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The magnetoelastic(ME) stresses for a series of Cu/NistNid /Cu/Sis001d epitaxial films are reported. The
direct measurement of the stresses in the(001) plane allows determination of the irreducible ME stressBeff

g,2

that accounts for the breaking of the in-plane square symmetry.Beff
g,2 has been determined as a function of the

applied magnetic fields±15 kOed and the temperatures300–10 Kd for tNi ranging from 5 to 15 nm. The
temperature dependence ofBeff

g,2 is proportional to the square power of the reduced magnetization and the 0 K
value increases with the internal stress. These experimental observations are explained considering the tetrag-
onal distortion of the nickel caused by the epitaxial strain that the copper lattice introduces in the nickel layers.
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I. INTRODUCTION

One of the majors achievements obtained by growing ep-
itaxial thin films is the possibility of preparing new structures
with controlled composition and properties. Thus, using mo-
lecular beam epitaxy, the magnetic impurity concentration in
magnetic semiconducting thin films can be selected to ex-
ceed the thermodynamical equilibrium concentration value
which raises its Curie temperature.1 Another important
achievement is the preparation of single-crystalline thin films
with an anisotropic distortion of its crystal lattice.2 This is
possible because epitaxy allows the growing of one element
onto another with different lattice parameter. Thus, the cubic
symmetry of metals, such as nickel,3 or oxides, such as
La1/3Ca2/3MnO3,

4 undergoes a tetragonal distortion that can
be as large as a 2.5% and persists for thickness as large as
200 nm. From a magnetic point of view the relation between
distortion and magnetism is a result of the magnetoelastic
(ME) inverse effect(or Villari effect) that reflects the influ-
ence of the lattice distortion on the spin orientation through
the spin-orbit coupling. Thus, the presence of a ME aniso-
tropy energy that overcomes the magnetostatic energy ex-
plains, in nickel5 or manganite thin films,6 the startling per-
pendicular magnetic anisotropy(PMA) effect. The surface
atoms can also produce PMA as is observed in iron films
below 5 atomic layers.7 More specifically, a lot of work has
been done to relate magnetic properties with the strain state
in magnetic thin films, because controlling the magnetic an-
isotropy is important for practical purposes. The key mag-
netic parameters to understand the relation between lattice
deformation and magnetism are the ME coupling coefficients
since they indicate the strength of the coupling between the
lattice distortion and the magnetic moment structure. Direct
measurements of the irreducible ME coefficients has re-
vealed the importance of the strain and surface contributions
in 3d (Refs. 8–10) and rare-earth11 metals. In the latter sys-
tems the ME stresses, measured a function of temperature,
have revealed surface and volume contributions in the frame-

work of the single-ion theory.11 Thus, extending the measure-
ment of the ME stress to low temperature in 3d systems can
contribute to the understanding of the physical origin of the
contributions to the ME anisotropy energy density. In this
work we present direct measurements of the thermal depen-
dence of the irreducible ME stress coefficientBeff

g,2 respon-
sible for the breaking of the in-plane cubic symmetry in a
series of epitaxial Cu/NistNid /Cu/Sis001d films, with tNi

ranging from 5 to 15 nm. This system is interesting because
at room temperature, the Ni undergoes a spin reorientation
from out-of-plane to in-plane magnetization attNi .12 nm
and the Ni films are in a state of large anisotropic strain.3

This fact produces a large ME contribution to the anisotropy
energy that is very important in thin films because the mag-
netocrystalline anisotropy energy in nickel has a small value.
In the (001) plane, the latter contribution although small fa-
vors the[110] as the easy direction.

From the thermal dependence of the irreducible ME stress
and the thickness dependence ofBeff

g,2 at 0 K, we observe,
first, that Beff

g,2sT=0d is larger than the value obtained for a
200 nm thick film and tends to increase astNi decreases and,
secondly, that the thermal dependence ofBeff

g,2, studied as a
function of powers of the reduced magnetizationm is fitted
with the same exponent 2 that applies to the bulk material.
These results are discussed in terms of a volumelike contri-
bution to the ME energy density.

II. EXPERIMENT

The films studied in this work have been prepared by
e-beam evaporation in a UHV chamber. The
Cusnmd /NistNid /Cus200 nmd structure was grown onto
Sis001d wafers. Details of the growing procedure can be
found elsewhere.3 The ME stress was measured by a canti-
lever beam technique. The technique is described in Ref. 15.
The length of cantilever beam is about 1 cm. For all the
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samples, the width-to-length ratio of the cantilever was kept
at 0.5. The cantilever is cut along the Ni[100] crystallo-
graphic direction, which is the[110] direction of the Si wa-
fer. The breaking of the in-plane square symmetry, defined
by the irreducible stress coefficientBeff

g,2 is obtained by mea-
suring the stress along the[100] direction, while the mag-
netic field is applied, ranging from +15 to −15 kOe, longitu-
dinally sl and transversallyst to the cantilever beam
direction. The evaluation ofsl −st, that is,Beff

g,2, can be re-
lated to measurable quantities

Beff
g,2 = sl − st =

1

3

E

1 + n

ts
2

tf

1

L2sDl − Dtd, s1d

where the ME stress and beam deflectionD are related by the
modified Stoney equation,12 E andn are the Young’s modu-
lus and Poisson ratio of the silicon,ts and tf are the silicon
and magnetic thin film thicknesses andL is the beam length.
The Si elastic constants vary less than 2% from 77 K to
290 K,13 for this reason we have taken an average value for
E andn for all the range of temperatures. Due to small num-
ber of nickel layers in the system, to increase the sensitivity
of the technique the wafer thickness was thinned down to
about 200mm.

The domain structure of the Cu/NistNid /Cu/Sis001d films
was studied at room temperature, in air, by means of a mag-
netic force microscope. The magnetic tips used were ob-
tained by sputtering about 30 nm of cobalt on commercial Si
cantilevers.

III. RESULTS

A. Magnetoelastic stress isotherms

Figure 1 shows selected ME stress isotherms for

Cu/Ni/Cu/Sis001d thin films at various temperatures. Each
panel includes bothsl and st curves, for each temperature
and tNi selected. The temperature ranges from 20 to 280 K,
and measurements fortNi =5, 8, 12, and 15 nm are displayed.
The arrow in Fig. 1(a) indicates the differencesl −st that
corresponds toBeff

g,2. The measurements show that on increas-
ing temperature the field needed to saturate the films de-
creases. This fact is illustrated in Figs. 1(a)–1(d), where the
280 and 20 K curves, fortNi =15 nm, and the 250 and 80 K
isotherms, fortNi =12 nm are displayed. The measurements
performed at 250 and 280 K are saturated at 5 kOe while the
20 and 80 K isotherms need magnetic fields as large as
15 KOe. This fact indicates that the perpendicular effective
magnetic anisotropy increases its value with decreasing tem-
perature, with respect to the room temperature value.

Other interesting facts include thest stress:(a) the small
values for thest isotherms compared with the values ob-
tained forsl and (b) the change in sign ofst, measured as
the difference between the ME stress at the saturation and the
coercive field, from positive to negative values, astNi in-
creases. This fact is more clearly observed in Fig. 2 that
showsst for tNi =5, 8, 12, and 15 nm at 100 K.

B. Magnetic force microscopy images

The domain images obtained for the Ni epitaxial films are
shown in Fig. 3. The images show clear differences between
films with thicknesses below and above 10 nm. For the 6 and
8 nm thick films[Figs. 3(a) and 3(b), respectively], the im-
ages show a structure formed by large domains, with strong
contrast between the up and down domains. For both films
the domains are very large although the length of the domain
wall surrounding a given domain is clearly larger in the 8nm
thick film that shows how the wall turns one way and another

FIG. 1. Magnetoelastic stress curves for a Cu/Ni/Cu/Sis001d films as a function of temperature(a) 280 K, (b) 20 K, (c) 250 K, (d)
80 K, (e) 220 K, (f) 100 K, and the film thickness:(a), (c) 15 nm,(b), (d) 12 nm,(e) 8 nm, and(f) 5 nm. The applied magnetic field was
applied along the[100] sl and [010] st crystallographic directions. The cantilever beam is cut along the nickel[100] crystallographic
direction.
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forming lobules. For the 12 and 15 nm thick Ni films[Figs.
3(c) and 3(d)] the contrast is weaker and the domains size
decreases down to about 0.5mm. These results are in agree-
ment with those reported by Bochiet al.14 in similar Ni
epitaxial films that show a transition in length scale of the
domain size attNi =9.5 nm.

IV. ANALYSIS

Figure 4 shows the temperature dependence ofsl, st, and
Beff

g,2 for the 15 nm thick Ni film. The continuous line is a fit
using theBeff

g,2=Beff
g,2s0dm2 law, wherem is the bulk reduced

magnetization,m=MsTd /Ms0d. Figure 5 displays theBeff
g,2s0d

values as a function of the internal in-plane strainei.3 The
Beff

g,2s0d values obtained for all the films studied are larger
that the measuredBeff

g,2s0d for the 200 nm Ni film.15 The ex-
perimental data show a trend forBeff

g,2s0d to increase as the
internal strain increases. The tentative fitB+De' gives the
valuesB=10 MPa,D=250 MPa, and is displayed in Fig. 5
(continuous line). It is clear that theB coefficient corre-
sponds to the bulk value and thatD can be associated to a
strain contribution. The volume distortion in thin films and

superlattices has been proposed to be a source of ME stress.
As a result, the irreducible ME stress coefficient should have
a contribution linear in the internal strain.

The facts found previously: them2 thermal dependence
for Beff

g,2sTd below room temperature, and the approximately
linear relation betweenBeff

g,2s0d and the internal strain, sug-
gest that the ME stress in these Ni thin films is governed by
volume effects. To interpret the empirical fits in Figs. 4 and
5, we use a phenomenological model that includes a strain-
induced correction to the bulk ME constants.16,17 The terms
obtained from this contribution has been used to explain the
anomalous behavior found in 3d thin films.8,10 The ME en-
ergy densityeME can be expressed to second-order in strains:
oi jmnBijmnei jaman+oi jklmnMijklmnei jeklaman, i , j =x,y,z. Bijmn
andMijklmn are generalized first and second order ME coef-
ficients,ai’s are direction cosines of the magnetization, and
ei j components of the tensor strain. A similar approach was
also taken by Haet al. based on a spin-pair model.18 For
cubic symmetry, the ME contribution to the free energy den-
sity is written in terms of Cartesian strains, up to orderl =2,
and ai’s related to the Cartesian system fixed on the nickel
axis 19 in such a way thex is lined with the cantilever beam
direction sf100g ix,f010g iy,f001g izd:

FIG. 3. Magnetic force microscope graphs performed on
Cu/Ni/Cu films, (a) tNi =6 nm, (b) tNi =8 nm, (c) tNi =12 nm, (d)
tNi =15 nm.

FIG. 5. Strain dependence of the magnetoelastic stressBeff
g,2 fit-

ted using the formBeff
g,2s0d=Bg,2s0d+Dg,2s0dei (continuous line).

For the Ni films, the data extrapolate at zero strain toBg,2s0d
=10 MPa whenDg,2s0d=250 MPa.

FIG. 2. ME transversal stress isothermsst for tNi =5, 8, 12, and
15 nm at 100 K.

FIG. 4. Temperature dependence of the magnetoelastic stress
Beff

g,2 for tNi =15 nm fitted using the formBg,2sTd=Beff
g,2s0dm2 (con-

tinuous line).
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Therefore, the number of independent first-order ME coeffi-
cients is reduced to two(Bg,2 and Be,2 correspond to the
usual B1 and B2 ME coefficients20), and six second-order
irreducible ME coefficients(Mi

g,2 andMi
e,2, i =1, 2, 3). From

Eq. (2) it can be deduced that different magnetization process
produces different lattice deformations that are governed by
the same ME coefficient. For example, for theg terms, it can
be observed that inside each square bracket strain polynomi-
als proportional toaz

2−1/3 correspond to a tetragonal distor-
tion sa,a,ad→ sc,a8 ,a8d as the perpendicular component of
M changes, while the second strain terms, which are multi-
plied by ax

2−ay
2, describe the breaking of the in-plane sym-

metry sa,ad→ sa8 ,b8d due to the presence ofM in the film
plane(tetragonal base plane). Second-order terms introduce
the coupling between strain components of the strain tensor
with each other. Therefore, these terms are needed to analyze
the effect of the strain field on the ME stress. Thus, it is
interesting to point out that theM1

g,2 coefficient represents
the coupling of the diagonal strain components with them-
selves (eiieii , i =x,y,z) while M2

g,2 show the coupling be-
tween different diagonal components(eiie j j , i , j =x,y,z, i Þ j)
andM3

g,2 couples nondiagonal deformations with themselves
(ei jei j , i , j =x,y,z, i Þ j). Notice that all theg terms produce a
tetragonal distortion in the cubic lattice.

The strain state of the thin film is introduced by writing
the strain components as sum of the epitaxial and the mag-
netostrictive strain. In the case of biaxial misfit strain,exx
→exx+ei, eyy→eyy+ei, ezz→ezz+e', whereei and e' are,
respectively, the in-plane and out-of-plane misfit strain. In
the Cu/Ni/Cu/Sis001d system the biaxial strain is caused in
the nickel layer by the epitaxial growth on copper.3 These
misfit strains can be very large,ei ,e'.10−2, compared to
the magnetostrictive strains,l,10−4. Taking the terms linear
in ei ande' we have21

EME
t = Saz

2 −
1

3
DFBeff

rs + B1,eff
a,2 sezz+ exx + eyyd

+ B2,eff
a,2 Sezz−

exx + eyy

2
DG +

1

2
Beff

g,2sax
2 − ay

2dsexx − eyyd

+ 2Beff
d,2axayexy + 2Beff

e,2sayazeyz+ azaxezxd, s3d

where the ME coefficients are written in terms of the first
and second-order ME coefficient:

Beff
rs = − sei − e'dfBg,2 + sei + e'dM1

g,2 − eiM2
g,2g , s4ad

B1,eff
a,2 = −

1

3
sei − e'df2M1

g,2 − M2
g,2g, s4bd

B2,eff
a,2 = Bg,2 +

2

3
Fsei + 2e'dM1

g,2 + Sei +
1

2
e'DM2

g,2G , s4cd

Beff
g,2 = Bg,2 + 2eiM1

g,2 − e'M2
g,2 ; Bg,2 + eiDg,2, s4dd

Beff
d,2 = Be,2 + e'M1

e,2 + 2eiM2
e,2, s4ed

Beff
e,2 = Be,2 + eiM1

e,2 + sei + e'dM2
e,2. s4fd

Equation(4d) corresponds to the strain contribution to the
ME coefficient. The first term is the first-order ME coeffi-
cient, the term proportional toM1

g,2 is the change in the ME
stress due to the isotropic variation of the in-plane lattice
parameter, while the last term is due to the strain perpendicu-
lar to thexy plane in which the ME stress is measured. Now
the equation lineal in the in-plane strain, used to fit the data
in Fig. 5, is obtained from Eq.(4d) usinge'=−s2c12/c11dei

that is well followed by the films studied here.3 Therefore,
Beff

g,2=Bg,2+eiDg,2, with Dg,2=2fM1
g,2+sc12/c11dM2

g,2g. The
thermal dependence of the ME stresses in 3d metals show,
contrarily to the rare earth systems, large discrepancies with

the standard Callen and Callen law:22 Î l+1/2fm̂g, whereÎ l+1/2 is
the reduced hyperbolic Bessel functions,m̂=L−1fmsTdg, and
L−1 the inverse Langevin function. The reason appears to be
the itinerant character of the magnetic moment.23 Thus, in
bulk nickel, Bg,2 below 400 K follows am2 law andBd,2 is
fitted using am2+m8 law.24 Although a microscopic model
for ME coupling in 3d metals is needed to explain such
thermal dependence, we can discuss or consider the thermal
dependence ofBeff

g,2 in the Cu/Ni/Cu films in terms of the
symmetry of the phenomenological expression foreME [Eq.
(2)] and the known thermal dependence ofBg,2 and Bd,2 in
terms of the reduced magnetization. By construction, the or-
der l of the magnetization-polynomial representation is the
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same for the first and second-order ME terms. Thus, assum-
ing that the thermal dependence is associated with the sym-
metry of the magnetization polynomialsBeff

i,2sTd has to in-
clude terms proportional tom2+m8 andm2. But looking now
at the expression forBeff

g,2 we note that theM’s coefficients,
used to explain the strain dependence ofBeff

g,2s0d, involves
terms coming from theg subspace, which can be identified
by theBg,2 andMi

g,2, i =1,2,3,coefficients. If we extend our
hypothesis about the origin of them dependence of theB’s
andM’s to reside in the symmetry of the representation from
which they came, eitherg or d, we can conclude thatBeff

g,2sTd,
with terms from theg representation, should go with the
same law thatBg,2sTd which is m2.

Since the epitaxial strains,ei and e', are proportional to
the misfit 3 h between the lattice parameters of copperaCu
and nickel aNish=aCu−aNi /aCud another source for addi-
tional thermal effects on the second-order contribution to the
ME stress could be the temperature dependence of this misfit
strain due to differential thermal expansion. The evaluation
of hsTd from aCusTd and aNisTd (Ref. 25) gives for fhs80d
−hs280dg /hs280d a value of about −3.8%, see the inset in
Fig. 6. hsTd increases with temperature whilem2 decreases
from 0 to 280 K about a 10%. This fact implies that the
second-order ME contributioneM has a weaker temperature
dependence that the first-order oneB.

Thus, including the temperature dependencies for the ME
stress coefficients and the strain in Eq.(4d) we obtain that
Beff

g,2sTd=fBg,2s0d+esTdDg,2s0dgm2sTd, wheremsTd is the re-
duced nickel bulk magnetization. Figure 6 shows, for the
tNi =8 nm, the fit (dashed line) of Beff

g,2sTd to the Beff
g,2sTd

=fBg,2s0d+esTdDg,2s0dgm2sTd expression where Bg,2s0d
=10 GPa andDg,2s0d=250 GPa are the values obtained from
the analysis of the values ofBeff

g,2 at 0 K vs ei. The thermal
dependence for the misfit strainhsTd is obtained from the
thermal dependence ofaCu andaNi from the data in Ref. 25.
For comparison the fit using theBeff=Beffs0dm2 law (continu-
ous line) is also displayed in Fig. 6. It can be observed that
the negligible difference between the two fits(in Fig. 6 the

latter fit, for clarity, has been slightly displaced) is due to the
weak correction that the strain contribution has in the total
thermal dependence ofBeff

g,2.
This thermal dependence of the ME stressBeff

g,2sTd can
explain the increasing of the saturation field observed in the
ME stress isotherms as the temperature decreases from
290 K. Two main contributions to the effective magnetic an-
isotropy coefficient, namely, the magnetostatic term 2pMs

2

and the ME termBeffestd, depend on the temperature as
m2:−2pMs

2+Beffestd=f−2pMs
2s0d+Beffs0destdgm2. The term

in parenthesis has a weak thermal dependence while the
stronger thermal dependence is inm2, which decreases as
temperature increases. Notice that the change in the satura-
tion field is not due to the intrinsic magnetocrystalline aniso-
tropy which is orders of magnitude smaller than the stress-
induced anisotropy.

The cantilever deflection measurements due to transverse
magnetization show a change in sign, from positive to nega-
tive values, as thetNi increases to values with effective in-
plane anisotropy constant. A positive value ofst for tNi =5,
8 nm can be understood assuming a remnant state formed by
domains with its magnetization vector along the out-of plane
direction, as is suggested by the MFM images, Figs. 3(a) and
3(b). In this case the magnetization process consists in the
rotation ofM from the in-plane[100] direction to the[001]
direction. It can be shown15,24 that such magnetization pro-
cess in the case of thin film results, for the transversal direc-
tion, in a magnetostrictive deformation with the same sing as
that observed along the applied field direction. The negative,
but small values of the 15 and 12 nm thick Ni films, indi-
cates the decreasing volume of magnetic domains with mag-
netization pointing out of the perpendicular direction. The
existence of canted structures due to the presence of compet-
ing second,~sin2u, and forth order,~sin4 u magnetic aniso-
tropy 18 can explain the smaller contrast observed in the do-
main patterns26 and the negative values ofst in the 12 and
15 nm thick films.

The study of the thermal dependence of ME stress in
Cu/Ni/Cu thin films have revealed volumelike contributions
due to the tetragonal distortion of the nickel blocks. This fact
has been deduced from the thermal dependence of the irre-
ducible ME stress and the thickness dependence ofBeff

g,2 at
0 K. These effects have been explained by extending the
cubic ME energy up to second-order in strain to include the
effects due to the large internal strain found in the nickel
layers. The thermal dependence ofBeff

g,2 that has the same
dependence thatBg,2 for nickel bulk is explained in terms of
the symmetry of the second-order ME contribution to the
ME energy density.
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FIG. 6. Temperature dependence of the ME stressBeff
g,2 for tNi

=8 nm fitted using the formBg,2sTd=Beff
g,2s0dm2 (continuous line)

and the expressionBeff
g,2sTd=fBg,2s0d+esTdDg,2s0dgm2sTd, where

Bg,2s0d=10 GPa andDg,2s0d=250 GPa and the thermal dependence
for the misfit strain shown in the inset(dashed line). The latter fit
have been shifted to show that both fits allow one to obtain the
same values forDg,2s0d.
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