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Determination of magnetic exchange stiffness and surface anisotropy constants
in epitaxial Ni1ÀxCox„001… films
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Magnetic characteristics of epitaxial Ni12xCox(001) (x50, 0.16, and 0.50! films with nominal 200 nm
thickness on Cu~001!/Si~100! substrates have been investigated by magnetization and ferromagnetic resonance
measurements in order to better clarify the rationale for the large variation in the magnetic exchange stiffness
constantA, previously determined from different measurements. The exchange constant as well as the satura-
tion magnetization, effective demagnetizing field, fourth-order magnetocrystalline, and second-order perpen-
dicular uniaxial magnetic anisotropy fields has been determined. The analyses of low-temperature saturation
magnetization data on these films yieldA values that increase from 0.8231026 erg/cm for a pure Ni film to
2.2731026 erg/cm for the Ni0.50Co0.50 film. Furthermore, spin-wave resonance volume modes observed inx
50 and 0.16 films indicate that the surface plays a role in the exchange stiffness constant determination as the
surface anisotropy constants are found to be approximately 1 and 4 erg/cm2, respectively. The latter value is
substantially larger than that for any other system reported so far.

DOI: 10.1103/PhysRevB.66.144426 PACS number~s!: 75.70.Ak, 76.50.1g
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I. INTRODUCTION

Detailed micromagnetic calculations of doma
structures1 are of current interest in several areas of mag
tism, e.g., the process of magnetization reversal in mater
the modeling of macroscopic magnetic properties, and
determination of magnetic properties of nanocrystall
ferromagnetics.2,3 One important materials parameter need
in these micromagnetic calculations is the exchange stiffn
constantA. This exchange stiffness constant is related to
spin-wave stiffness constantD through the relationA
5DMs(0)/2gmB , whereMs(0) is the saturation magnetiza
tion at zero temperature,g the spectroscopicg factor, andmB

the Bohr magneton.3 Both experimental4–8 and theoretical9,10

determinations ofD have been reported for Ni, Co, and the
alloys, four of which are presented in Fig. 1. Clearly, t
results from these studies show a large variation inD as well
as in their Co concentration dependence. The early mag
zation study by Maedaet al.5 on fcc Ni12xCox bulk alloys
~0.1-mm-thick platelets! using a pendulum-type magnetom
ter finds D values close to 400 meV Å2 with a minimum
occurring at a Co content of 10 at. %. A nearly identical
concentration dependence is seen in theD values determined
from a spin-wave resonance~SWR! study of Ni12xCox thin
films ~200–500 nm in thickness! by Cullis and Heath;4 how-
ever, theD values for identical Co concentrations are;250
meV Å2 lower. In contrast, neutron inelastic scattering resu
reported by Mikkeet al.6 find theD values to be larger and
with a different Co concentration dependence as theD value
for pure Ni is about 440 meV Å2, while theD values for the
alloys are between 550 and 600 meV Å2. It was noted by
0163-1829/2002/66~14!/144426~6!/$20.00 66 1444
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Cullis and Heath4 that the difference might be the result o
the magnetization and neutron scattering experiments d
ing with traveling spin waves, while the SWR study de
with standing spin waves in thin films where surfaces play
important role in the determination ofD.

The aforementioned experimental determinations ofD
can be contrasted to the band structure calculations ofD for
fcc Ni-Co alloys by Wakoh10 as indicated by the dotted lin
in Fig. 1. As seen in Fig. 1, the theoretically calculated v
ues ofD show an exponential-like, continuous decrease w
increasing Co concentration over the entire Co range. T
behavior is not consistent with any of the experimental
sults, even though the magnitude ofD is most similar to the
D values obtained from the SWR study. A more realis
comparison ofD values for the Ni-Co system would requir

FIG. 1. Spin-wave stiffness constantD as a function of Co com-
position for Ni-Co alloys.
©2002 The American Physical Society26-1
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the inclusion of interatomic exchange interactions in
band structure calculations.

In order to provide further clarification of the magnet
exchange stiffness constantA and the spin-wave stiffnes
constantD for Ni-Co alloy films as well as on other magnet
parameters, the results from detailed magnetization and
romagnetic resonance~FMR! measurements on three we
characterized epitaxial Ni12xCox(001) thin films (x
50,0.16,0.50) are reported. The values ofA from analyses of
the low-temperature-dependent saturation magnetization
are consistent with earlier magnetization5 and neutron dif-
fraction results6 on bulk alloys. Furthermore, the observatio
of SWR volume modes in these thin-film samples indica
the presence of a surface anisotropy that should be taken
account when determining the magnetic exchange stiffn
constants from SWR measurements.

II. EXPERIMENT

Film structures of Cu/Ni12xCox /Cu (0<x<0.50) were
prepared in an ultrahigh vacuum using a molecular be
epitaxy ~MBE! deposition system operating at a base pr
sure of 2310210 Torr. Epitaxial Ni12xCox(001) films were
grown on a 100-nm-thick Cu~001! seed layer previously de
posited on Si~001! substrates etched with a 10% hydrofluo
acid solution. Further details of the growth of the Ni~001!
layers on Cu~001! layers as well as of the growth of Cu~001!
seed layers on hydrogen-terminated Si~001! can be found in
Ref. 11. All films were capped with a 5-nm-thick Cu lay
for protection against oxidation and to provide symmet
interfaces for the alloy film. The deposition rate was ma
tained at;0.5 Å/s with the films having a nominal thicknes
d of ;200 nm. The thickness of the films was determined
within 65% from the quartz thickness monitor, which w
previously calibrated using a diamond stylus profilome
Regulating the deposition rates of cobalt and nickel dur
the codeposition of Ni and Co sets the composition for
Ni12xCox films.

The epitaxial nature of the films was confirmed by mo
toring the reflection high-energy electron diffractio
~RHEED! patterns during the film growth as well as by sta
dard x-ray diffraction~XRD! u-2u scans using CuKa radia-
tion. As seen in Fig. 2, the XRD patterns exhibit only t
~002! peaks indicative of epitaxial~001! growth. Using the
bulk lattice constants for Ni and fcc Co, the interatomic sp
ing d002 should follow a linear behavior with increasing C
concentration according to Vegard’s rule. Although a line
behavior is observed~see inset of Fig. 2!, the shift in the
experimental data from the expected linear behavior in
cates the presence of a residual strain in the films.

A Quantum Design superconducting quantum interfere
device~SQUID! magnetometer~model MPMS-5S! was used
to perform the magnetization measurements. The magn
hysteresis loops were obtained at room temperature on
films with magnetic field orientations both normal and p
allel to the film plane in order to determine the magne
anisotropies of the films. Temperature-dependent satura
magnetization data were also acquired to determine the s
wave exchange stiffness constants as described in the
14442
e

r-

ata

s
to

ss

m
-

-

o

r.
g
e

-

-

-

r

i-

e

tic
all
-

on
in-
ext

section. A 9.5-GHzX-band spectrometer was used to pe
form FMR/SWR measurements at room temperature usin
standard lock-in detection technique. The sample~typical
size of 4 mm34 mm) was mounted on a rod along the ve
tical axis of a TE101 rectangular resonance cavity with th
capability to rotate the sample about a vertical axis to obt
the angular dependence. A horizontal dc magnetic field
provided by a 12-in. Varian electromagnet that has a rang
0–19 kOe.

III. ANALYSES AND DISCUSSION

A. Magnetization measurements

Figure 3 shows the hysteresis loops for t
Ni0.50Co0.50(001) film, which is similar to the loops obtaine
for other two films. All loops clearly show that the easy ax
of magnetization lies in the plane of the films. From the
hystereses, the values ofMs and 4pMeff ~determined using
the area between the parallel and perpendicular hyste

FIG. 2. X-ray diffraction scans for Ni0.50Co0.50 and Ni films. The
inset displays thed002 spacing as a function of the Co concentrati
x with the solid line representing the concentration depende
based on Vegard’s rule and the bulk lattice constants.

FIG. 3. M-vs-H hysteresis loops for magnetic fields parallel a
perpendicular to the plane of the Ni0.50Co0.50 film.
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TABLE I. Various magnetic parameters and constants determined from magnetization~Mag.!, ferromagnetic resonance~FMR!, and
spin-wave resonance~SWR! measurements on Ni12xCox thin-film samples of thicknessd. g52.210, 2.205, and 2.195 forx50, 0.16, and
0.50, respectively.

Film sample
Ms

~emu/cm3!
4pMeff

~kG!
H4

~kOe!
H2

~kOe!
A

(1026 erg/cm)
D

~meV Å2!
Ks

~erg/cm2!

Ni12xCox d ~nm! Mag. Mag. FMR FMR Mag. FMR Mag. Mag. SWR
x50 220610 470635 5.560.2 5.360.2 20.260.1 0.460.4 0.660.4 0.8260.06 449655 0.93
x50.16 16565 710642 7.760.2 7.860.2 0.160.1 1.260.4 1.160.5 1.1260.06 403640 4.24
x50.50 17565 1070663 12.460.2 12.060.2 20.460.1 1.060.5 1.460.5 2.2760.15 541660
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curves! were determined and are listed in Table I. From the
two values, the perpendicular uniaxial magnetic anisotro
field H2 (H254pMs24pMeff) was deduced and is als
listed in Table I. Even though the error associated withH2 is
rather large due to it being the difference of two compara
numbers, it is noteworthy that all films have a positiveH2
value ranging from 0.5 to 1.2 kOe. This is probably asso
ated with the residual strain in the films as indicated by XR
and/or with a surface-induced anisotropy as previou
reported12 in Cu/Ni/Cu~001! films.

The values of the magnetic exchange stiffness constaA
were determined from the temperature dependence of
saturation magnetization at low temperatures. According
the BlochT3/2 law, the ratio of the saturation magnetizatio
Ms(T) at low temperatures to the saturation magnetizat
Ms(0) at absolute zero is given by13

Ms~T!

Ms~0!
5120.0587~Qs!1/2S kBT

2AaD 3/2

, ~1!

wherekB is Boltzmann’s constant,Q the number of lattice
points per unit cell (Q54 for fcc lattices!, anda the lattice
constant. The spin quantum numbers is given by8

s5
Ms~0!a3

QgmB
. ~2!

From the slopes ofMs(T)/Ms(0) vsT3/2 as shown in Fig. 4,

FIG. 4. Temperature dependence of the normalized satura
magnetizationMs for the Ni12xCox films. The dashed lines repre
sent theT3/2 fits to the data.
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the exchange stiffness constants were determined and fo
to increase from (0.8260.06)31026 to (2.2760.15)
31026 erg/cm as the Co concentration increases. These
terminations as well as the resulting values for the spin-w
stiffness constantD are listed in Table I.

The D value obtained for our pure Ni film (449

655) meV Å2 is within the experimental uncertainty of th
values deduced on bulk Ni from previous magnetizat
measurements5 and from the neutron diffraction results6 as
seen in Fig. 1, but almost a factor of 3 times larger than
value determined from SWR measurements4 on comparable
thickness Ni films. While the neutron diffraction determin
tions show an increase ofD with increasing concentration o
Co from zero to 50%, our results on the Ni-Co alloy film
display a concentration dependence more resembling
prior magnetization and SWR studies5 with our D values for
the alloy films lying between the magnetization and neut
scattering results. These variations in the values ofD from
the different measurements probably arise from the proc
ing conditions and the structural quality of the films vers
the bulk materials. Furthermore, as will be shown in the n
section, the surface of the films plays an important role in
determination ofD from spin-wave resonance studies a
may account for the significantly lowerD values deduced
from the earlier SWR study4 than the present study on sim
lar thickness Ni-Co films.

B. FMRÕSWR measurements

Since all three films showed strong microwave resona
absorption modes, out-of-plane angular-dependent ferrom
netic resonance measurements could be performe11

Multiple-resonance peaks were observed for thex50 and
x50.16 films when the direction of the applied magne
field approached that of the film normal. However, t
sample withx50.50 required fields beyond the limit of ou
electromagnet~19 kOe! in order to track these modes com
pletely. Figure 5 displays the FMR data~first derivative of
the absorption spectrum! for the pure Ni film in the perpen-
dicular geometry with multiple-resonance fields bei
clearly observable. These SWR data were subsequently
lyzed following a model previously described by Soohoo14

which assumes homogeneous magnetic properties thro
out the films except at the surface, where the spins are~par-
tially! pinned.

on
6-3
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In order to analyze the FMR/SWR data, the free ene
density E for a single-crystal film in the presence of a d
magnetic fieldH is written as11

E52MsH sinu cos~f2fH!1~2pMs
22K2!sin2 u sin2 f

2
1

2
K4$sin4 u~12sin2 2f!1cos4 u%. ~3!

The three terms in Eq.~3! represent the Zeeman, effectiv
demagnetization, and magnetocrystalline anisotropy con
butions, respectively.K2 andK4 represent the second-ord
uniaxial perpendicular magnetic anisotropy and the fou
order magnetocrystalline anisotropy constants, whileu andf
correspond to the polar and azimuthal orientations of
film’s saturation magnetization with respect to axyz-
coordinate system as described in Ref. 11. For the so-ca
out-of-planeFMR measurements, the film plane is kept p
allel to thexz plane while the dc magnetic field is applie
parallel to thexy plane, andfH is the angle the applied field
makes with thex axis.

The dispersion relation for microwave excited volum
modes in a thin film is given by15

S v

g D 2

5S 1

Ms sin2 u

]2E

]f2 1
2Ak2

Ms
D S 1

Ms

]2E

]u2 1
2Ak2

Ms
D

2S 1

Ms sinu

]2E

]f ]u D 2

, ~4!

wherev52p f and f is the microwave frequency. The pa
rametersg and k are the gyromagnetic ratio and the wa
vector of the microwave field, respectively.

Under equilibrium conditions for the magnetization,out-
of-planeFMR measurements require]E/]u50 and]E/]f
50, which leads tou5p/2 and

Hk sin~f2fH!1
1

2
~4pMeff!sin 2f1H4 sin 4f50,

~5!

FIG. 5. Spin-wave resonance spectrum for the Ni film. The d
ted lines represent the individual resonance peaks used to fi
overall spectrum.
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where H452K4 /Ms and the effective magnetic field
4pMeff54pMs22K2 /Ms.

By combining Eqs.~3!, ~4!, and~5!, the following expres-
sion is obtained:

S v

g D 2

5H Hk cos~f2fH!14pMeff cos 2f1H4 cos 4f

1
2Ak2

Ms
J 3H Hk cos~f2fH!24pMeff sin2 f

1
1

2
H4~22sin2 2f!1

2Ak2

Ms
J . ~6!

Note that the FMR mode, which is the resonance fieldH0
corresponding to the uniform mode, can be obtained by
ting k50 in the above equations. The experimentally me
sured resonance fields can then be fitted to the theore
expressions of Eqs.~5! and ~6! in order to determine the
values of 4pMeff , H2 , and H4 . As seen in Table I these
values from the FMR data are in good agreement with th
deduced from the magnetization results on these films. F
thermore, the concentration variation inH4 is in agreement
with an earlier study on bulk Ni12xCox alloys.16

For the perpendicular geometry (fH5p/2), the equation
for the resonance field corresponding to thekth mode can be
written as

Hk'52
2Ak2

Ms
1H0' , ~7!

whereH0' corresponds to the uniform resonance mode@k
50 in Eq. ~6!# and

H0'5
v

g
14pMeff2H4 . ~8!

Obviously, either real or imaginary values fork can satisfy
Eqs. ~6! and ~7!. Real values ofk (k2.0) correspond to
volume SWR modes with resonance fields that are low
than the uniform resonance field, whereas the imaginary
ues ofk (k2,0) correspond to surface modes with resonan
fields higher than the uniform resonance field.14 From the
FMR spectrum shown in Fig. 5 as well as the spectra for
other Ni-Co films, the high-order resonance field values
clearly smaller than that of the uniform resonance mode
consequently these resonance modes correspond to vo
SWR modes.

If the surface spins are completely pinned,k5np/d,
wheren is an integer known as the mode number andd is the
thickness of the film. Equation~7! now becomes

Hk'52
2Ap2

Msd
2 n21H0' , ~9!

which is known as Kittel’s mode square law.13 However, for
partial surface pinning of the spins, the so-called surface
homogeneity~SI! model14,17 is more useful since it employ
additional surface anisotropy energy and magnetization in
mogeneities close to the surface. The uniaxial surface an
ropy energy density with the easy axis normal to the fi

-
he
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DETERMINATION OF MAGNETIC EXCHANGE . . . PHYSICAL REVIEW B 66, 144426 ~2002!
plane is given byEs52Ks8 sin2 u sin2 f, whereKs5Ks8a de-
fines the uniaxial surface anisotropy constant witha being
the lattice constant of the film. Assuming symmetrical sp
pinning at both surfaces of the film, the locations of t
spin-wave resonance modes for the applied field norma
the film plane (fH5p/2) are given by14

tankd5
2AkKs

~Ak!22~Ks!
2 . ~10!

Note that if the surface spins are completely pinned (Ks
→`), then Eq. ~10! reduces to k5np/d where n
51,3,5,... . Since our films were grown with a Cu layer
both sides, symmetrical spin pinning at both surfaces i
reasonable assumption.

The resonance fieldsHk' were subsequently determine
by fitting the first derivative of Lorentzian functions to th
experimental FMR spectra. The resulting fits to the spe
~see Fig. 5 for the pure Ni spectrum and fit! indicate the
presence of stronger resonance peaks for odd-numb
spin-wave modes and weaker resonance peaks for e
numbered modes. This means that the spins at the interf
of the film are not strongly pinned. Figure 6 shows the
sulting resonance field values determined from the fitting
the SWR spectra for thex50 and 0.16 films. Although the
resonance fields for the Ni0.84Co0.16 film are larger, the de-
crease in the resonance field with increasing mode numb
a characteristic for both films. As there are more independ
variables~A, Ms , d, H0') than the number of independe
equations@Eqs. ~7! and ~10!# for fitting the resonance data
Ks cannot be determined independently without using val
for these variables deduced from other experimental m
surements, e.g., from the magnetization measurements.
sequently, plots ofHk' vs (kd)2 ~not shown! were generated

FIG. 6. Resonance fields as a function of the mode numbern as
determined from the SWR spectra for the Ni0.84Co0.16 and pure Ni
films. The symbols represent the experimental data, while
dashed lines are the least-squares-fitting curves to Eq.~7! for Ks

values of 4.24 and 0.93 erg/cm2 for the Ni0.84Co0.16 and pure Ni
films, respectively.
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for variousKs values and then the slope from a least-squa
fit was compared to22A/Msd

2 @see Eq.~7!# for A, Ms , and
d values listed in Table I for each of these films.Ks values of
0.93 erg/cm2 ~for x50) and 4.24 erg/cm2 ~for x50.16) were
found to result in the best agreement. The dashed line
Fig. 6 are the least-squares fit to Eq.~7! for theseKs values
as a function of mode numbern. Although the experimenta
uncertainty inHk , A, Ms , andd results in acceptable fits fo
surface anisotropy energy values in the range of1

4 Ks to 4Ks ,
theKs value for the Ni-Cu interface for our pure Ni film is in
good agreement with an earlier value of 0.88 erg/cm2 ob-
tained by Bochiet al.12 on Cu/Ni/Cu~001! film structures.
The surface anisotropy in these epitaxially grown films pro
ably is the result of the Cu/Ni interfacial magnetocrystalli
anisotropy as previously reported in these Cu/Ni/Cu~001!
film structures.12 Moreover, the surface anisotropy fieldHs
(54Ks /Msd) determined from theseKs values is in reason-
able agreement with our experimentally determinedH2 val-
ues~see Table I!. Although the positiveKs value should fa-
vor the magnetization being normal to the film surface,
demagnetization energy dominates for the film thickn
used in this study such that the magnetization lies in
plane of the film. It is only for Ni films with thickness les
than 20 nm that the easy axis of magnetization is actu
found to be normal to the plane of the film.14,18TheKs value
of 4.24 erg/cm2 deduced for the Ni0.84Co0.16 film is substan-
tially larger than that for any other system reported so far
Ks values around 1 erg/cm2 have been typically reported
e.g., 0.88 erg/cm2 for Ni/Cu~001!,12 0.97 erg/cm2 for Co/
Pt~111!, and 0.92 erg/cm2 for Co/Pd~111!.19 It should be
noted that the latter two systems show spontaneous per
dicular anisotropy only for Co film thickness,1.6 nm. More
conclusive evidence for this largeKs value in
Ni0.84Co0.16/Cu(001) films would be to study the thicknes
dependence of magnetic anisotropy as a spontaneous pe
dicular anisotropy should be readily apparent at sma
thicknesses.

In comparison to our inclusion of partial surface pinnin
in the analysis of the volume SWR modes, the earlier SW
study of Cullis and Heath4 considered the resonance mod
to follow a strict Kittel’s mode square law of Eq.~9! with an
effective zero surface anisotropy. A least-squares fit of
resonance field data to the mode number squaredn
51,2,3,...) results in calculated values for the spin-wa
stiffness constantD of 392 and 379 meV Å2 for the Ni and
Ni0.84Co0.16 films, respectively, or about by about 10% low
than the values from the magnetization determinations.
though these recomputedD values are still not as small a
those of the earlier SWR study on uncharacterized surfa
of Ni-Co films, it points out that the determination of th
spin-wave stiffness constants and exchange stiffness
stants from SWR data is dependent upon the nature of
film’s surfaces as standing spin waves in resonance exp
ments are more influenced by surfaces than the traveling
waves in bulk magnetization measurements.

IV. CONCLUSIONS

Various magnetic parameters have been determined f
magnetization and ferromagnetic resonance measurem

e
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on epitaxial films of fcc Ni12xCox(100) (x50, 0.16, and
0.50! grown by MBE deposition on Cu~001!/Si~001! sub-
strates. By fitting the low-temperature saturation magnet
tion to the BlochT3/2 law, the exchange stiffness constantA
was determined to increase from 0.8231026 erg/cm for the
Cu-Ni interface of the pure Ni film to 2.2731026 erg/cm for
the film with 50% Co. These results are in quantitative agr
ment with the numerical values obtained from prior neutr
diffraction and magnetization measurements on b
samples. In addition, spin-wave resonance volume mo
were observed in the FMR spectra for thex50 and 0.16
an

J.

.

e,

. B
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films with surface anisotropy constants being found to
approximately 1 and 4 erg/cm2, respectively. These large va
ues of the surface anisotropy probably arise from the in
facial magnetocrystalline anisotropy between the Cu and
or Ni-Co layers.
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