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Measurements of effective magnetic anisotropy energy of epitaxial Cu/Ni/Cu~001! sandwiches are analyzed
as a function of Ni film thicknessh. The magnetization easy axis is perpendicular to the films for 20,h,140
Å. The magnetic anisotropy is best described by inclusion in the effective anisotropy energy of the strain-
dependent magnetic surface anisotropy term, predicted by the strain-dependent Ne´el model, along with the
usual magnetostatic, magnetocrystalline, and bulk magnetoelastic energies. Thesurface magnetocrystallineand
surface magnetoelasticanisotropy energies of the Ni/Cu~001! interface are determined to be10.9 erg/cm2 and
252 erg/cm2, respectively. The effective magnetoelastic coupling coefficient~bulk plus surface! of
Cu/Ni/Cu~001! is predicted to change sign ath580 Å. The two observed magnetization easy-axis reversals are
also well described by this model.

The total anisotropy energy density of a uniformly mag-
netized material can be represented as

Keffsin2u, ~1!

whereu is the angle between the magnetization and the film
normal andKeff includes all relevant anisotropy energy den-
sity contributions: Keff522pMs

21KMC
b 1Bbe, magneto-

static, magnetocrystalline, and magnetoelastic terms, respec-
tively. HereMs is the saturation magnetization,Kb is the
bulk magnetocrystalline anisotropy,Bb is the bulk magneto-
elastic coupling coefficient, ande is the strain tensor.~The
magnetoelastic coupling coefficientBb is proportional to the
negative of the more familiar magnetostriction coefficient
ls.) The reduced symmetry in the atomic coordination at the
interfaces of magnetic thin films generally introduces a sig-
nificant contribution to the effective magnetic anisotropy:

Keff522pM s
21KMC

b 1Bbe1~Ks1Bse! /h. ~2!

The existence of the magnetic surface anisotropy is often
justified in terms of a phenomenological model first pro-
posed by Ne´el.1 It is not widely recognized that the strain-
dependent part of the magnetic surface anisotropy,Bse/h,
i.e.,surface magnetoelastic~ME! anisotropy,2 comes as natu-
rally from the pair-interaction model3 as does the strain-
independentsurface magnetocrystallineanisotropy,Ks/h.

Few studies of magnetic anisotropy in thin films consider
strain effects due to lattice misfit and its partial accommoda-
tion by misfit dislocations,4–10surface relaxation, and/or sur-
face terraces.3,11 However, in Refs. 4–11 onlybulk ME in-
teractions have been taken into account in the analysis of the
behavior of the magnetic anisotropy.

In the past few years, several experimental results have
unambiguously demonstrated that ME interactions at sur-
faces and in thin films are significantly different than in the
bulk. Zubereket al.12 found that the effective magnetostric-
tion constant of Ni/Ag multilayers goes from negative to
positive values as the Ni film thickness goes to zero. Sun and
O’Handley13 found that the surface ME coupling coefficient
in Co-rich and Fe-rich amorphous alloys can differ sharply
from the bulk value. More recently, Songet al.14 measured

the effective ME coupling coefficient in polycrystalline
NiFe/Ag/Si, NiFe/Cu/Si, and Ni/SiO2/Si thin films by a di-
rect in situmethod.2 Beff was shown to diverge from the bulk
value to more positive values for film thicknesses below 150
Å and to take giant positive values in films thinner than
40–60 Å due to a significant surface contribution. In particu-
lar, they found thatBs'120 ergs/cm2 in polycrystalline Ni
thin films. The magnetostriction constant has also been mea-
suredin situ for polycrystalline Fe thin films using a canti-
lever beam technique.15 Significant deviations from the bulk
value of the magnetostriction constant were observed for Fe
film thicknesses below approximately 100 Å. The effective
magnetostriction constant was shown to change sign when
the Fe film thickness was between 80 and 30 Å. It has re-
cently been shown that, for vacuum/Ni/Cu/Si~001!, Beff

5Bb1Bs/h changes sign at a Ni thickness of 28 Å.16 Bochi,
Song, and O’Handley17 have shown that published data on
the magnetic anisotropy in epitaxial fcc~111! Co/Cu
superlattices6 can be more effectively interpreted by inclu-
sion of a surface ME term. It was found thatBs ~Co/Cu!~111!
'224 ergs/cm2, implying that the effective ME coupling
coefficient of fcc Co/Cu~111! multilayers changes sign
around a Co thickness of 9 Å.

In the present work, we report the behavior of both the
magnetic anisotropy and the ME coupling in epitaxial Cu/Ni/
Cu/Si~001! sandwiches. This system is remarkable for the
broad Ni thickness range over which the easy axis of mag-
netization is perpendicular to the film plane. This strong per-
pendicular magnetization has recently been vividly con-
firmed by extensive magnetic force microscopy~MFM!
studies.18 We show that the interpretation of the dependence
of the magnetic anisotropy energy on Ni film thickness is
severely wanting without the inclusion of the surface ME
anisotropy,Bse/h, of Eq. ~2!. Using a phenomenological
model developed recently17and based on the strain-
dependent pair-interaction model of magnetic surface
anisotropy,3 we are able to determine the surface magneto-
crystalline anisotropyKs, and surface ME coupling coeffi-
cient Bs, corresponding to the Ni/Cu~001! interface. The
variation of the effective ME coupling coefficientBeff5Bb

1Bs/h with Ni film thickness is also determined. The in-
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plane magnetization at the smallest Ni thickness is found to
be due to the negative surface ME anisotropy energy,
2Bse(h)/h. The origin of the strong perpendicular magnetic
anisotropy in this system, evident over the Ni thickness
range 25,h,140 Å, is found to arise from the surface mag-
netocrystalline anisotropy energyKs and the bulk ME anisot-
ropy energy 2Bbe(h). The return to in-plane magnetization
above 140 Å is a magnetostatic effect.

Our ~20-Å Cu!/Ni/~2000-Å Cu! sandwiches were depos-
ited at room temperature on Si~001! substrates by MBE.
Base pressure was in the 10210-Torr range and rose to the
1029-Torr range during the depositions. The Cu substrate
layer was deposited at 3.0 Å/s and the Ni film and Cu cap-
ping layer were deposited at 0.5 Å/s. Thicknesses were de-
termined by a quartz crystal oscillator calibrated by repeated
profilometer measurements on thicker films. Thickness error
is less than66%. Further details of the experimental proce-
dures are given elsewhere.8,19,20The crystallographic quality
of the sandwiches was studiedin situ by reflection high-
energy electron diffraction~RHEED! and ex situ by x-ray
diffraction and transmission electron microscopy~TEM!.
RHEED confirmed Ni epitaxy on the Cu~001! surface by
pattern continuity. X-ray diffraction pole figures showed the
fourfold symmetry expected of epitaxial Ni/Cu rotated 45°
from the fourfold pattern of Si~001!. High-resolution cross-
sectional TEM confirmed Ni and Cu epitaxy on Si~001! and
suggested roughness of order620 Å about the mean. This
roughness was reflected in the spot-plus-streak pattern ob-
served by RHEED. Atomic force microscopy has also con-
firmed the 20-Å surface roughness. Using plan-view TEM,
we observed both 60° and 90° misfit dislocations~MD’s!
running along thê110& directions of the Ni/Cu~001! inter-
face and we measured their densities as a function of Ni film
thickness.19,20 MD’s were present in Ni/Cu~001! thin films
with Ni thicknesses of 25 Å and greater but not in the 15-Å-
thick films, which indicates that the critical thicknesshc for
the onset of MD’s is between 15 and 25 Å. A TEM image of
the MD’s appears in Ref. 19. For Cu/Ni/Cu~001! sandwiches,
we observed dislocations in Ni films as thin as 30 Å, indi-
cating thathc,30 Å.21 We also measured the average in-
plane biaxial tensile misfit straine0(h) in the Ni films as a
function of the film thickness in Ni/Cu/Si~001! epitaxial thin
films by measuring the change in substrate curvature using
an optical interferometry technique.20 The magnetic proper-
ties of our Cu/Ni/Cu~001! sandwiches were studiedex situ
using a vibrating sample magnetometer where magnetic
fields up to 10 kOe were available to saturate the films in
plane or out of plane and hence to measure the effective
magnetic anisotropy energy density,Keff, as a function of Ni
film thicknessh.

The saturation magnetization of our Cu/Ni/Cu/Si~001!
films was also determined and found to be within610% of
the bulk value for Ni except for films of thickness 20 Å or
less, which were lower. The present paper describes results
on films of 35-Å Ni thickness and greater. Further, a careful
study by Huanget al.22 has shown that the Curie temperature
of bulk Ni is valid for Ni films as thin as 35 Å.

Our measurements ofKeffh versush are shown in Fig. 1.
The first important result is that perpendicular magnetic an-
isotropy (Keff.0! dominates up to Ni thicknesses of approxi-
mately 135 Å in Cu/Ni/Cu~001! sandwiches. This is in agree-

ment with the measurements of Naiket al.23 on 500-Å
Cu/Ni/500-Å Cu/Si~001! and the measurements of Jungblut
et al.9 on 25-Å Au/10-Å Cu/Ni wedge/Cu~001!, both of
which showed that the magnetization easy axis is perpen-
dicular to the sandwiches up to a Ni thickness of approxi-
mately 100 Å. The region of perpendicular magnetization in
Cu/Ni/Cu~001! shown in Fig. 1 is exceptionally broad, even
when compared to the remarkable width of the perpendicular
region discovered in Ni/Cu~001! thin films.8,16MFM images
on our films as thin as 20 Å confirm the strong perpendicular
magnetization.18 The second important result of Fig. 1 is that
the magnetization easy axis showstwo switching thick-
nesses: one near 135 Å, which our measurements confirm,
and another one near 20 Å. Two switching thicknesses for
the magnetization easy axis have also been reported in Ni/
Cu~001! thin films,8,16 Fe/Ag~001!,24 and Fe/Cu~001!.25 We
now interpret the Ni thickness dependence ofKeff, the large
range of perpendicular magnetization observed, and the two
average spin reorientation transitions.

The effective magnetic anisotropy energy of an ultrathin
strained epitaxial~001! film sandwiched betweentwo identi-
cal nonmagnetic layers can be described from Eq.~2! by the
following general phenomenological equation:17

Keff522pMs
212SB11

Bs

h D e0~h!1SK11
2Ks

h D . ~3!

B1 is the first-order cubic bulk ME coupling coefficient and
e0(h) is the average in-plane biaxial misfit strain. The bulk
magnetocrystalline anisotropy,K1, is negligible for
Ni/Cu~001! thin films. As explained above, all of the Ni films
in this study have a thicknessh.30 Å>hc. For h.hc,
e0(h) decreases with increasing film thickness as misfit
strain is accommodated by interfacial MD’s. Using the form
of the average strain suggested by Chappert and Bruno,5

e0(h)5hhc/h ~where h is the film-substrate lattice mis-
match!, in Eq. ~3! we obtain

Keffh522pMs
2h12~B1hhc1Ks!1

2Bshhc
h

. ~4!

By fitting our data of Fig. 1 with Eq.~4! using B1
56.23107 ergs/cm3, h52.6%, hc518 Å ~the thermo-
dynamic critical thickness!, and 2pMs

251.53106

ergs/cm3, we obtain the solid line shown in Fig. 1. Compar-

FIG. 1. Keff h versus Ni film thickness for our Cu/Ni/Cu~001!
sandwiches. The solid curve is a plot ofKeff~h! versush using Eq.
~4! and the magnetic surface energies in the first row of Table I. The
dashed straight line is the best fit to the data withBs50.
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ing the equation of this line with Eq.~4!, we get the magnetic
surface anisotropy coefficients for the Ni/Cu~001! interface:

Ks510.98 ergs/cm2 and Bs5267 ergs/cm2.

We have also fit our experimental data using the thickness
dependence of the strainmeasuredfor Ni/Cu~001! thin films
by optical interferometry.16 In that case we obtained
Ks~Ni/Cu!~001!510.88 ergs/cm2 and Bs~Ni/Cu!~001!
5252 ergs/cm2. As evidenced by these numbers, the abso-
lute value of the surface anisotropy energies extracted from
the fit are very sensitive to the thickness dependence of the
misfit strain. We have also analyzed the data of Jungblut
et al.9 using Eq.~4! ~with hc 515 Å, as reported in Ref. 9!
and found that their data can be very well described by Eq.
~4!. In this case, the magnetic surface anisotropy energies
are determined to beKs~Ni/Cu!~001!510.73 ergs/cm2 and
Bs~Ni/Cu!~001!5237 ergs/cm2. When they analyzed their
own data, Jungblutet al. found Ks~Ni/Cu!~001!520.40
ergs/cm2, opposite in sign to our results. They assumed
a priori that Bs50 andhc540 Å for their Cu/Ni/Cu~001!
sandwiches.

Traditionally, the surface ME anisotropy, although arising
naturally from the Ne´el model, has been completely omitted.
This is equivalent to settingBs50 in Eq.~4!. WhenBs50, a
plot of Keffh versush gives a straight line of negative slope
equal to22pMs

2. We tried to fit our data of Fig. 1 with such
a line. The result, displayed in Fig. 1 with the dashed line,
clearly shows that the fit is very poor. Such a model
(Bs50! is therefore inadequate for Cu/Ni/Cu~001! sand-
wiches.

The above results on the surface magnetocrystalline an-
isotropy energy and the surface ME coupling coefficient of
the Ni/Cu~001! interface are summarized in Table I. The sur-
face magnetocrystalline anisotropy energies are all large and
positive indicating thatKs~Ni/Cu!~001! together with the
bulkME anisotropy energy, 2B1e0(h), constitute the origin
of the remarkable perpendicular magnetic anisotropy in
Cu/Ni/Cu~001! sandwiches. On the other hand, the surface

ME coupling coefficients in Table I are negative, indicating
that thesurfaceME anisotropy energy 2Bse0(h)/h favors an
in-plane magnetization in Ni/Cu~001!. At small Ni thick-
nesses (h,20 Å!, this negative term becomes very large and
is responsible for keeping the magnetization in-plane there.
The bulk magnetostatic energy 2pMs

2, on the other hand, is
responsible for bringing the average magnetization back in
plane forh.135 Å. Our model therefore gives a good ex-
planation as to why the magnetization easy axis changes ori-
entation twice. Double magnetization easy-axis transitions
are also present in Fe/Ag~001! ~Ref. 24! and Fe/Cu~001!.25

In both of those cases, both transitions occur forh,hc,
which means that the lower transition is certainly not due to
the onset of MD’s, contrary to what some groups had specu-
lated. These cases cannot be easily explained by Eq.~4! with
Bs50.

The large values of anisotropy we observe for the Cu/Ni
interface may not be typical of ideal, planar interfaces. Our
Cu/Ni interfaces showed a roughness of620 Å about the
mean. We saw no effects of Cu/Ni interdiffusion unless the
films were heated to well over 400 °C. If there were signifi-
cant Cu/Ni interdiffusion it would relieve misfit strain at the
Cu/Ni interface and cause MD’s to be observed only at thick-
nesses much greater than the calculated critical thickness,
hc518 Å. As mentioned above, we have observed MD’s in
Ni/Cu~001! at 25 Å of Ni ~Ref. 19! and at 30 Å of Ni in
Cu/Ni/Cu~001!.21 Although thin films are not necessarily in
thermodynamic equilibrium, the lack of any indication of
significant NiCu mixing is consistent with the equilibrium
phase diagram, which shows a miscibility gap in this system
below 354 °C.

The average values of the surface energies in the first
three rows of Table I areBs'250 ergs/cm2 and
Ks'10.85 ergs/cm2. In agreement with the predictions of
the strain-dependent Ne´el model3 for fcc ~001! interfaces,
Ks and Bs have opposite signs. Using the average surface
ME coupling coefficient corresponding to the Ni/Cu~001!
interface, we plot the effective ME coupling coefficient
Beff5B11Bs/h for Cu/Ni/Cu~001! sandwiches in Fig. 2. The
figure indicates that significant deviations from the bulk
value B1 occur for films as thick as 200 Å and thatBeff

FIG. 2. Dependence of the effective ME coupling coefficient on
Ni film thickness in Cu/Ni/Cu~001! sandwiches. We used the aver-
age valueBs ~Ni/Cu!~001!'250 ergs/cm2 obtained from the data in
Table I. The dashed line indicates the bulk ME coupling coefficient
of Ni.

TABLE I. Surface ME coupling coefficient and surface magne-
tocrystalline anisotropy energy determined for the Ni/Cu~001! in-
terface. The first three rows summarize the results obtained by ap-
plying the phenomenological model of Eq.~4! to our data and
to those of Jungblutet al. ~Ref. 9! on Cu/Ni/Cu~001! sandwiches.
For our data, we have used both a 1/h and a 1/h0.7 Ni film thick-
ness dependence of the strain. The results in the last row are the
ones reported by Jungblutet al. using the model of Eq.~4! with
Bs50.

Cu/Ni/Cu~001!
sandwiches

Bs ~Ni/Cu!~001!
~ergs/cm2!

Ks ~Ni/Cu!~001!
~ergs/cm2!

Our data
e0(h)5(hhc/h)

267 10.98

Our data
e0(h)5(0.18/h0.7)

252 10.88

Data of Jungblut
et al. ~1994!
e0(h)5(hhc8/h)

237 10.73

Results of Jungblut
et al. ~Ref. 9!

20.40
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changes sign around 80 Å becauseBs~Ni/Cu!~001!,0. This
striking result questions the assumption, often encountered in
the literature, that bulk ME coupling coefficients apply to
ultrathin films and it is supported by the recent measure-
ments of Songet al.14 and Weberet al.15 on polycrystalline
materials. The present results are evidence for surface mag-
netoelastic effects in epitaxial, single-crystal films. We em-
phasize thatBs, just like Ks, is characteristic of the film-
substrate interface and not just of the magnetic film’s
chemistry. ThereforeBeff in ultrathin films depends strongly
on the symmetry and chemistry of the interfaces, not just on
the film thicknessh.

In summary, we have shown that epitaxial Cu/Ni/Cu~001!
sandwiches exhibit the largest thickness range of per-
pendicular magnetization reported for a single epitaxial mag-
netic film. The perpendicular magnetic anisotropy of this
system finds its strength in the surface magnetocrystalline

anisotropy~Néel! term and in the bulk ME anisotropy en-
ergy. The behavior of the effective magnetic anisotropy data
can only be explained if we include the surface ME anisot-
ropy energy predicted by the strain-dependent Ne´el model.
Our results predict that the effective ME coupling coeffi-
cient,Beff5Bb1Bs/h, changes sign ath580 Å and that the
magnetization easy axis exhibits two in-plane to out-of-plane
transitions. These magnetization easy-axis transitions at
small and large Ni thicknesses are due to the change in sign
of Beff and to the bulk magnetostatic energy, respectively.
The onset of MD’s is not found to play any special role in the
lower spin reorientation.16
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74, 6302~1993!; E. du Trémolet de Lacheisserie~unpublished!.

3D. S. Chuang, C. A. Ballentine, and R. C. O’Handley, Phys. Rev.
B 49, 15 084~1994!.

4U. Gradmann, Ann. Phys.7, 91 ~1966!.
5C. Chappert and P. Bruno, J. Appl. Phys.64, 5736 ~1988!;
P. Bruno and J.-P. Renard, Appl. Phys. A49, 499 ~1989!.

6C. H. Lee, Hui He, F. J. Lamelas, W. Vavra, C. Uher, and Roy
Clarke, Phys. Rev. B42, 1066~1990!.

7B. M. Clemens, R. L. White, W. D. Nix, and J. A. Bain, inMag-
netic Surfaces, Thin Films, and Multilayers, edited by S. S. P.
Parkin, H. Hopster, J.-P. Renard, T. Shinjo, and W. Zinn, MRS
Symposia Proceedings No. 231~Materials Research Society,
Pittsburgh, 1991!, p. 459.

8G. Bochi, C. A. Ballentine, H. E. Inglefield, S. S. Bogomolov,
C. V. Thompson, and R. C. O’Handley, inMagnetic Ultrathin
Films—Multilayers and Surfaces, Interfaces and Characteriza-
tion, edited by B. T. Jonkeret al., MRS Symposia Proceedings
No. 313~Materials Research Society, Pittsburgh, 1993!, p. 309.

9R. Jungblut, M. T. Johnson, J. aan de Stegge, A. Reinders, and
F. J. A. den Broeder, J. Appl. Phys.75, 6424~1994!.

10B. N. Engel, C. D. England, R. A. Van Leeuwen, M. H. Wied-
mann, and C. M. Falco, Phys. Rev. Lett.67, 1910~1991!.

11H. P. Oepen, C. M. Schneider, D. S. Chuang, C. A. Ballentine,
and R. C. O’Handley, J. Appl. Phys.73, 6186~1993!.

12R. Zuberek, H. Szymczak, R. Krishnan, and M. Tessier, J. Phys. C
~Paris! 49, 1761~1988!.

13S. W. Sun and R. C. O’Handley, Phys. Rev. Lett.66, 2798~1991!;
R. C. O’Handley and S. W. Sun, inMagnetic Surfaces, Thin
Films, and Multilayers~Ref. 7!, p. 485.

14O. Song, C. A. Ballentine, and R. C. O’Handley, Appl. Phys. Lett.
64, 2593~1994!.

15M. Weber, R. Koch, and K. H. Rieder, Phys. Rev. Lett.73, 1166
~1994!.

16G. Bochi, C. A. Ballentine, H. E. Inglefield, C. V. Thompson, R.
C. O’Handley, H. J. Hu¨g, B. Stiefel, A. Moser, and H. J.
Güntherodt, Phys. Rev. B52, 7311~1995!.

17G. Bochi, O. Song, and R. C. O’Handley, Phys. Rev. B50, 2043
~1994!.

18G. Bochi, H. J. Hug, D. I. Paul, B. Stiefel, A. Moser, I. Parash-
ikov, H.-J. Güntherodt, and R. C. O’Handley, Phys. Rev. Lett.
75, 1839~1995!.

19H. E. Inglefield, C. A. Ballentine, G. Bochi, S. S. Bogomolov, R.
C. O’Handley, and C. V. Thompson, inThin Films: Stresses and
Mechanical Properties IV, edited by P. H. Townsend, T. P.
Weihs, J. Sanchez, Jr., and P. Bo”rgesen, MRS Symposia Pro-
ceedings No. 308~Materials Research Society, Pittsburgh,
1993!, p. 765.

20H. E. Inglefield, G. Bochi, C. A. Ballentine, R. C. O’Handley, and
C. V. Thompson, inThin Films: Stresses and Mechanical Prop-
erties V, edited by S. P. Baker, P. Bo”rgesen, P. H. Townsend,
C. A. Ross, and C. A. Volkert, MRS Symposia Proceedings No.
356 ~Materials Research Society, Pittsburgh, 1995!.

21H. E. Inglefield, G. Bochi, R. C. O’Handley, and C. V. Thompson
~unpublished!.

22F. Huang, M. T. Kief, G. J. Mankey, and R. F. Willis, Phys. Rev.
B 49, 3962~1994!.

23R. Naik, C. Kota, J. S. Payson, and G. L. Dunifer, Phys. Rev. B
48, 1008~1993!.

24M. Stampanoni, A. Vaterlaus, M. Aeschlimann, and F. Meier,
Phys. Rev. Lett.59, 2483~1987!.

25C. Liu, E. R. Moog, and S. D. Bader, Phys. Rev. Lett.60, 2422
~1988!; D. P. Pappas, K.-P. Ka¨mper, and H. Hopster,ibid. 64,
3179 ~1990!.

R1732 53GABRIEL BOCHI et al.


