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Akihiro Murayama) Kyoko Hyomi, James Eickmann, and Charles M. Falco
Optical Sciences Center and Surface Science Division of Arizona Research Laboratories, University of Arizona,
Tucson, Arizona 85721
(Received 2 February 1998; revised manuscript received 23 April)1998

We have used spin-wave Brillouin scattering to study the perpendicular magnetic anisotropy of ultrathin
Co/Au/Cu11Y) films with various thicknesses of Au underlayer. From the field dependence of the spin-wave
frequency we find that the second-ordfurth powej uniaxial perpendicular anisotropy increases monotoni-
cally with increasing Au-underlayer thickness ranging from 0 to 5 monolagMts), while the first-order
(second powsranisotropy shows a nonmonotonic increase with a minimum at 1 ML Au. The ratio of the
second-order anisotropy constant to the first one also increases with increasing Au thickness, from 0.01 to 0.07.
We observe saturation for both the perpendicular anisotropy constants 5oML Au underlayer, which
coincides with saturation of expansion of the in-plane Co lattice due to the coherent growth of Co at the
interface between the Co and Au underlayer. When the thickness of Au is further increased beyond 5 ML, we
find an anisotropy-independent increase in coercivity on the polar-Kerr hysteresis curves. We also have ob-
served a field-dependent broadening of the spin-wave Brillouin spectrum around a critical field between
out-of-plane and in-plane magnetizations, which we explain by assuming a distribution of the first-order
perpendicular anisotropy. As the result, the normalized distribution of the first-order anisotropy is shown to
have a minimum at 1 ML Au thickness. We believe the observed Au-thickness dependences of the perpen-
dicular anisotropy and of the distribution are characteristic behaviors due to an atomic-scale transition of the
underlayer materials from Cu to AIS0163-182¢08)07237-3

I. INTRODUCTION on the anisotropy. Thus far Co films stacked with relatively
thick Au films have been extensively investigated, as a typi-
Magnetic anisotropy in ultrathin films and superlattices iscal material-combination exhibiting a large perpendicular
of considerable interest, since the contribution of the mul-anisotropy>® However, even in the Co/Au system, studies
tiple surfaces and interfaces to the anisotropy is important ifVith varying thlcgmess of Au, which significantly affects the
those artificial structureSUniaxial perpendicular anisotropy Strain in the (;c}, have not yet been sufficiently conducted.
can be as high as 1@rg/cn? in superlattices composed of In th|s art|cl_e, we report detailed spin-wave Brillouin-
Co and nonmagnetic transition metals such as Pd, Pt, amfattering studies of the Au-underlayer dependence of the

Au. Because of this, studies of these materials are of intere#ﬁia}daI perpendicular anisotropy in molecular-beam-epitaxy

. . BE) -grown Co/Au/CWlll) single-crystal films. The
both for fundamental understanding of magnetism, as well as . . .
for potential applications in ultrahigh density magnetic re-oPi-Wave energy Of. a surfgpe mode observed n a typical
. X ) . Brillouin experiment is sensitive to the surface anisotrbpy.
cording. Experimental studies on the material dependénce

. The spin-wave frequency in 3-ML-thick Fe single layers
and the effect of crystal symmettyas well as theoretical i, o strong perpendicular anisotropy has been quantita-

work based on the electronic structure, have been previousI[)((ve|y examined as a function of external field and the con-
presented.In addition, the characteristic dependence of theyripution of the second-ordeffourth powej perpendicular
perpendicular anisotropy on the thickness of the nonmaganisotropy has been pointed détn situ Brillouin measure-
netic transition-metal Ovel’layer has been StU&l%A Sharp ments have studied the effect of a Cu Over|ayer on the sur-
maximum in the anisotropy was found for an overlayerface anisotropy in O@®01)/Cu ultrathin films!® Recently, the
thickness of 1 monolayeML) and the maximum also has contribution of tetragonal misfit strain to a crystalline anisot-
been observed using different overlayer materials, includingopy has been investigated in fcc @a0/Cul* However, in

Cu, Ag, Au, and Pd. This latter observation suggests an efeontrast with those lattice systems, the uniaxial perpendicu-
fect of electronic structure, rather than an effect of strainjar anisotropy in an ultrathin G6001) or Ca111) single
since the lattice constants of those overlayer materials atayer with sixfold symmetry has not been examined suffi-
significantly different. Another experiment found that the ciently. As well as reporting our measurements, this paper
perpendicular anisotropy in Co grown on an Au-underlayerdiscusses the physical origin of the Au-thickness dependence
has a minimum at 1 ML of the AlThis effect is opposite to  of the perpendicular anisotropy observed based on our struc-
the overlayer-thickness dependence of the perpendicular atural analysis. In addition, we show that the spin-wave Bril-
isotropy. These anomalous behaviors of the perpendiculdouin spectrum is sensitive to magnetic inhomogeneities that
anisotropy show that detailed studies of ferromagnetic singlelepend on the Au underlayer in those Co films. Also, the
layers stacked with transition-metal layers are needed for distribution of perpendicular anisotropy is derived from the
better understanding of the effects of atomic-scale interfacefield dependence of the spin-wave spectrum width.
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Il. EXPERIMENT and frequency-doubled Nd:YAG laser with emission wave-
length of 532 nm and with output power of 200 mW. A
systeni under ultrahigh vacuunfUHV) conditions with a back§catter|ng geome try was used to co!leqt the '”e'f"‘S“C
" 10 . polarized-scattered light normal to the incident vertical
base pressure better thanx10 ** Torr. Single-crystal ; o
i i : mode, which allowed us to detect only the scattering light
Si(111) wafers of diameter 76 mm were cleaned using hy- . o .
due to the spin waves. An incident angle of the laser light

drogen fluoride and used as substrates. The Si SUbStratgﬁd a collecting angle of the scattering from the sample sur-
were annealed at 750 °C under UHV to show>&a7 recon- g ang g P

face were 45 degrees. A tandem six-pas$ 83 Fabry-Perot

structed surface. A 4.00-nm-thick Cu-buffer layer was deyo orometer and a solid state detector with guantum effi-

positeq.after cooling the substrate to room temperature. Aﬁeéiency of 44% and dark count of 2.2 cps were used for the
depositing the Cu-buffer layer, two types of Au underlayersyetection of the spin-wave spectrum. Instrumental spectrum
were prepared. One type was a step-wedged Au underlaygfigin was measured to be 0.5 GHz. An external magnetic
with thicknesses ranging from 0 to 3.2 ML and with the fig|d was applied up to 11.6 kOe parallel to the film plane
length of 8.9 mm for each step fabricated using a computerand normal to the polarization of the incident laser light. In
controlled step-movable shutter. This method allowed us t@ddition to this Brillouin measuremenéx situ polar-Kerr
make ultrathin Au films with various thicknesses under iden-hysteresis curves were measured using external fields up to
tical deposition conditions. Another type of Au underlayer10 kOe.
was a continuous wedge with graded thickness from 1 to 20
ML. This wedge increased in thickness by 1 ML every 3
mm, with the length of 3 mm chosen to be much larger than IIl. RESULTS AND DISCUSSION
the 0.1 mm diameter light spot used in the Brillouin mea-
surements. After deposition of wedged Au underlayers,
single Co films with thicknesses of 5 Mlfor the step- For Cu-buffer layers deposited without substrate heating
wedged Al and 6 ML (for the continuous wedgewere RHEED indicates a structural transformation from Cu
grown. As shown latter, these thicknesses of the Co layersilicide!® with poor crystallinity into a well defined fc€t11)
were carefully chosen to be appropriate for the observatioplane at a coverage of 1.5 nm. RHEED patterns then show
of the transition between in-plane and out-of-plane magnetinarrow streaks for Cu-buffer layers thicker than 1.5 nm, as
zations with varying external field. Finally, an Au overlayer well as for the Au underlayer, Co, and Au overlayer. These
of 3.50 nm was deposited to prevent oxidation of the Co. Theesults indicate that the fod-11) structure with high crystal-
Au and Co films were all deposited at room temperaturelinity and flat surface is epitaxially grown through each of
Electron-beam evaporators controlled by optical-feedbackhe layers. A rotation of 30 degrees around fh&1] axis is
monitors were used for the depositions with rates of 0.0bbserved between the Si substrate and the Cu-buffer layer,
nm/s(Cu), 0.01 nm/9Au), and 0.01 nm/$¢Co), respectively, which agrees with a previous result obtained by transmission
which were determined with an absolute accuracy withinelectron microscopy It should be noted that in our RHEED
+10% using Rutherford backscattering spectrosd@®S).  analysis it is difficult to specify the stacking faults and dis-
The thickness distribution for the wedge samples on the 7@inguish possible hc9002 stacking from fcctl11) stack-
mm diameter substrate was within 5% of the designed thicking of the ultrathin Co single layer. Previous work has shown
ness, without substrate rotation. Substrate rotation during thémat after forming the Cu fc€111) surface an average lattice
deposition of the Cu-buffer layer, Co, and Au overlayer as-constant of the Au layer on the Cu-buffer layer increases
sured thickness variations less than 1%. Those thickness disronotonically with increasing Au thickness ranging from 0
tributions also were determined by RBS. to 5 ML, at which point it has reached the bulk vaffane

To evaluate the film quality and structure, reflection high-find that the Co growth on this Au underlayer is coherent at
energy electron diffractiofRHEED) and Auger electron the interface, and that the lattice constants of Co layers are
spectroscopyAES) were usedn situ. Films for the RHEED  expanded by the Au underlayer. Hence, the lattice expansion
analysis were deposited using planar, rather than wedged, Aaf Co layers also saturates with the 5-ML-thick Au under-
underlayers, since our experimental setup did not allow us ttayer. The strain in Co is maximum at the Co/Au interface
focus the electron beam of RHEED on each ML step of theand relaxes gradually as the Co thickness increases. An ex-
Au underlayer. During the deposition, RHEED images wereample of these features is shown in Fig. 1, taken from quan-
digitized using a CCD camera and captured by a computetitative measurements of the in-plane lattice spacing. The
Each image was taken at a time interval of 7 s, which correintensity of the specular diffraction from the Co layer is rela-
sponded to a thickness resolution of 0.3 ML. To check thdively low at the beginning of the deposition and increases
chemical purity of the Co layers, AES was used on Co filmsgradually with increasing Co thickness. Oscillations in inten-
with various thicknesses ranging from 3 to 9 ML on a Au/ sity of the specular beam are not observed during the film
Cu/S(111) surface. This sample allowed us to analyze thegrowth of Co on Au underlayers. We note that our previous
thickness dependence of the film quality of the Co, instead oRHEED analysis showed that Au growth on Co was incoher-
using a depth profiling technique with ion irradiation with ent and stress free for Au coverages larger than 1°ML.
the resultant heavy interface mixing. In AES analysis, the intensity ratios of the Co to the Au

After growth of films, we measuree situBrillouin light underlayer as well as to the Cu of the buffer layer increase
scattering to study the spin-wave spectrum in those Au/Comonotonically with increasing Co thickness. Moreover, we
Au/Cu/S(111) samples. The excitation light source was thecannot see any signal from théIM or KLL transition of Si
linear- and vertical-polarized single mode of a diode-pumpedn our Co films. Hence, we conclude that any contamination

Films were deposited in our modified Perkin-Elmer MBE

A. Film growth and structure
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FIG. 1. In-plane lattice constant obtained from intensity line £
scans of RHEED images as a function of film thickness, with a 3.2 TR W
ML Au underlayer. Materials deposited are indicated on the figure. E
The lattice constant is calibrated by the lattice spacing of the Si(7 >
X 7) substrate surface. In the inset, the lattice constant of the Au- § 10
underlayer surface is shown as a function of the Au-underlayer 8
[T

thickness. The bulk metal lattice spacings ag,=0.2556 nm,
Anep-co= 0-2507 nm, andi,,=0.2884 nm, respectively. The lattice
spacings quoted are for room temperat(#@@5 K).

(d) Au= 32 ML

of Au, Cu, or Si into Co magnetic layers is negligible, in our g ok T
films deposited without intentional substrate heating. =
=
z K?=0
B. Step-wedged Au underlayer with thicknesses g 1o ’
from 0 to 3 ML g
w
Figure 2 shows the spin-wave frequency as a function of
the in-plane magnetic field for 5-ML-thick Co films with 0 -
. . . 0 5 10
various thicknesses of the Au underlayer. The lowest uni- Magnetic field (kOe)

form spin-wave mode was used for the fitting calculation,
taking into account both the direction of the magnetization FIG. 2. Magnetic-field dependence of the spin-wave frequency
and the contribution of the second-ordéourth powej in 5 ML Co films for various thicknesses of the Au underlayer.
uniaxial perpendicular anisotropg.In ultrathin ferromag-  Solid line is the calculated best fit. Dotted line is a calculation made
netic films, the energy of the uniform mode is very close towithout ak{? term[see Eq.(1)].

that of the surface mode which has a wave-number vector

parallel to the film surface and is accessible by the excitatiomhe external fielcH is applied along the film plane andis
light. In our Co/Au/Cuy11Y) films, the spin-wave frequency the angle of the saturation magnetizatidn with respect to

is found to be independent of the angle between the in-planghe film plane. In this definition, a positive value of each
crystal axis and the applied field. This indicates directly thatanisotropy constant indicates a preferred perpendicular ori-
the effect of the in-plane anisotropy field on the spin-waveentation for the magnetization. The equilibrium position of
frequency is less than our 0.5 GHz instrumental spectrunthe M, is derived by taking the angular differential of Eq.
width. Hence, the in-plane crystal anisotropy is omitted in(1). An effective magnetization density is also introduced as
the following calculation. The first and second terms of
uniaxial anisotropy constant&" andkK(?, are included in

- _ok(@)
the free energy per unit of the system, as follows: (47D, Mg)er= 47D, M= 2K /M, 2)

whereD, , the effective demagnetizing factor, is equal to 1

E=—-HMosa+(2mM?2) for a 5-ML-thick fcc{111) or hcp{0001) planel®8f the
) (D D effective magnetization density is negati\d, is oriented
X sirfa—Kisifa—Ksin'a. (1) perpendicular to the film plane in zero applied field. How-
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TABLE I. Results of the best fitted calculations for the field dependence of spin-wave Brillouin frequency, in 5-ML-thick Co films with
various thicknesses of Au underlayers. Coercivity on polar-Kerr hysteresis curves is also listed.

Au underlayer  Polar-Kerr Spin-wave Brillouin scattering
Thickness  Coercivity (47D Mg)ey 2KPIMg K K@ KM +K@

(ML) (Oe) g factor (kOe) (kOe) (107 erglen?) (1P erglen?) (10" erglen?)  K(P/K(D
0 192 1.98 —-3.19 0.12 1.50 0.17 1.52 0.011
0.5 106 2.09 —2.15 0.24 1.42 0.34 1.45 0.024
1.1 95 2.09 —2.43 0.19 1.44 0.27 1.47 0.019
1.6 105 2.01 —5.15 0.32 1.64 0.46 1.69 0.028
2.1 122 1.94 —6.98 0.44 1.77 0.63 1.83 0.036
2.7 170 1.85 —8.23 0.80 1.86 1.10 1.97 0.059
3.2 220 1.76 —8.86 0.94 1.90 1.30 2.03 0.068

ever, for applied fields larger thd47D, M) the mag-  rection was usedl.In contrast,K?) shows a monotonic in-
netization is oriented parallel to the external field in the filmcrease with increasing Au thickness, rather than a minimum
plane. as seen iK(! . As shown in Table I, the ratio betweét|>

The spin-wave frequency is obtained using the generaindk (2 shows a monotonic increase from 0.01 to 0.07 with
equation derived by Smit and Belgétsind the field depen- increasing Au thickness, remaining much smaller than the
dence of the spin-wave frequency in each sample can bgyjue of 0.4 characteristic of bulk hcp-Co. Theactor ob-
entirely explained by this fitting. We also have attempted toained from our fitting procedure shows a maximum of 2.09
evaluate the effects of both dipole and exchange fields on thground 1 ML of Au, which is close to the 2.2 of bulk Co.
spin-wave frequency in the ultrathin Co film, which are preyiously, the effect of a strong perpendicular anisotropy on
caused by fluctuations of the magnetization due to the spinne g factor was observed in a Brillouin-scattering experi-

wave excitation observed using this light-scattering methodment on a Fe/Ci®01) sample!? In that experiment, a value
For this purpose, we modified the spin-wave theory assum-

ing in-plane magnetizatioff, to be applicable for films hav- 20

ing out-of-plane magnetization due to a uniaxial perpendicu-

lar anisotropy. In a Co film of thickness only 5 ML, the 19 L _
contribution of the dipole field to the spin-wave frequency is :
in the range 0.1-0.5 GHz, which depends on the external g 18r 1
field and the effective magnetization. Also, the exchange = 171 ]
contribution is below 0.1 GHz. These results justify neglect- g o ]
ing the dipole and exchange effects on the spin-wave energy <= 16+ -
in the fitting procedure described above. In films without the O 151 T
Au underlayer, the spin-wave frequency tends to be constant 1 ]
at 4 GHz around the critical field, which indicates the effect 14 | (@) -
of domain formation should be considered. Although below |

the critical field, the formation of stripe-type domains might 13 4| 0 T 2 3 4
be possible even in these ultrathin Co films, there is no ex- Au thickness (ML)

perimental evidence from our fitting results to support an

effect of domain formation on the spin-wave energy. 16 : . . :

Results of our calculations of spin-wave frequencies are
listed in Table I. Also listed are coercivitidd, determined
from polar-Kerr hysteresis curveld, shows a minimum at a
Au thickness of 1 ML. Using a vibrating sample magneto-
meter(VSM) having low circuit noise and with samples cut
into 8X 8 mn?, we have confirmed directly that within5%
the values oM are 1370 G for our 5-ML-thick Co single
layers with various thicknesses of Au underlayer. Since this
is comparable with that of pure Co, the bulk value of 1422 G
is used for the calculation of the anisotropy constants. The
first and second terms of perpendicular anisotroﬁ)},) and
K(?), are shown in Fig. 3, as a function of Au thickness. As
can be seenk!) shows a minimum anisotropy for an Au
thickness near 1 ML. This result agrees with our pI'EViOUS FIG. 3. Perpendicular magnetic anisotropy const&({fﬁ (a
measurement of a total perpendicular anisotropy in thisind K (b) as a function of the Au-underlayer thickness deter-
stacking system, in which a polar-Kerr hysteresis techniquenined from fitting the data using E€) for the angular dependence
with an external field parallel to the hard magnetization di-of the magnetic free energy. Solid lines are guides for the eye.

K @ (10° ergicm®)

Au thickness (ML)
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S 10 K . J FIG. 5. Coercivity obtained from polar-Kerr hysteresis curves vs
% N oy - the Au underlayer thickness in 6 ML of Co. Au thicknesses were
e . i | Leetetin varied using a gradual-wedged Au underlayer.
Fiela culations for the field dependence of spin-wave frequency in
is gradual wedge sample for Au thicknesses of 4, 5, an
00 5 1'0 1'5 20 th dual wed le for Au thick f4,5, and 20
Au thickness (ML) ML. Therefore, we conclude that the increases of Hoff

andK(?) above 1 ML of Au are dominated by magnetoelastic

FIG. 4. Spin-wave frequency vs the Au-underlayer thickness foreffects due to the coherent growth of Co at the Co/Au inter-
a 6 ML Co film deposited on a gradual wedge of Au underlayer.face.

External fields of 7.3 kO¢a) and 3.1 kOgb) were applied parallel Values of the coercive fieldH. as a function of the Au
to the film surface in order to maintain the magnetization in'p|a”ethickness, derived from polar-Kerr hysteresis curves, are
and out-of-plane, respectively. shown in Fig. 5. As can be see, gradually increases with

increasing Au thickness, showing no signs of saturation
of g=1.84 was obtained. In our experiments, on ultrathin Coabove 5 ML. This Au-underlayer dependenceHyf cannot
samples with a range of anisotropies théactor appears to be explained by the Au thickness dependence of the perpen-
be well correlated with the value Nﬁl) as well as with the dicular anisotropies measured in our spin-wave experiments.
total perpendicular anisotronyfjl)vL Kff). Therefore, pinning and/or nucleation effects on domain mo-
tion in the magnetization reversal process should be taken
into account. Such domain formation effects in the magneti-
C. Continuous wedge Au underlayer zation reversal was observed in an Au/Co/Au sandwich film

Figure 4 shows spin-wave frequencies as a function of th&ith 3-nm-thick Au _films?l Detailed structural analyses in-
Au underlayer thickness in a gradual-wedge sample with @luding an observation of the surface morphology of the Au
ML of Co. With an applied field of 7.3 kOe, the magnetiza- underlayer are ngcessary_for a full understanding of the in-
tion is in-plane and the spin wave on the upper branch abové'ease in thed. with Au thickness.
the critical field can be observed. Hence, this spin-wave fre-
guency depends on tiggvalue and effective magnetization  D. Field-dependent width of spin-wave Brillouin spectrum
field. Decreasing the Au thickness below 5 ML causes the and magnetic inhomogeneity
spin-_wave fre_quenc_y_to increase, which we showed in the As can be seen from Fig. 6, the spectrum widtia ex-
previous section originates from an decreask(f and a e o field-dependent line broadening of the spin-wave
increase in they value. The spin-wave frequency saturatesgjioyin spectrum at the critical field for which the equilib-
for Au thicknesses greater than(l)5 ML. This saturation di-jm magnetization lies just in-plane. This behavior is quan-
rectly indicates the saturation &f; and of the resultang titatively explained by assuming a distribution of the effec-
value, since théMls does not change with the Au thickness. tive magnetization fields, as follows:

Moreover, this saturation coincides with the saturation of the

in-plane lattice expansion of Co at 5 ML of Au, as described Aw=Awy+A(47D M) e dw/d(47D Mg}, (3)
earlier in Sec. Il A. With a field of 3.1 kOe, in which the

spin-wave frequency depends on betfl) andK(?, satura- wherew is the observed spin-wave frequency. In this calcu-
tion of the spin-wave frequency at 5 ML of Au is also ob- lation the value of (4D, M) determined from the field
served in Fig. 4. On the lower branch of the spin wave fordependence of the spin-wave frequency is used. Hess,
fields below the critical field, the change in the spin-waveindicates the field-independent width due to structural inho-
frequency below 5 ML of Au is directly related to the change mogeneities and (47D | M) ¢ is the distribution of effec-

in K" andK(?) . These results are confirmed by fitting cal- tive magnetization fields, that is, the distributionkdff) val-
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FIG. 7. Field-independent spectrum widilw, (a), and the pa-
rameter A(47D, M) (b) as a function of the Au-underlayer
thickness. The latter parameter characterizes the inhomogenious
distribution of the perpendicular anisotropy. These parameters were
determined from a fitting calculation for the field-dependent line
broadening of the spin-wave Brillouin scatterifgee text Solid
lines are guides for the eye.

FWHM (GHz)

agrees very well with the data, especially above the critical
field. Below the critical field, the scattering light intensity is
considerably lower than that above the critical field due to
the out-of-plane magnetizatiA,and thus measurement of
the experimental width becomes less accurate. Also, in the
sample without an Au underlayer, the effect of domain for-
mation may decrease the spectrum width at the critical field.
As shown in Fig. 7, we find that the parametersiaf, and
A(47D | My) . depend strongly on the thickness of the Au

FWHM (GHz)

0y 5 10 underlayer in our single-crystal films. Inserting only a 0.5
Magnetic Field (kOe) ML-thick Au underlayer results in a significant reduction of
f bothAwg andA (47D, Mg) s -

The reduction ofA wq, the field-independent line width,
with increasing Au thickness indicates a marked improve-
ment in the structure-related magnetic uniformity of the Co
Sayer?® In the Co/Cu/Si111) system, the Co was reported to
show hcp0002 stacking?® On the other hand, superlattice
samples of Co/Cl1l) showed fccflll) structure with
ues. Since we have confirmed thdt; has the bulk value small amounts of hcf, while hcp{0002 was identified in
independent of the Au-underlayer thickness, and the thick€o/Au(111) superlattice$® Hence, the structure of Co
ness distribution of planar Co deposited is within 1%,grown on Ci§111) grown without heating is unstable and is
A(47D | M) ¢y is mainly caused by the distribution &£ . assumed to have considerable stacking faults. However, it
As can be seen from the solid lines in Fig. 6, the calculatiorappears from our measurements that these stacking faults are

FIG. 6. Magnetic-field dependence of full width at half maxi-
mum (FWHM) of a spin-wave Brillouin spectrum for 5 ML Co
films with various thicknesses of Au underlayer. Solid lines are th
best fit calculationgsee text
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eliminated by the ultrathin Au interlayer and that the hcp- 12 . . ——
(0002 planes are stabilized. This interpretation agrees with
our experimental result that the spectrum width, in Co/ 10 L ]

Cu(11]) films does not depend on the Co thickness, at least

in the range from 4 to 11 ML, since the density of stacking

faults does not significantly depend on the thickness. Other .

structural imperfections, such as the island formation, should "’g

depend on the Co thickness. =
The Au-thickness dependence &{47D | My)¢ in the g

bottom curve of Fig. 7 indicates that the distribution of per- =

pendicular anisotropy(fjl) is strongly affected by the Au §

thickness. From the angular dependence of the absorption ~

width in ferromagnetic resonan¢EMR) measurements, the

anisotropy distribution due to the dispersionméxis crys- 00

tallites was obtained in polycrystalline Co films sandwiched

by Au?’ Also, the angular dependence of FMR line broad-

ening was used to determine variations in the perpendicular e L
effective field from in F€001)/Cu films?8 It should be noted —h P, T,
that the anisotropy distribution discussed here is obtained Authickness (ML)

U tNICKNEess

from a relatively microscopic area less than 10® in di-

ameter, WhICh.IS meaningfully less t.han the film area used in FIG. 8. Total anisotropy vs the Au-underlayer thickness. Closed
a stam_jard microwave F_MR experiments. As can be S€€Lrcles are experimental values obtained from anisotropy constants
from Fig. 7, a decrease in th&a(4q_rDLMS)_eﬁ occurs for 8 KW andK @, usingK (P =KD +K@—27M2. Closed squares
0.5 ML_ Ag-unde_rlayer thickness in our s_mgle-crystal films ,re calculated values uSitgT™ = K o+ Kye— 27M2, where the
and coincides with an abrupt decreaseAimy. Therefore, agnetoelastic anisotropi,e is evaluated based on the actual
we attribute this reduction of the anisotropy distribution to ajn_pjane strain determined from RHEED images and the sum of the
significant elimination of stacking faults and possibly of the first- and second-order crystalline anisotropy of bulk hcp-Co is used
reduction in contamination by a fdd11) phase. However, for the crystalline anisotropi,c. Closed triangles are calculated
the increase iM\ (47D, M) ¢ With increasing Au thickness values usingK,c without the second-order anisotrofigee text
above 0.5 ML does not agree with the behaviorAabg, Dotted and solid lines are guides for the eye.
which will be discussed later.
compared with experimental values determined from our
E. Discussion spin-wave experiment in Fig. 8. Here, the experimental value

(Total) :
To evaluate the contribution of underlayer-induced strainOf Ky 's plotted, where

to the uniaxial perpendicular anisotropy in the Co films, we
estimate a total perpendicular anisotrofy®® using a
magnetocrystalline anisotrof§y,c , @ magnetoelastic anisot-
ropy Kye, and a shape anisotropy, as follows:

K(Toa) = (D) 4 KD -2 7 M2, (6)

For values ofk (>0, the anisotropy energy favors a
KEJTotaD:KMC+KME_27TM§. (4) perpendicular Qrientation _for the magnetization _density
rather than an in-plane orientation, and the resulting easy
axis of the magnetization is perpendicular to the film plane.
There are two minimum energy states for a perpendicular
magnetization and an in-plane magnetization. The system
can reach the lowest energy state via incoherent rotation
Kue=—[C11+Cqo— 2(C13)2/C33]()\A+ \p)e€, (5) through the potential barrier between these minimum energy
states. As can be seen from Fig. 8, without the Au underlayer
whereC;; is an elastic constant andis a magnetostriction the calculated value of total anisotropy indicates in-plane
constami.5 Since the in-plane straia in Co depends on the easy-axis magnetization. This is a consequence of the lattice
Co thickness, we use strain values obtained from RHEEDnismatch between Co and Cu being a relatively small 1%.
measurements of the actual lattice spacing of 5-ML-thick CoHowever, the experimental value indicates perpendicular
Two values ofK,,c are used in the calculation: one is the easy axis. Hence, it appears an additional interface perpen-
sum of the first- and second-order crystalline anisotropy oflicular anisotropy at the lower Co/Cu and upper Au/Co in-
bulk hcp-Co, another is the first-order anisotropy of bulkterfaces may sustain the perpendicular total anisotropy ob-
hcp-Co. The reason to refer to the latter value is that theserved. For Au underlayers thicker than 1 ML, the Au-
second-order anisotropy is experimentally shown to be sewhickness dependence of the total anisotropy obtained
eral % of the first one. Additional strain due to the upperexperimentally qualitatively agrees with the calculated de-
interface between Co and Au is not considered, since thpendence. This is consistent with the increase in the perpen-
growth of the Au overlayer on the Co was shown to bedicular anisotropy above 1 ML of Au being mainly due to
incoherent and stress frEelhe result of this calculation is the magnetoelastic effect caused by the Au underlayer.

The magnetoelastic anisotropy for (0002 film is calcu-
lated from
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The transition region between Cu and Au underlayer is 5 . — .
very interesting. In our structural analysis using RHEED, no
anomalous effect in the Au-thickness dependence of the lat- 4L 4

tice spacing and specular beam intensity is observed around
1 ML of Au. As shown above, we observe abrupt decreases
in Awg andA (47D | My) ¢ at 0.5 ML of Au, both showing
marked improvement in the structural inhomogeneity and the
anisotropy distribution. Therefore, we cannot attribute the
minimum of K{V to a degradation oK ¢, since the reduc-
tion of the stacking fault density or the elimination of a fcc-
(111) phase should increase the perpendicular anisotropy in a
single-crystal Co film. Other possible effects that could de- 0 —H 0 —
grade the perpendicular anisotropy are interfacial mixing at Au thickness (ML)
the Co/Au interface and interfacial roughness due to poor
wetting of Co on Au that is, island formatidnAdditionally, FIG. 9. Normalized anisotropy distributiahk (V/K» obtained
hybridization of the electronic structure between Co androm A(4mD, M)y @s a function of the Au-underlayer thickness.
transition metals has been proposed as a possible mechanigie solid line is a guide for the eye.

to affect the interface anisotrofy:?° Since the role of the

interface anisotropy on the total perpendicular anisotropy is

important, and further investigation is in progress to eluCi-tion  since the effect of strain on the perpendicular

date the effect of the Au underlayer on this anisotropy.  anisotropy becomes important above 1 ML of Au.
Recently, a systematic study of Co/Mn superlattices re-

vealed a structural transition from f¢¢41) to hcp{0002
Co with increasing Mn thicknes8.From the angular depen- IV. SUMMARY
dence of FMR fields, the contribution &f{? was found to

be negligible in the fcc phase, and the hcp phase in the 2.4- \yq haye studied perpendicular magnetic anisotropy in ul-
nr(r;;thl?llg Co superlattice was found to have the ratio ofyaihin Co/au111) films with varying thicknesses of the Au
Ki/Ky=0.05. These results are consistent with our resulingeriayer by spin-wave Brillouin scattering. We explain the
that Co films deposited directly on Cu, which contain thefie|d dependence of the spin-wave frequency by a calculation
fcc-(111) phase, have a small value Kf?/K(). However,  that includes both the firstsecond powerand second-order
from the analysis of our Co/Au stacking system, we note thatfourth powej uniaxial perpendicular anisotropies. We find
the effect of strain on the(ff) term should be taken into that the second-order perpendicular anisotropy increases
account for a full understanding of the Au-underlayer depenmonotonically with increasing Au-underlayer thickness rang-
dence of the rati& (2/K(V ing from 0 to 5 ML, while the first-order anisotropy shows a
Finally, we discuss the physical origin of the increase innonmonotonic increase with a minimum at 1 ML. The ratio
the distribution ofKﬁl) values with increasing Au thickness of the second-order anisotropy constant to the first one is
above 1 ML. The parametek (47D, M) characterizes significantly less than the bulk value, and also increases with
the extent of the anisotropy distribution, which is the widthincreasing Au thickness. Saturation of both the first- and
of a steplike function describing the distribution. Hence, thissecond-order anisotropiesrfa 5 ML Au underlayer agrees
value is independent of the intensity of the anisotropy. Towell with the saturation of expansion of the in-plane Co lat-
clarify this point, in Fig. 9 we plot a normalized distribution tice due to the coherent growth of Co at the Co/Au interface.
of Kfjl) obtained from the value ak (47D, M)g. A Simi- Also, we observed a field-dependent broadening of the spin-
lar dependence on Au thickness of the normalized distribu¥wave Brillouin SpeCtra around a critical field between out-of-
tion (AKP/KW) is exhibited by the variation of plane and in-plane magnetizations. We interpret this broad-
A(47D M) Shown in Fig. 7. The distribution of perpen- €NiNg as due to a _dlstrlbutlon of the first-order anisotropy
dicular anisotropy can be related to the angular dispersion df€Pending on the thickness of Au underlayer. As a result, the
thec axis of single-crystal Co. For example, from an analysigdistribution of the first-order anisotropy is shown to have a
of x-ray data for Co/Pd superlattices, it was shown that théninimum at 1 ML of Au. The physical origins of the Au
width of the rocking curves increased with increasing Counderlayer dependence of the perpendicular anisotropy and
thickness, due to the large lattice mismatch between Co anfj€ distribution have been discussed mainly based on the
Pd3! However, our RHEED results for Co/Au films show Structural analysis using RHEED.
that sharp and narrow streak patterns are maintained through-
out the deposition of Co. Also, the Co-thickness dependence
of the RHEED intensity is similar for different thicknesses of ACKNOWLEDGMENTS
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