~001! are determined as a function of temperature and film thickness. We measure
a positive out-of-plane constantK4''10.24 meV/atom and a negative in-plane constantK4i near room
temperature. This leads to a continuous~second or higher-order! spin-reorientation transition of the easy axis
from an in-plane below'7 ML to a perpendicular orientation for thicker films.K4i changes sign atdci'6.7
ML which results in a change of the easy axis from the@100# direction below 6.7 ML to the@110# direction
above. These results are quantitatively compared to Ni~111!/W~110! for which no out-of-plane reorientation is
observed.@S0163-1829~97!09105-4#
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I. INTRODUCTION

In recent years, the spin-reorientation transition~SRT! in
ultrathin ferromagnetic layers has attracted much inter
Ultrathin Fe and Co films have been found to exhibit
strongly enhanced magnetic anisotropy energy~MAE! with
an easy axis perpendicular to the surface plane.1–4 At low
film thickness this perpendicular anisotropy is sufficient
overcome the demagnetizing field and align the magnet
tion perpendicular to the plane. The SRT from in-plane
out-of-plane is usually found at a critical number of laye
2,dc,6 ML, which depends on the temperature.5,6 Further-
more, a reversible temperature dependent SRT from per
dicular at low temperature to in-plane at higher temperatu
has been observed.2,7,8

In Ni films, on the other hand, the magnetization switch
from an in-plane state at low thicknessto a perpendicular
orientation abovedc'7 ML for Ni ~001!/Cu~001!,9–13 and at
dc'5 ML for Cu/Ni~111!/Cu~111!.1 This reversed thicknes
dependence is due to the opposite signs of the surface an
ropyK 2

s of Ni and of Fe, Co,1,14which favors in-plane mag
netization for Ni and out-of-plane magnetization for Fe a
Co. The total MAE~Ref. 15! varies as a function of thick
ness according toK25K 2

v12K 2
s/d ~Kv is the volume an-

isotropy!. The direction of the magnetization is determin
by the balance betweenK 2

v, K 2
s/d, and the demagnetizing

energy 2pM2. In the monolayer range the surface contrib
tion usually dominates and determines the easy axis of
magnetization. In the cases of Ni~001! and Ni~111! on Cu
one has a large volume anisotropyK 2

v which results from the
large strain anisotropy due to the12.5% elongated neares
neighbor distance in-plane of Ni on Cu. It favors a perpe
dicular magnetization and overrides the shape anisotr
2pM2.

An interesting question is: Does the transition in Ni/C
occur continuously or discontinuously, that is to say, is i
first- or second-~or higher-! order phase transition? Theore
cally, this transition, as a function of film thickness, has be
discussed in terms of phenomenological anisotropy const
only.1 No microscopic theory, as for example for the tem
perature driven SRT,16–20 has been published. For Ni~001!/
Cu~001! absolute values for the second-order anisotropy c
tributionsK 2

v andK 2
s have been measured by ferromagne
550163-1829/97/55~6!/3708~8!/$10.00
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resonance~FMR! in UHV.9 These data agree quantitative
with the anisotropy calculated from a magneto-elastic
model which takes the experimentally determined tetrago
distortion ~12.5% tensile in-plane and23.2% compressive
strain out-of-plane! into account. Also the critical thicknes
for SRT, as a function of film thickness, is predicted co
rectly. The possibility that SRT is driven by a structural
morphological change atdc has been excluded by quantita
tive low-energy electron-diffraction21 @I~E!-LEED# and scan-
ning tunneling microscopy.22 Based on the available data i
the literature,9 one could argue that the magnetization, a
function of film thickness, switches abruptly in Ni/Cu~001!.
No stable tilted orientation neardc'7 ML was reported.
This is different from results obtained for wedge-shaped
and Co layers, where a continuous decrease of the rema
perpendicular magnetization was found when the film thi
ness increased. This was interpreted as a continuous rot
of the magnetization from out-of-plane to in-plane wi
stable intermediate angles.2,8,23

In the present work we will show that the magnetizati
in Ni/Cu~001! rotatescontinuouslyfrom a perpendicular ori-
entation above 8 ML to the in-plane direction below 7 M
Absolute values for the magnetic anisotropy up to fou
order are measured by angular-dependent ferromagn
resonance~FMR! in UHV. These data yield the equilibrium
angles~ueq andweq! of the magnetization with respect to th
@001# ~out-of-plane! and the@100# direction~in-plane! in zero
applied magnetic field. A stable intermediate out-of-pla
angleueq is found. These results are compared to the ones
Ni~111! on W~110! for which the anisotropy, due to strai
relaxation as a function of thickness, must be included in
‘‘surface’’ contribution Ks/d.24,25 The volume part should
assume bulk values, which are small. In Ni/Cu, on the ot
hand, one has a large magnetoelastic contribution, whic
not thickness dependent~volume-type!, andno strain relax-
ation contribution toKs/d in a large thickness regime. It i
worthwhile to note that no perpendicular magnetization
Ni~111! on W~110! was observed although the@111# direc-
tion is the easy axis of magnetization in bulk Ni.

Another interesting issue is the correlation between m
netic anisotropy and dimensionality. For both Ni system
crossover from two- to three-dimensional~3D! behavior at
3708 © 1997 The American Physical Society
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TABLE I. Equilibrium angles of the magnetization in zero applied magnetic field and correspon
constraints on the anisotropy parameters for fct Ni~001! on Cu~001!. Lines ~a! to ~c! of Fig. 1 correspond to
the inequations~a! to ~c!. For shortness we defineK4'1(1/4)~31cos 4weq!K4i[X.

ueq50° (a) K21
1
2 K4'2

1
8 (31cos 4weq)K4i.2pM2, if X.0

(b) K21K4'.2pM2, if X,0

sin2 ueq5
K21K4'22pM2

K4'1
1
4 (31cos 4weq)K4i

(b) K21K4',2pM2 and

(c) 2pM2,K22
1
4 (31cos 4weq)K4i , if X,0

ueq590°
(a) K21

1
2 K4'2

1
8 (31cos 4weq)K4i,2pM2, if X.0

(c) K22
1
4 (31cos 4weq)K4i,2pM2, if X,0

weq50°, @100# K4i.0
weq545°, @110# K4i,0
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5–6 ML has been reported.11,36However, in these studies th
effect on the magnetic anisotropy was not discussed.

The paper is organized as follows: In Sec. II we pres
the phenomenological model for the MAE of a tetragon
system like Ni~001! on Cu~001! and the role of the higher
order anisotropy constants is discussed in detail. In Sec
experimental details for the preparation and structure
Ni~001! on Cu~001! and Ni~111! on W~110! and the FMR
experiment are given. In Sec. IV we discuss the role of
second- and fourth-order anisotropy constants for both
tems. Section V summarizes this work.

II. SPIN-REORIENTATION TRANSITION
AND MAGNETIC ANISOTROPY

The orientation of the magnetization in ultrathin films
determined by the balance between the intrinsic MAE, wh
arises from spin-orbit coupling, and the shape anisotro
which is of dipolar origin. The latter always favors an i
plane easy axis for thin films, the former may either fav
in-plane or perpendicular orientation. The balance betw
the two anisotropy contributions changes as a function
film thickness and temperature. In our sign convention
positive anisotropy constant will favor a perpendicular ea
axis. A SRT to a perpendicular easy axis occurs when
intrinsic anisotropy becomes positive and dominates over
dipolar shape anisotropy@typically 2pM2(T50 K!'12
meV/atom for Ni#. It was found experimentally that a pe
pendicular magnetization can be stabilized in Fe and Co
ers below a critical number of layersdc'3–8 ML, which
depends on the film structure and the temperature.2,6 Ni~001!
and Ni~111! on Cu are the only known systems where th
behavior is reversed.

Due to the lack of a microscopic model we will revie
the phenomenological anisotropy model,26 which is usually
used to describe the SRT as a function of thickness.27 We
start with the anisotropic part of the free-energy density
propriate for a tetragonal ferromagnet like Ni~001! on
Cu~001!:9

E52p~N'2Ni!M2 cos2 u2K2 cos
2 u2 1

2 K4' cos4 u

2 1
2 K4i

1
4 ~31cos 4w!sin4u, ~1!

wherew is the angle of the magnetizationM with respect to
the @100# direction in the (x,y) plane.u measures the angl
t
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from the z axis @001#, which is perpendicular to the film
plane.Ni and N' are the demagnetization factors in th
plane (x,y) and normal to the film plane.28K2 , K4', andK4i

are the second- and fourth-order terms of MAE. For cu
symmetry one hasK4'5K4i ~often denoted asK1!. The easy
axis of magnetization is determined by the minimum of t
free-energy density@Eq. ~1!#. For negativeK4i the easy axis
is along the@110# direction, for positiveK4i along@100#. The
out-of-plane orientation is influenced by all anisotropy ter
in Eq. ~1!, also byK4i. The equilibrium anglesueq andweq of
the magnetization in zero external field are given in Table
One can identify three stability regions: in-plane, interme
ate, and perpendicular. In Fig. 1 we show two planes of
3D stability diagram of the magnetization:K4i50 @Fig. 1~a!#
andK4'50 @Fig. 1~b!#. For K4i5K4'50 no tilted orienta-
tion is possible, and ifK2 changes, a discontinuous flip of th
magnetization, that is a first-order phase transition, from
plane to out-of-plane is expected atK252pM2. Interest-
ingly, a tilted orientation out-of-the film plane can be o
tained if K4',0 @Fig. 1~a!# or K4i,0 @Fig. 1~b!#. In real
systemsK2 andK4 change as a function of temperature a
film thickness. The system may follow any path within th
stability diagram. For example, varyingK2/2pM2 from left
to right in Fig. 1~b! with K4i,0 yields a continuous rotation
of the magnetization vector from in-plane to perpendicul
One should note that Figs. 1~a! and 1~b! present only a lim-
ited view of the three-dimensional phase diagram which
given byK4', K4i, andK2 . It turns out that, for example, if
K4i,0 one can also find a region with tilted orientation f
K4'.0. In Table I the boundary areas between the th
regions are listed.

In a thin film two major factors contribute toKi ( i
52,4,...) according to Ki5K i

v12K i
s/d namely: ~a! a

thickness-independentcontribution usually denoted byK i
v,

and ~b! the thickness-dependentcontribution K i
s/d. The

‘‘volume’’ anisotropyK i
v includes allthickness-independen

magnetostrictive contributions and differs in most films ve
much fromKbulk . The ‘‘interface-surface’’ anisotropyK i

s re-
sults from the lowered coordination at the substrate/film a
film/-vacuum interfaces. Also, anythickness-dependentmag-
netoelastic contribution, which arises from a thickne
dependent relaxation of strain, is included in this term.
special case is the epitaxial system with a medium strain
Ni on Cu~001! ~hNiCu522.5%!: The film grows pseudomor
phic ~coherent! up to a critical thicknessdcs in a state of
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3710 55M. FARLE et al.
constant strain. The magnetostrictive contribution to the to
anisotropy is then pure volume type. Thickness-depend
relaxation contributions toK i

s are absent andK i
s is pure Néel

type. Ford.dcs, a strain relaxation contribution is containe
in K i

s/d. Kv also becomes different.
The vast majority of recent literature discusses

second-order contributionK25K 2
v12K 2

s/d only. As stated
above, this restriction does not allow a continuous SRT.
example, in the case of Co~Ref. 30! and Fe~Ref. 31! films it
was shown that one can find different types of reorientat
transitions~continuous, special, discontinuous! as a function
of film thickness if one includes higher-order terms inKs and
Kv. The ratios ofK 2,4

v andK 2,4
s determine an upperdc2 and

lower critical thicknessdc1 for a tilted orientation of the
magnetization. Ifdc2<dc1, a first-order thickness-depende
reorientation is possible.30 K 2,4

s are important for the SRT

FIG. 1. Stability regions for the easy axis of magnetization.~a!
K4' versusK2 normalized to the shape anisotropy 2pM2. Note that
the K4i50 plane is shown only.~b! K4i versusK2 normalized to
2pM2 andK4'50. A cantedueq is found in the unshaded region
only. The phase separation lines are given in Table I. Note th
negativeK4i yields an easy in-plane axis along@110#. Experimental
Ki values for Ni/Cu~001! and Ni~111!/W~110! projected onto the
K4i50 andK4'50 plane are shown also.
al
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within the film plane31 too. In the above discussion we hav
excluded the possibility of domain formation.18,28 For our
FMR experiments this is justified, because one applie
magnetic field of several hundred Gauss, which makes
film single domain. For completeness, we would like to me
tion that in a cubic or tetragonal film an uniaxial in-plan
anisotropy may arise from a vicinal cut of the substrate lay
To account for this contribution one can add a second or
in-plane anisotropyK2,2 cos

2u cos2wu in Eq. ~1!, wherewu
measures the angle between the uniaxial symmetry and
@100# direction in the plane.29

Another important parameter in the discussion of MAE
the temperature. A strong temperature dependence of al
ders of MAE is well documented for bulk samples.32 For
example, the bulk anisotropyKbulk of Ni is known to in-
crease from233104 erg/cm3 ~20.2meV/atom! atT/Tc50.9
to263105 erg/cm3 ~24.1meV/atom! atT/Tc50.2.32 Unfor-
tunately, no general theoretical function for the temperat
dependence of MAE is established in the bulk. In ultrath
films the situation is even worse. One has to consider
temperature dependence of surface and volume contr
tions. It is theoretically unclear if both terms should beha
similarly as a function of temperature. Until recently the
was only one experimental work33 which presented few data
points forK 2

s(T) andK s
v(T). Already in the early work33 it

was mentioned that the analysis ofK25K 2
v12K 2

s/d should
be done at constantT/Tc(d) and not at constantT. This is
due to the fact thatTc(d) varies strongly as a function of film
thickness.34,35 Theoretically, it is not clear ifK2 should be
analyzed at constantT or T/Tc . Experimentally, however,
we34 and others33 found thatT/Tc is the thermodynamica
relevant quantity which yields a 1/d linear dependence a
many different temperatures. Here, we extend our previ
work to the case of Ni~111!.36 Experimentally, this involves
the determination ofTc and the determination of the aniso
ropy at different absolute temperatures for each thicknes

III. EXPERIMENT

All Ni films were deposited in a vacuum better tha
1310210 mbar ~base pressure 3310211 mbar! onto a
contamination-free W~110! or Cu~001! substrate, which
show a sharp LEED pattern. Film growth was monitored
medium energy electron diffraction in the case of Ni/C
Ferromagnetic resonance~FMR! and polar and longitudina
magneto-optic Kerr effect~MOKE! measurements were pe
formed in situ immediately after deposition. For FMR, th
magnetic field was applied along the Cu@110# direction and
along the W@010# direction ~direction of largest Ni tensile

a

TABLE II. FMR conditions used to determine the anisotropy constants for Ni~111! ~Ref. 36! and Ni~001!.
Note, that in Refs. 35 and 36 a different free-energy equation with constantsk2 and k4 was used. The
conversion isk25K21K4', andk4521/2K4'.

H'film plane Hifilm plane

Ni~111! v

g
5HR'24pM1

2k2
M SvgD25HRiSHRi14pM2

2k2
M

2
4k4
M D

fct Ni~001! v

g
5HR'24pM1

2~K21K4'!

M SvgD25SHRi2
2K4i

M D SHRi14pM2
2K2

M
1
K4i

M D
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strain within the plane! which is the easy in-plane axis o
Ni~111! films as detected by MOKE. Details have been p
sented earlier.9,21,25,35,36

FMR has been proven to be an excellent tool to determ
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higher-order magnetic anisotropies quantitatively.27,37–40The
resonance condition for the Ni/Cu~001! system is derived
from Eq. ~1! by including the Zeeman energy due to th
applied magnetic field:9,40
S v

g D 25HHR cos~uH2u!1S 24pM1
2K2

M
1
K4'

M
2
K4i

2M D cos 2u1SK4'

M
1
K4i

2M D cos 4uJ
3HHR cos~uH2u!1S 24pM1

2K2

M
1
K4i

M D cos2 u1S 2K4'

M
1
K4i

M D cos4 u2
2K4i

M J . ~2!
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Resonance is observed at the applied magnetic fieldHR
which depends on the equilibrium anglesu of the magneti-
zation in an applied field and the angleuH of the magnetic
field with respect to the film normal. The in-plane anglewH
of the magnetic field was chosen along the@110# direction
(wH545°) in our experiments. The usual Kittel relations f
the magnetic field applied either in the plane (uH590°) or
perpendicular (uH50°) to the plane are given in Table I
For the Ni~111! system a different uniaxial free-energ
model25,27,35,36was used. As a result one obtains differe
resonance conditions if higher-order anisotropies are
cluded~Table II!. The quadratic anisotropy constants det
mined from the perpendicular and parallel resonance co
tions for the Ni~111! and Ni~001! can be directly compared
In our analysis we use the field- and temperature-depen
magnetizationM of Ni bulk which is proportional to the
integrated intensity of the FMR absorption.34 From the
angular-dependent FMR experiment38 one obtains the anisot
ropy constants which appear in Eq.~2!. The equilibrium
angleueq of the spontaneous magnetization is calculated
cording to Table I.

A. Cu„001…/Ni„001…/vacuum

Recent investigations by quantitative I~E!-LEED
analysis21 and scanning tunneling microscopy22 have shown
that Ni grows pseudomorphic on Cu~001! with an in-plane
lattice constantap52.53 Å at coverages 3 and 5 ML, an
ap52.51 Å at 11 ML. Compared to the in-plane lattice co
stantap52.55 Å of bulk Cu the Niap is contracted from the
first layers on, which indicates that the surfaceap of Cu is
already reduced toap52.53 Å. This was reported recently.41

A tetragonally distorted~fct! artificial Ni lattice is stabilized
at least up to 11 ML, which in comparison to bulk fcc N
~ap52.49 Å! is expanded by 2.5% in the film plane an
compressed by23.2% along the surface normal. There is
characteristic structural or morphological change atdc57
ML ~Refs. 21 and 22! at which the SRT is observed.

B. W„110…/Ni„111…/vacuum

Films were grown on smooth and rough W~110! sub-
strates. Smooth substrates with terrace sizes on the ord
.100 Å were produced by high-temperature annealing a
sputtering. Rough surfaces were obtained after ‘‘soft’’ sp
tering at 1 keV~6 mA/cm2! for 3–5 min and subsequen
annealing to 800 K. Such surfaces still showed the bcc~110!
LEED pattern with an increased spot diameter (1.5–2x) and
t
-
-
i-

nt

c-

of
er
-

an intensified background. Such a surface is expected to h
small, 1–2 layer deep craters with a mean separation
20–50 Å. The lattice misfit between fcc Ni~111! and bcc
W~110! planes is along the W@001#, i.e., Ni[1̄10] direction
f @001#5(aNi2aW)/aW5221.3% ~aNi52.492 Å, aW53.165
Å! and along the W [11̄0], i.e., Ni [1̄1̄2], direction f @1 1̄0#

5(A3aNi2A2aW)/A2aW523.6%. Up to a coverage o
0.75 ML the film grows pseudomorphic with the characte
istic ~131! LEED pattern of W~110!. At 300 K growth con-
tinues layer-by-layer42 up to 30 ML. Above 0.75 ML the film
relaxes from the bcc~110! type layer to a fcc~111! structure.
At 6 ML only the symmetric LEED pattern of a fcc~111!
surface with a 3.6% dilated nearest-neighbor distance
observed.43

IV. DISCUSSION

A. Second-order surface and volume anisotropy
Before we turn to the discussion of our investigation w

will summarize the results reported previously. The reorie
tation of the magnetization of fct Ni~001! on Cu~001! has
been studied by several groups. At room temperature
magnetization is in-plane for film thicknesses below'7 ML
~Refs. 9, 11, 12, and 45! and above'41 ML.10,44,46Perpen-
dicular magnetization was reported for the intermedi
thickness interval. Near the upper critical thickness~41 ML!
evidence for a tilted out-of-plane magnetization w
reported.10 Here, we will focus at thicknessesd,11 ML.
The results forK 2

v andK 2
s are summarized in Table III.K 2

v

of fct Ni~001! ~Refs. 9, 37, and 45! is by nearly two orders of
magnitude enhanced in comparison to the fourth-ord
cubic-bulk anisotropy. The existence of a quadratic ‘‘vo
ume’’ anisotropy in Ni~001!/Cu~001! reflects the tetragona
distortion of the fcc Ni lattice on Cu~001!. We have shown
earlier9 that the sign and magnitude ofK 2

v is in quantitative
agreement with the calculated magnetoelastic anisotropy
to the 2.5% lateral expansion of Ni~001! on Cu~001! and the
associated tetragonal distortion. The origin of the perp
dicular magnetization ford.7 ML is K 2

v andnot K2
s. The

negative surface anisotropyK 2
s favors an in-plane magneti

zation, and below 7 ML (22K 2
s/d12pM2) is large enough

to compensate2K 2
v. In Table III the anisotropies for

Ni~001! grown on a Cu buffer layer on Si~001! ~Ref. 10! are
also listed.K 2

s andK 2
v are different from our values, which

is most likely due to the differences in the substrates.
Ni~001! films capped with a Cu layer,24 one finds that the
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second Ni/Cu interface roughly doubles the magnitude ofK 2
s

in the coherent growth regime (d,dc) and modifies the vol-
ume contribution by 10% only. If one assumes that the
terface of Ni on Cu is the same as that of Cu on Ni, o
estimates that the vac/Ni~001! interface anisotropy is
negligible.9,10 Due to the enhancedK 2

s, the lower critical
thickness for perpendicular magnetization increases for
Cu/Ni/Cu system.

Results on the magnetism of Ni~111!/W~110! ~Table III!
have been reported previously.25,35,36At about 5 ML a cross-
over from three- to two-dimensional behavior is found. T
analysis of the ferromagnetic resonance data for Ni~111! was
performed with a free-energy model appropriate for a h
agonal system35 with negligible in-plane anisotropy. Base
on the LEED finding this seems appropriate ford.5 ML,
where isotropic strain is observed. The results obtained
our earlier publications are summarized below.~1! No di-
mensionality effect in the anisotropy is observed as a fu
tion of film thickness.~2! K 2

s is negative andK 2
v is positive,

and the total anisotropyK2 is for all thicknesses smaller tha
2pM2. The magnetization lies in the plane for all thic
nesses.~3! The largeK 2

v at T/Tc50.54 ~Table III! corre-
sponds to an additional magnetoelastic anisotro
Kbulk1Kme with Kme51.5l«. Using the bulk magnetostric
tion constantl522.531025 one calculates a tensile stra
«54.2%,25 which is in reasonable agreement with the me
sured 3.6%.~4! The volume anisotropy of Ni~111! films
grown on rough W~110! is smaller than the one for films o
a smooth substrate.36 This indicates the effect of the in
creased number of defects in the rough films, which cau
faster relaxation to the unstrained bulk lattice. The surf
anisotropy, however, remains the same~Table III!. This is
surprising since one would expect that the strain relaxa
contribution toK 2

s is different for the rough and smoot
surface. Consequently, the Ne´el-type interface contribution

TABLE III. Surface and volume anisotropies of fct Ni~001!/
Cu~001! and fcc Ni~111!/W~110! films around 300 K@T/Tc'0.5
for Ni~111! and T/Tc'0.7 for Ni~001!#. Values for films capped
with different layers are given also.K 2

S,V,0 favors in-plane mag-
netization. For Ni~001! we use 1 erg/cm25334 meV/atom, 106

erg/cm356.8 meV/atom. For the Ni~111! plane one has 1
erg/cm25384 meV/atom. Note, that the shape anisotro
2pM2~300 K!57.5 meV ~M5420 G! is contained inK 2

V of Ref.
24.

K 2
S/1 ML

~meV/atom!
K 2

V

~meV/atom!
T

~K! Ref.

Ni~111!/W~110! 288 10.8 T/Tc50.54 25
Vac/Ni~111! 2184 300 50
Re/Ni~111! 273 300 50
Cu/Ni~111!/Cu
d,dcs 231 18.8 300 24
d.dcs 1104 26.2 300 24
Cu/Ni~001!/Cu
d,dcs 2134 126.5 300 24
d.dcs 1301 210.9 300 24
Vac/Ni~001!/Cu
d,dcs 277 130 300 9
d,dcs 240 122 300 10
-
e

e

-

in

-

y

-

a
e

n

at the W~110! interface must be different. In the following
we discussK 2

v, K 2
s of Ni~001! and Ni~111! as a function of

reduced temperatureT/Tc(d) ~Fig. 2!.
K 2

v varies almost linearly as a function ofT/Tc in both
systems. Extrapolation of the linear behavior toT50 K
yieldsK 2

v'72meV/atom for Ni~001! andK 2
v'25meV/atom

for Ni~111!. A total-energy calculation for bulk fct Ni~001!
with the lattice parameters of Ni/Cu~001! ~Ref. 21! yields
K 2

v'140meV/atom atT50 K.49 The agreement is not sa
isfactory and becomes even worse if one considers an
trapolation based on experimental bulk Ni magnetostrict
constants.13 One finds that the strain anisotropyKme53/2
l100 ~«'2«i! (c112c12) ~Ref. 40! calculated with«i52.5%,
e'523.2% and, taking the temperature dependences ofl100,
c11, andc12 of bulk Ni ~Ref. 48! into account, agrees within
the error bars withK 2

v. It is also worthwhile to mention tha
there may be errors in the calculation since the same the
yields a wrong MAE for bulk Ni.49 K 2

v of Ni~111! is always
smaller than that of fct Ni~001!. At first this seems surprising
since the average in-plane strain«53.6% for Ni~111! ~as
detected by LEED! is larger than the one for fct Ni~001!.
However, the magnetostrictive constantl111 is by a factor of
2 smaller thanl100. This explains why for a larger strain
smaller anisotropy results.

Interestingly, the surface anisotropy of Ni~001! ~d,dcs!
and Ni~111! is nearly the same for all temperatures. Cons
ering that for Ni~111! there is a magnetoelastic and a Ne´el-
type contribution toK 2

s and in Ni~001! only a Néel-type
contribution, this agreement seems to be accidental.
simple explanation that the Ne´el-type contribution in both
structures is the same and dominates over any small ma
toelastic contribution seems unlikely to us. No straightfo
ward explanation can be given, since there is no possib
to analyze the temperature dependence of the magnetoe
and the Ne´el contributions separately. Also, no microscop
theoretical model for the temperature dependence ofK 2

s ex-
ists to our knowledge. For lack of better models we ha
added a linear fit toK 2

s of Ni~001! which should be seen a
a guide to the eye only. If one follows the linear trend
T/Tc50, one findsK 2

s ~T50 K!'2180 meV/atom which

FIG. 2. Temperature dependenceK 2
s ~squares! andK 2

v ~circles!
for Ni~111!/smooth W~110! ~open symbols! and Ni/Cu~001! ~solid
symbols!. The anisotropy of bulk Ni~Ref. 32! is given also~solid
diamonds!. Dashed and solid lines are guides to the eyes only.
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yieldsK 2
ML5K 2

v12K 2
s52270meV/atom atT50 K for the

Ni~001! monolayer. This value does not agree with
K 2
ML5294 meV/atom calculated for a Ni~001! monolayer

with the Cu lattice constant.47 On the other hand, if one
chooses an extrapolation as indicated by the dotted line, o
obtains K 2

ML ~T50 K!5298 meV/atom in much better
agreement with the calculation, but with a large error ba
We like to point out, however, that this extrapolation is am
biguous and was added only to reflect the fact that there is
curvature in theK 2

s(T/Tc) data. All anisotropies in Ni vanish
at the Curie temperature. This is not generally true in ferr
magnets. For Gd~0001! films on W~110! it was found that
K 2

v remains finite atTc ,
34 as it is also known for the bulk.

B. K4', K4i, and the spin-reorientation transition

As pointed out in Sec. II, an analysis of the anisotropy i
quadratic order only is a severe restriction in the investig
tion of SRT. In the following we will discuss the reorienta-
tion transition in Ni/Cu~001!. The fourth-order contributions
in Eq. ~1! can be determined by angular-dependent FM
according to Eq.~2!. The experimental resonance fieldHR as
a function of magnetic field angleuH is shown in Fig. 3 for
three different thicknesses. The temperature for all films

FIG. 3. Angular dependence of ferromagnetic resonance field
T/Tc'0.7 for three thicknesses of Ni/Cu~001! ~solid circle! 9 GHz;
~open circle! 4 GHz. Fits according to Eq.~2! ~solid lines! with
M'420 G,g52.18 yield:~a! K251.6,K4'520.48,K4i520.55;
~b! K256.59, K4'520.15, K4i520.14; and ~c! K259.5,
K4'50.1,K4i521.7meV/atom.
ne

r.
-
a

-

-

is

aboutT/Tc50.7. Already, the reversed angular dependen
@Figs. 3~a! and 3~c!# for the 5 and 8 ML film unambiguously
shows that the easy axis of magnetization is parallel
perpendicular, respectively. This is confirmed by the
~solid line! according to Eq.~2!, which yields the parameter
K2 , K4', andK4i. The demagnetization energy 2pM257.5
meV/atom of bulk Ni is used. Figure 3~b! shows only a
small, unusual variation ofHR ~note the differenty scale!.
The fit determines anisotropy constantsKi , which yield an
equilibrium angleueq529° of the magnetization in zero mag
netic field ~Table I!. From this we conclude that the SRT a
a function of film thickness is of second or higher order. Th
was reproduced for several other thicknesses and a na
thickness interval from 7 to 8 ML is found where stab
canted orientations of the magnetization exist.

Results forK4' andK4i as a function of film thickness a
T/Tc'0.8 are given in Fig. 4. One finds thatK4''0.24
meV/atom is nearly thickness independent for 6 ML,d,8
ML,40 and much smaller thanK2'10 meV/atom. Interest-
ingly, due to the negligible thickness dependenceK4' is not
expected to be the dominant mechanism for the thickne
dependent out-of-plane SRT.K4i, on the other hand, shows
stronger thickness dependence and follows a 1/d law within
the error bars. One may conclude that the fourth-order c
tributionK4i is the intrinsic origin for the continuous out-of
plane reorientation.K4i changes sign at approximately 6
ML ~Fig. 4!. This indicates that an in-plane SRT occurs. T
easy axis of magnetization rotates from@100# in the film
plane to@110# for d.6.7 ML at this temperature. Howeve
a clear correlation between in-plane and out-of-plane SRT
the sense that they dependent on each other cannot be
cluded from our data.

Linear regression of the data in Fig. 4 yields the four
order surface (K 4i

s ,K 4'
s ) and volume (K 4i

v ,K 4'
v ) anisotro-

pies given in Table IV. The second- and fourth-order con
butions are different in sign, that is to say for an infinite
thick fct Ni K 2

v favors the@001# andK 4i
v the @110# direction.

K 4i
v andK 4'

v differ by two orders of magnitude and hav
negative signs. This is different to the cubic anisotropy
bulk Ni Kbulk'11023 meV/atom @0.75,T/Tc,0.87 ~Ref.

at

FIG. 4. Fourth-order anisotropy constantsK4i and K4' as a
function of reciprocal film thickness for Ni~001! nearT/Tc'0.8.
K4i changes sign atd'6.7 ML.
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48!#, and shows that the tetragonal distortion not only int
duces a second-order termK2 @Eq. ~1!# but also changes
fourth-order contributions.K 4'

s andK 4i
s are both positive in

difference to a negativeK 2
s. For completeness we would lik

to mention that this evaluation holds only at the given te
perature and has been obtained in a narrow thickness inte
only. Preliminary results which will be discussed elsewh
indicate thatK4i also strongly depends on temperature a
sample history.

According to Fritscheet al.30 three different types of SRT
as a function ofd can be distinguish if one considers secon
and fourth-order contributions. Following their argumen
we calculate the critical thicknesses40 for full in-plane and
out-of-plane orientation atT/Tc'0.8:

dc25
2~K2

s1K4'
s !

2pM22~K2
v1K4'

v !
57.161 ML, ~3a!

dc15
2K2

s2K4i
s

2pM22K2
v10.53K4i

v 57.161 ML. ~3b!

Within the error bar these values are equal and lie within
thickness interval for a canted magnetization observed
angular FMR. Fromdc1'dc2 one might have concluded tha
the thickness-dependent reorientation is of first-order o
specialtransition. Note that according to Fritzscheet al.30 a
special transition fordc15dc2 is the only one at which the
total anisotropy really disappears. Figure 3, however, un
biguously demonstrates that a stable canted magnetiza
exists and that the SRT is of second- or higher order.
Ni~111!/W~110! an analysis of fourth-order anisotropy at d
ferent film thicknesses was only possible for the rou
substrate.36 For shortness we will not repeat the free-ener
model used in the analysis of Ni~111!,36 but present the re
sult only ~Fig. 5!. To ease the comparison between the d
ferent free-energy models we recalculated the origi
Ni~111! data in terms of Eq.~1!. The recalculated Ni~111!
data are shown in Fig. 5 as a function of film thickness a
are also plotted in Fig. 1~a! normalized by 2pM2. Unfortu-
nately, the FMR measurements were not taken at the s
reduced temperature, resulting in the scatter of the d
points in Fig. 5. Nevertheless, one can estimate the hig
order surface and volume contributions given in Table
~last two lines! with a large error bar. Interestingly, i
Ni~111! the magnitude ofK 4'

v is comparable toK 2
v, which

may indicate that uniaxial distortion plays a negligible role

TABLE IV. Second- and fourth-order surface and volume a
isotropy constants for Ni~001! (T/Tc'0.8) and Ni~111! on rough
W~110!. For easier comparison the original Ni~111! data~Refs. 27
and 36! have been recalculated~Table II! in terms of the free energy
given in Eq.~1!.

K i
V

meV/atom
K i

S/1 ML
~meV/atom!

Ni~001! K4i 29.8 133
K4' 20.08 11.0
K2 129 277

Ni~111! K2 12.3 218
K4' 12 220
-

-
val
e
d

-

e
y

a

-
on
r

h
y

-
l

d

e
ta
r-

this thickness regime. This is different to the Ni~001! fct
case, where the strongly enhanced second-order term refl
the large tetragonal distortion. The magnitude ofK 4'

s rela-
tive to K 2

s has no special implications, since there is
thickness dependent SRT at any thickness.

V. SUMMARY

The out-of-plane reorientation of the magnetization in
Ni/Cu~001! has been identified as a second- or higher-or
phase transition. Between 7 and 8 ML stable intermed
angles of the magnetization have been measured by ang
dependent FMR. Near 6.7 ML a reorientation within the fi
plane from@100# to @110# is also found. The origin for the
continuous transition is tentatively ascribed to the four
order in-plane MAEK4i, which is experimentally deter
mined. A consequence ofK4i may also be the occurrence o
the in-plane reorientation at about the same thickness. Th
retically, however, both reorientations are not expected to
related. Furthermore, we have studied the temperature
pendence of the surface and volume magnetic anisotrop
Ni~001!/Cu~001! and in Ni~111!/W~110!. A linear extrapola-
tion of K 2

v as a function ofT/Tc yields experimental values
for the anisotropy at 0 K of tetragonally distorted Ni~001!
bulk and isotropically strained Ni~111! bulk, which can be
compared to theoretical calculation. For fct Ni~001! we ex-
trapolate K 2

v'172 meV/atom. An extrapolation ofK 2
s

~T→0 K! yields a monolayer magnetic anisotropy of298
meV/atom which agrees very well with a theoretical val
K 2
ML5294 meV/atom obtained for the Ni monolayer o

Cu~001!.47

Note added in proof. After submission of this manuscrip
an SRT calculation by Millevet al.51 was published, which
is in good agreement with our analysis.
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FIG. 5. Second- and fourth-order anisotropy for Ni~111!/rough
W~110! as a function of reciprocal film thickness~1 ML52.035 Å!.
Values for 15, 10, and 7.5 ML were obtained at 550 K (T/Tc50.9),
300 K (T/Tc50.5), and 300 K (T/Tc50.6).
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