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Brillouin study of long-wavelength spin waves in quasimonatomic Co films with uniaxial
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We have observed spin-wave Brillouin light scattering from ultrathin Co/AWCY films with Co thick-
nessest, down to 1 monolayeML) and with a 1-ML Au interlayer. The detection of a well-defined
spin-wave spectrum and the field dependence of its frequency show directly long-range collective and ferro-
magnetic ordering in these films at room temperature. From the field dependence of the spin-wave frequency,
we derive uniaxial perpendicular magnetic anisotropy constants as a functigyg wifth various overlayer
materials, including Cu, Pd, and Au. With a Cu overlayer, we observe that the first-order perpendicular
anisotropyK " obeys well a linear relation betwedt(Vt., and te, for tc,=1.5ML, which indicates a
constant contribution of the interface anisotropy of 0.16 mJfmaddition to the volume anisotropy of 0.73
MJ/m®. With an Au or a Pd overlayer, we find that both the interface and volume anisotropies are significantly
larger than those with the Cu overlayer. We quantify magnetic inhomogeneities from the field dependence of
the spectrum width. With the Au or Pd overlayct(rgl) shows a steep decrease with decreasidor tc,
<3.0 ML, which agrees well with a significant increase in the structure-related magnetic inhomogeneity. We
show directly that long-ranged ferromagnetic ordering exists, with the perpendicular anisotropy, in our quasi-
monatomic Co films thinner than 1.5 MKEJ” for each overlayer tends to be zero at 1 ML of Co, accompanied
by heavy damping of the spin wave. In addition, we find the second-order perpendicular anisotropy is still
maintained with a comparable valueKrél) in such quasimonatomic Co films, indicating significant deforma-
tion of the uniaxial anisotropy.

I. INTRODUCTION plane anisotropy vanished it did so with accompanying
elimination of the magnetizatioft.

The properties of long-wavelength spin-wave excitations More recently, Kerr hysteresis measurements showed that
in monatomic or two-dimensionald3ferromagnet films are T was above or near RT in Co/ClL) films even with
one of the most important subjects in modern magnetism.thicknesses close to 1 Mt offering a good opportunity to
Monatomic Co/C(100 films were extensively studied and study magnetism in quasimonatomic films at RT. In our pre-
ferromagnetic ordering was reported at room temperaturgious study, we found Co/Au/Cu/@ill) epitaxial films
(RT).2% Spin-wave Brillouin light scattering also was ob- showed the narrowest width of the spin-wave Brillouin spec-
served from such monatomic filMg he spin-wave Brillouin  trum when grown with a 1-ML Au interlayér This shows
scattering technique is a very useful method for studyinglirectly a high degree of magnetic uniformity, which is
long-wavelength spin-wave excitations, since the wavelengtheeded for magnetic studies of quasimonatomic Co films.
of the spin wave detected by this scattering is comparable From the field dependence of the spin-wave energy, we
with that of the visible light used for the excitation, that is, can determine magnetic properties such as magnetic
several hundred nanometers. In addition, the sensitivity ofinisotropies. In addition, we found that the field-dependent
the light scattering is sufficient for the detection of spinline broadening of the spin-wave spectrum allowed us to
waves in ultrathin films less than a few monolayévil’'s). quantify magnetic inhomogeneities simultaneodélin the
However, in contrast to the above, the Curie temperatur@resent paper, we study long-wavelength spin-wave Bril-
(Tc) was reported by one group to be much lower than RTlouin scattering in Co/Au/Cd1Y) films with Co thicknesses
for 1.5-ML-thick Co/Cy100).° Therefore, the results depend tc, down to 1 ML and with 1 ML of an Au interlayer where
on film quality, which means that effects of the microscopicthe thickness was calibrated by determining the number of
structure and its inhomogeneity on the magnetism should bdeposited atoms using Rutherford backscattering spectros-
taken into account for subsequent studies of monatomicopy(RBS). To examine effects of an overlayer material, we
films. Moreover, effects of magnetic anisotropy on long-deposit simultaneously Cu, Pd, or Au on graded thicknesses
ranged magnetic ordering are important. Theoretical worlof Co under identical ultrahigh vacuum conditions using a
showed that long-range ordering cannot be sustained at finiteovable shutter. The magnetic anisotropy constants as well
temperature in a two-dimensional Heisenberg sy$téefow-  as the magnetic inhomogeneities are derived as a function of
ever, later work pointed out that magnetic anisotropy wouldt,. In this paper, we discuss magnetic properties, including
stabilize magnetic ordering as well as dipole interactiol8. the long-wavelength magnetic ordering and magnetic
Experimentally, arin situ Brillouin study showed that ferro- anisotropies in quasimonatomic Co/AufCl) films with a
magnetic ordering in ultrathin Co/@0Y) films indeed was Cu, Pd, or Au overlayer, and their relationship to the mag-
stabilized by an in-plane anisotropy, and that where the innetic inhomogeneities.
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Co thickness using a planar sample witg,=10ML by
Seatering Ight (=1, means of both a low-angle x-ray diffraction and a cross-
sectional high-resolution transmission electron microscope
(TEM) image. These results showed an interface roughness
of 1 ML for this 10-ML film of Co. The thickness distribu-
tion also was evaluated by RBS and was withi#% for the
wedge. We also useih situ reflected high-energy electron
diffraction (RHEED and Auger electron spectroscopy
(AES) to evaluate the film structure and quality.

A tandem 6(3+3)-pass Fabry-Perot interferometer was
usedex situto detect the spin-wave scattering at RT. A back-
scattering geometry was used with an incidence angle of 45°,

Co-wedge
. > 450

Incident light

H®

Additional Au-protective layer

/ Graded Co-wedge ( 0 ~ 1.43 nm)

Cu / Au Pd as shown in Fig. 1. Thé number of the collecting lens was
| | | Au-interlayer (0.234 nm) 1.2 and the beam radius of incident laser light was 0.7 mm.
Cu-buffer layer (4.00 nm) The radius of the focused spot was estimated as a few tens of
DS subshrate micrometers after adjusting the focal point using a micro-

scope. A solid-state detector with a quantum efficiency of
44% and the dark count of 2.2 counts/sec was used. The
incident laser power was 200 mW. Any damage of the film
FIG. 1. Geometry of our graded Co-wedge samples. The thickwas not seen with this incident power, in addition to the
nesses are in the range 0—1.43 nm corresponding to 0—7 ML, WitPepeatabiIity of the spin-wave spectrum. The full width at
Cu, Au, or Pd overlayer¢see text The thickness for each over- pqjf maximum(FWHM) of the Rayleigh peak was 0.5 GHz
layer is 2.00 nm for Cu followed by a 3.00-nm Au protective layer, onq the free spectral range was 37.5 GHz. All the Brillouin
3.00 nm for Au, and 3.50 nm for Pd. The inset shows the backyaia were measured using a single specimen with matrix
scattering configuration for the spin-wave Brillouin experiment. samples, as shown in Fig. 1. The thickness gradient of the Co
wedge was 3 mm/ML, which was sufficiently larger than the
II. EXPERIMENT light spot for the Brillouin excitation. This meant that thick-
Details of the sample preparation and Brillouin measure€ss variations across the beam were negligible. The satura-
ment are described elsewhéfé® so we only describe tion magnetizationMg at RT was measured using 8
briefly the experimental procedure which is especially im-<8-mnf planar samples by a highly sensitive vibrating
portant for this study. The geometry for our matrix samplessample magnetometefVSM) with a sensitivity of 2
is illustrated in Fig. 1. Films were deposited on &7 re- X10 °emu.
constructed $111) surface by molecular beam epitaxy. A
4.00-nm-thick Cu buffer layer first was deposited at RT, fol- Ill. RESULTS
lowed by 0.23 nm of an Au interlayer. Next, a graded wedge
of Co ranging from O to 1.43 nm was prepared using a
computer-controlled movable shutter. After the formation of We observe narrow-streak RHEED patterns through
this Co wedge, the substrate was rotated 90°, and the threkeposition of each layer, which indicates an epitaxial fcc
materials of the overlayer were deposited with the following(111) structure with high crystallinity and a flat surface.
procedure. First, two-thirds of the surface area of the Cdince it was difficult to distinguish the Q@001 stacking
wedge was covered with the shutter and a 2.00-nm-thick Cfrom Co(111) using this RHEED technique, we confirmed
overlayer was deposited on the uncovered portion of the Cdlirectly the C40001) stacking on a 1-ML Au interlayer by
After forming this Cu overlayer on one-third of the sample, means of a cross-sectional high-resolution TEM image. The
the shutter was moved to cover only one-third of the Coformation of a 1.5-nm-thick Cu silicide with the crystal plane
wedge and then a 3.00-nm-thick Au layer was deposited. Imotated 30° around thfl11] axis from the Si substrate is
addition to forming the Au overlayer on the center one-thirdobserved during the initial growth of the Cu buffer layer, in
of the sample, the Au also formed a protective covering oragreement with previous results using TEMThe average
the initial Cu overlayer. The Au protective layer for the Cu in-plane lattice constant of Au on the Cu buffer layer in-
overlayer was necessary since we observed oxide formatiotreases monotonically with increasing Au thickness up to 5
on a bare Cu surface. Next, the substrate was rotated 18Q9L, at which point it has attained its bulk value. We also
The part of the Co wedge with the Au and Au/Cu overlayersfind that the Co layer is expanded by the Au interlayfer.
was covered with the shutter again and finally a 3.50-nmFigure 2 shows the lattice constant of Co and the specular
thick Pd overlayer was deposited on the remaining bare Cdeam intensity of RHEED as a function tf,. With the
Electron-beam guns controlled by optical-feedback monitor&ombination of the incidence angle of 0.5° and the accelera-
were used for the depositions with rates of 0.04 nm/sec fotion voltage of 15 kV, the skin depth of treebeam is esti-
Cu, and 0.01 nm/sec for Au, Co, and Pd, which were determated to be less than severalgatroms. As can be seen, the
mined with an absolute accuracy within10% using RBS. Co layer is expanded due to its epitaxial growth on the Au
We controlled the film thickness by means of the depositiorinterlayer, and the lattice constant can be well expressed by a
time, that is, the number of deposited atoms. The averag#/t., dependence except for initial two data points. Tiis
number of monolayers was calculated using bulk values oflependence can be understood as a relaxation of misfit
the lattice constants. Also, we independently confirmed thatrain!” and the critical thickness at which point the misfit

A. Sample quality
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FIG. 3. Saturation magnetizatidig multiplied by the thickness
FIG. 2. (a) In-plane lattice constant of Co grown on Au/Qa1) of Co, te,, as a function ot.,, with () a Cu overlaye2.00 nm
with 1 ML Au and (b) specular beam intensity of RHEED as a with 3.00-nm-thick Ay and(b) a Pd(3.50 nm) or an Au overlayer
function of Co thickness. These data were obtained from intensity3.00 nm). The solid line is a linear fit of () Mgtc,
line scans of RHEED images, with the lattice constant calibrated by= (1422 Gausg), for Cu and (b) Mtc,=(1422 Gauss),+5
the lattice spacing of the Gix7) substrate surface. RHEED images x 10~ % emu/cnf for Pd or Au, where the bulk value of Co is 1422
were continually captured in a planar sample. The direction oéthe Gauss at RT.
beam was closely parallel to thé&10] axis. The bulk lattice con- )
stants ar@, 5,=0.2884 Nm andiye, c;=0.2507 nm, respectively. obtained fort;,=1.3 ML. However, for Pd or Au overlayers,
a monotonic decrease iMg with decreasingtc, for tc,
strain starts to relax is nearly equal to 0 ML. On the other<2-5ML is observed, in addition to a small contribution of

hand, a strong oscillation of the specular beam intensity as agnetization of %X 10 ® emu/cnt possibly due to the mag-
function ofte, is Not observed, which shows that the growth netic polarization of the overlayer material near the upper
mode of Co/Au/C(@1]) is not a layer-by-layer growth. The Interface between Co and the overlayer. _
RHEED oscillation was also not to be observed for Co/ Flgure4shows spin-wave Brillouin spectra from ultrathin
Cu(119) films.}2 However, the specular beam intensity from €0 films, 1=tc,=2 ML, with a Cu overlayer. The sharp
our ultrathin Co even with a thickness of 1 ML is relatively peak .d|rectly indicates awell-defmed_spm—wave e?<C|tat|on at
high, equivalent to that from Co with a thickness of severalRT With & wavelength of 376 nm, which is accessible by the
ML’s. After the deposition of several ML’s of Co, the inten- 12Ser light of the wavelength of 532 nm and an incidence
sity starts to increase, saturating at 10 ML. Therefore, wetndle of 45° to the film surface in this experiment. As can be
conclude that the film quality of our quasimonatomic Co isS€€n, we find the spin-wave scattering intensity from Co with
not significantly degraded, in comparison with that of severafco<1.1ML is significantly lower than that withtc,
ML’s of Co, while the structural imperfections such as voids=1-1 ML for this Cu overlayer. We note that we did not
and island formation in part can be expected. Thigdepen- Observe a spin-wave spectrum from Co wih=1.1 ML
dence of the RHEED intensity is qualitatively different from With €ither Pd or Au overlayers. Therefore, this suggests that
that of Co/C(111) reported in Ref. 12, where the specular this 1.1_ ML is a critical th_|ck_ness for the observation of
beam intensity decreased steeply with increasigg This ~ Well-defined spin-wave excitations.
difference of thetc, dependence of the RHEED intensity is _
possibly due to the use of the Au interlayer in our samples. B. Calculation procedure
In addition, AES analysis reveals no contamination in the Co Before discussing experimental results for the field depen-
layer within a sensitivity of 3%. dence of the spin-wave Brillouin frequency, we first describe
Figure 3 showdVi4 results as a function df;, for each  our calculation procedure. We have included effects of both
overlayer. With a Cu overlayer, the bulk value bfg is  the dipole and exchange fields in the calculation of spin-
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e T,=47M?cos ¢(1—-qd/2) v, 3
Cu/CofAu/Cu(111) V
H=8.00 kQe Te= —27M?qdéy, (4)
| i whereq is the wave vector of the spin wave, which is par-
0 €0=0.420 nm allel to thez axis. The free energy per unit volume of the
' system can be expanded for smaknd » as follows:
E=Eq+ (Eg &2+ 2B, én+E,, 77)/2. (5)
. 400 V Since¢ and » are characterized by time and space variations
2 ase'“t ande'9,
= A
S Co=0.367
9; ol o=0-Jernm ) (0l y)?=(EgE,,—EZ,)IM?+27qd(E,,— E¢ COS ¢)
2 J +0((qd)?). (®)
= [ C0=0.318 nm ”":l/“"” ] An exchange field is included to the torque equations in the
same manner. The additional term caused by the exchange
200 contribution can be expressed using an exchange stiffness
Co=0.241 nm constantA as follows:
2AQ?[E,,,+ Eg+2mM2qd(1—cos ¢)]/IM?+O((Ag)?).
100 ™
The equilibrium position of the magnetization can be derived
from angular differential of the free energy and, as a result,
_ 6=/2 in this system. Neglecting higher order terms,
C0=0.188 nm 2 2 .
A R 0O((qd)*) andO((AQ)~), we obtain

-30 <20 10 0 10 20 30 40

Frequency shift [GHz] (@] y)?=(E g4E 4= E54) M+ 27qd(E 4y~ E 4 COF ¢)
FIG. 4. Spin-wave Brillouin spectra from ultrathin Co films with +2AQ[E gyt E gyt 27MEqd(1—cog ¢) /M,
various thicknesses down tel ML, with a Cu overlayer with the ®)

thickness of 2.00 nm. An external field of 8 kOe was applied par-
allel to the film plane. The free spectral range was 37.5 GHz, andvhere the second and third terms correspond to the dipole
each spectrum was accumulated using 1024 channels with totaind exchange contributions, respectively.
dwell time of 2 sec/channel. An arrow indicates the anti-Stokes The free energy per unit volume of the system can be
spin-wave Brillouin peak. A weak peak due to a surface acoustiexpressed aE=E  gomant Emagnetostatid” Eanisotropy Within
phonon is also indicated, which cannot be eliminated by the crossoyur experimental resolution of 0.2 GHz ft¥,=2.0 ML and
polarization configuration. 0.5 GHz for tc,<2.0ML, respectively, in the Co/Au/
. . Cu(111) plane, the spin-wave frequency is independent of
Vn\gzvief:iez gﬂigcgﬁewgineasrﬁrfaiuesgdinb%//vsv;llinckfgsrl/oer:j %f t{;ﬁhe angle between the in-plane crystal axis and the applied
li thJ scattering method. Both corrtlaoctions are a functio)rln 0 feld. Thus the in-plane crystal anisotropy is omitted from
9 g ) . ; . our calculation, and the uniaxial anisotropy contribution per
tco @and are necessary for precise discussion of thelepen- tfmit volume is expressed in the free energy BiSisoropy

n f magnetic properties. W ly the pr r . . o :
dence of magnetic properties. We apply the procedure L KW sir? —KPsint . A positive value of each anisot-

Cochranet al. for the spin-wave calculatidfito our system. . . .
A magnetic thin film with thickness lies in thexz plane. ropy constant indicates perpendicular anisotropy. Therefore,

The external fieldH is applied along thex axis, ¢ is the _ 2 (D)
angle of the magnetizatiod with respect to thex axis, 6 is E HMSCOS¢+(27TM5)Sm2 ¢—Ky sinf ¢
the angle of the magnetization with respect to thexis, & —K@sint ¢. 9)

and » are small angles of deviation of the magnetization
from its equilibrium position, and is the equilibrium direc-  Since the demagnetizing factor is not equal to 1 for ultrathin
tion of the magnetization vector. The equations of motion forfilms thinner than several ML'’s, an effective magnetization
small deviation of the magnetization can be expressed dield is also introduced as follows,

follows,

(47D, Mg)eg=47D, Mg—2K Y/ My, (10)
M#=—yRIoe+T,, @ where D , the effective demagnetizing factor, ifg r;lilmeri-
. cally calculated for a fc¢111) or hcp (0001 plane:®~“*If
Mé=yaBIan+Te, @ this effective magnetization field is negatiwd, is oriented

whereT, and T, are the torque per unit area generated byperpendicular to the film plane without an external field.
the field due to the small deviation of the magnetization andVhen the applied in-plane field is equal to#B, M),
y=glel/2mc. We obtain expressions for the torque as fol-the effective field acting on the precessing magnetization
lows, vanishes. For applied fields larger thH@ 7D, My)q the
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FIG. 5. An example of the spin-wave calculation as a function  F|G. 6. Field dependence of spin-wave Brillouin frequency for
of external field, which is made for 0.408-nm-thick Co with a 3.00- various thicknesses of ultrathin Co films with 2.00-nm-thick Cu
nm-thick Au overlayer. Parameters are as folloMy=1394G,g  overlayers. The solid lines show the least-squares fit for the field
=1.94, (47D, M)=—5.30kOe, A=2.85< 10 ®erg/cm (Refs.  dependence of the spin-wave frequency, where the anisotropy con-
22 and 23, andK{?'=0. The dotted line shows the result without stants and the factor are the fitting parameters. A monotonic in-
dipole and exchange contributions. The effects of difdleshed crease in the spin-wave energy with increasing field indicates that
line), or dipole and exchange fieldsolid line) are also indicated. the magnetization is in-plane.

The inset shows the detailed field dependence of the spin-wave

frequency around the critical field of 5.30 kQe. as the magnetization inclining from the film plane under a

tization i iented llel to th ‘ | field in th weak external field due to the strong perpendicular anisot-
magnetization 1s oriented parafiel 1o the external Neld I e, 15 addition, the contribution dk(? is also included.

film plane. Finally, the spin-wave frequency was calculate he angle between the magnetization and the film plane is

as a function oH using Eq.(8). Figure 5 shows an example determined by the competition between the perpendicular an-

for the calculation made for 2 ML of Co with an Au over- . ; ) o
. . . isotropy and the in-plane external field. The contribution of
layer. The effect of the intralayer exchange interaction on th%z) appears in the field dependence of the spin-wave fre-

spin-wave frequency appears, which is similar to the calcu-"u
lation result obtained by Stamps and Hillebrafti&s can

be seen, the effects of both the dipole and exchange fields are 40 ' '
not so significant for this ultrathin film. We are able to fit the Pd/Co/Au/Cu(111) o 0432nm
measured field dependence of the spin-wave frequency in ° 0.333nm ]

each sample using the above procedure. " * 0.231nm

C. Results and discussion

The field dependence of the spin-wave frequency for ul-
trathin Co films thinner than 2 ML with a Cu overlayer is
shown in Fig. 6. As can be seen, the spin-wave frequency
increases monotonically with increasing field, showing that
the magnetization is in the film plane. This field dependence
of the spin-wave energy shows a ferromagnetic behavior of
the magnetization in these quasimonatomic Co films. On the
other hand, with Pd or Au overlayers, an effect of the per-
pendicular anisotropy becomes more apparent in this ultra- oL , - .
thin film region. The field dependence of the spin-wave fre- 0 5 10
quency for a Pd overlayer is shown in Fig. 7. A minimum of Magnetic field (kOe)
the spin-wave frequency exists, indicating a critical fidlg}

Frequency sfift (GHz)

hich th A ncli d f FIG. 7. Field dependence of the spin-wave Brillouin frequency
at which the magnetization starts to incline toward an out-ofy quasimonatomic Co films with a 3.50-nm-thick Pd overlayer.

plane position as the _f'eld, depreases. Also, the effective f'_el he solid lines are the calculated best fits. The critical field appears
acting on the magnetization in the absence of exchange is & a minimum of the frequency, where the transition between in-
minimum atH;. As described above, the existence of apjane and out-of-plane magnetizations occurs. Below this field, the
frequency that does not reach zero at the minimuid @tis  magnetization inclines from the film plane due to the perpendicular
attributed to the dipole and exchange energy contributionsanisotropy. As discussed in the text, the nonzero behavior of the
When the external field is less th&h,;;, the spin-wave fre-  frequency at the critical field is due to both the dipole and exchange
guency increases with decreasing field, which is interpretedontributions, depending on the Co thickness.
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=0.73 MJ/n? found for the Cu overlayer is comparable with
the value of 0.56 MJ/mdetermined for well-characterized
hcp Co?® This indicates that the crystallinity of Co is stable
and bulklike fortc,=1.5ML with a Cu overlayer and also
the interface-induced misfit strain does not significantly af-
fect the volume anisotropy. Additionally, the constant value
of K, means the atomic-scale quality of the interface is iden-
tical for tc,=1.5 ML.

On the other hand, capping with a Pd or an Au overlayer
results in aKy, that is significantly higher than that with Cu,
as well asK, . The only possible source for this increase in
the volume anisotropy is the additional strain due to the
deposition of Pd or Au on Co, since the lattice constants of
Pd and Au are markedly larger than that of &80 and 14%

' . larger, respectively Previous RHEED analysis showed that
' ' Au growth on Co was incoherent and stress-free for cover-
ages greater than 1 M{.If we assume the Pd or Au over-

. . layer induces dislocation-free and thus thickness-
FIG. 8. Product of the perpendicular anisotropy constefft independent strain inside Co, Hd2) shows it is reasonable

determined from spin-wave measurements s a function of to apply the framework of strain-modified volume anisotro
tco, With various overlayer materials. The thickness for each over- PPy Py

layer is 2.00 nm for Cu with 3.00-nm-thick Au, 3.00 nm for Au, and tﬁ thedresu“' For tTe Incregz_e_ln tfllef Interff':lce a:cntljs_oltrop){ with
3.50 nm for Pd. Solid lines are least square fitstfge 1.5 ML for the Pd or Au overlayer, additional formation of dislocations

the Cu overlayer and fore,=3 ML for the Pd or Au overlayer. N€ar the upper interface between Co and the overlayer can be
From the linearityk Vte,= KL+ KR te,, the interface anisotropy PCINted out as a possible origin, in addition to the change in
K®) and the volume anisotropK(), are determined ax(®) K. This dislocation formation means a thickness-dependent
=0.16 mJ/m and K&,=0.73MJ/n? for the Cu overlayerk(})  Strain relaxation will occur, and this can contributektp. In
=0.43mJ/M and K(X,=0.95MJ/n? for the Au overlayer, and addition, as can be seen from Fig. k(! starts to degrade
Kg}l):o_55 mJ/m and'Kg}\),zo_sg MJ/n? for the Pd overlayer, re- from linearity at 3 ML of Co with a Pd or Au overlayer. This
spectively. Experimental errors are less than 0.04 rhd/m critical thickness of Co for the degradation of anisotropy is
slightly larger than that for the degradationMf,. This deg-
quency belowH;, with tc,<2.5ML for a Pd or an Au radation ofKﬁl) was previously observed below several
overlayer, where the strong perpendicular anisotropy givedIL's of Co in Co/Au multilayers and the effect of misfit
(47D | M o) o5<0. strain was discusséd?® However, in our single filmst, is
From the field dependence of the spin-wave frequencyglose to 0 ML and it does not agree with the thickness at
we derive magnetic parameters as a functiongffor each ~ Which the anisotropy starts to degrade. Also, as shown
overlayer, including th&c)?, K@, andg factor. Figure 8  above, we find that the Co thickness at whkf starts to
shows the result fngl)’ where the product OKﬁl)tcO is  degrade depends strongly on the overlayer material. _
plotted as a function df,. We observe a linear relation for ~ Next we show effects of structural and resultant magnetic
each overlayer, except for the ultrathin-film region. This lin-iNhomogeneities on the magnetic anisotropy. As shown in an
ear relation indicates the existence of an interface anisotrop§pset of Fig. 9, we see a field-dependent broadening of the
that can be phenomenologically represented '@Eﬁ)tcO spectrum vwdthAf aroundl—_|c,it. Thls .beh.awor is quantlta_—
_ Kﬁl|)+ Kﬁl\)/tc:o, where the first term is the sum of the in- tively e>.<plallned. by assuming _a distribution of the effective
terface ani'sotropy and th¢, , term is the volume anisot- magnetization field as follows:
ropy. From this linearity we can determine the value of in- _
terface anisotropy from the intercept on the vertical axis, as AT=Afo T A(47DL Mol 9F/0(4mDL Moert,  (13)
well as the volume anisotropy from the gradient. The effecivhere f is the spin-wave frequency. The value of
of misfit strain on the anisotropy has been discussed previ4#D, M) is determined from the fitting for the spin-
ously based on a critical layer thicknessbetween coherent wave frequency. The termAf, indicates the field-
and incoherent film growth in the epitaxial system asindependent width, possibly due to structure-related inhomo-

IML t., (nm)

follows:%42° geneities such as defects. The tettdmD, M) means
5 the degree of distribution of the effective magnetization field,
Ki=Knt+Ky, Ky=Kyc—27Mg  for teo>te that is,K("). We find that these parameters depend strongly

1D ontc, in our single-crystal films. The result for an Au over-

layer is shown in Fig. 9. As can be seeXf, starts to in-

Ki=Ky, Ky=Kyct+Kyg=2aM$  for teo<tc, cr)e/zase rapidly below93 ML of Co, which coincides well with
12 the deviation oY) from linearity as shown in Fig. 8. We

whereK is the Neel-type surface anisotropy arnd, is the  obtained a similar dependence for Pd overlayers. Therefore,

magnetoelastic contribution in the interface anisotropy. Sinceve conclude that the significant degradatiorK@‘) is due to

t. is nearly equal to 0 ML in our films, Eq11) is applicable. the degradation of the film structure resulting from capping

This agrees with our experimental result in part, whigke ~ with the Au or Pd overlayer. We note that the effect of an Au
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—T 5 the effective anisotropy fields. Our experimental result with a
Au/ColAu/Cu(111) Cu overlayer shows that the spectrum width is not signifi-
] cantly increased with decreasing thickness down to 1.2 ML.
Therefore, we conclude that thickness variations in our ultra-
thin films are not noticeable, from the viewpoint of the long-
wavelength spin wave, although such variations should be
taken into account. In addition, we note that our direct ob-
servation of a well-defined spin-wave Brillouin spectrum and
its field dependence ensure the existence of ferromagnetic
ordering in these ultrathin films. Therefore, our quasimona-
tomic Co films witht,=1.2 ML are continuous over a range
of at least several hundred nanometers. In addition, if we
assume the relatively uniform structure composed of discon-
nected magnetic regions, such as a stripe and a plate, the
] long-wavelength spin wave can be detected by this Brillouin
© 00000040, scattering, where such disconnected regions are longer than
L the wavelength of the spin wave of 380 nm. This localized
spin wave coupled with the magnetostatic interaction might
have a frequency similar to that of the uniform or surface
mode in the continuous film. Unfortunately, we could not
observe the wave-vector dependence of the spin-wave fre-
quency with our experimental resolution in these ultrathin
films, due to the small number of the film thickness. On the
other handA (47D, M) tends to increase gradually with
decreasingc,. This quantitative result indicates that the dis-
Eribution of Kff) increases gradually with decreasitig.

!
S

A (4nDMy),,, (kOe); Distribution of effective field
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T
L ]
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w
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FIG. 9. Parameters indicating magnetic inhomogeneitlfs,
and A(47D, M), as a function ofte,, which are determined
from the field dependence of the spectrum witkls shown in in-
sed.

or Pd overlayer oK (" is different betweerc,=3 ML and

tco<3 ML. The former thickness range shows large constan

i (1) i-
volume and interface anisotropies, while the latter range Next, \{vef_(ljlscuis theCOhdeple gd&rlcer'zq for qgast')
shows a degradation of those anisotropies. Therefore, w&ohatomic films thinner than 1. - AS dIscussed above,

conclude forte,=3 ML, the epitaxial growth of the over- h€tcodependence d.{EJl) for tee=1.5 ML with Cu overlay-
layer causes both a thickness-independent strain and &S can be well explained by the presence of a constant value
thickness-dependent dislocation formation near the upper ir?f interface anisotropy in addition to the bulklike value of
terface of Co, which are responsible for the magnetoelasti¥olume anisotropy. However, fdg<1.5ML, K{" as well
volume anisotropy and the interface anisotropy, respectivelyas M decreases rapidly with decreasifig. In addition to
From our Brillouin result fortc,=3 ML, the structure- Structural imperfections as discussed above, the influence of
related inhomogeneity is relatively small and constant, whiche reduction ofT¢ due to two-dimensionality should be
means that the effects of additional strain are uniform andaken into consideration for such decreases in bidft and
thus can contribute to the enhancement of anisotropies. IMg.

contrast, fort,<<3 ML, the additional strain and dislocation Unfortunately, in our experiment, the valuesfobbtained
formation are significantly inhomogeneous. Therefore, defrom the fitting of the field dependence of the spin-wave
fects and/or an inhomogeneous distortion of the lattice strucirequency have large experimental errgseveral tens of
ture of Co is responsible for the degradation |»0ﬁl), In percent for quasimonatomic films thinner than 1.5 ML.
Col/Au superlattices with 2-nm-thick Co, detailed x-ray dif- Here, the effect of the exchange contribution is rather small
fraction studies indicated a total interface roughnessdfs ~ for the field dependence of the spin-wave frequency, as
ML.2° Consistent with this, our structural results using x-rayshown in Fig. 5, and is equivalent to our experimental reso-
and TEM studies show the thickness fluctuationtdf ML lution of 0.5 GHz for such quasimonatomic films. Hence, it
for 10 ML of Co. Therefore, atomic-scale structural inhomo-is not appropriate to discuss the role and change of the ex-
geneities, such as defects, atomic steps, voids, and partighange interaction among Co atoms inside the film, although
island formation, should play an important role for the deg-this exchange interaction is essentially important. However,
radation of the interface anisotropy in these ultrathin filmsas can be seet (" for each overlayer tends to be zero at 1
thinner than 3 ML. Moreover, in this ultrathin-film region, ML of Co, accompanied by significant damping of the spin
thickness fluctuations as1 ML cause variations in anisotro- wave. It was previously found that ferromagnetic ordering
pies and saturation magnetization due to the changg.in  vanished at a critical thickness of 1.6 ML in Co/QQ0), at
Therefore, it is suggested that the magnetic parameters olv¢hich  thickness the in-plane anisotropy vanished
tained, such as anisotropy constants, represent an averagesohultaneously’ The in-plane anisotropy was pointed out to
unknown variations. On the other hand, theoretical work prebe canceled by the competition between the surface and vol-
dicted the significant broadening of the spin-wave band omime anisotropy with opposite signs, and concluded to stabi-
the order of 10 GHz due to thickness variations such as 1-lize ferromagnetic ordering in the Co/Qu00) system. On

ML in ultrathin films3® The effects of structural imperfec- the other hand, the role of dipole interactions for the stabili-
tions on the spin-wave mode were examined, and thickneszation of ferromagnetic ordering was also discussed in the
variations were found to cause a considerable distribution ofwo-dimensional Heisenberg systémlithough both effects
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0.3 T films is due to the interface anisotropy induced by the epi-
taxial strain. This interpretation is consistent with the experi-
mental fact thatk(?) is maintained in quasimonatomic Co

films thinner than 2 ML, since the first or second layer of
02 ‘. ] initial Co is strongly expanded in-plane by the epitaxial
growth on the Au interlayer.

Co
*

-, ¢ IV. SUMMARY
s01F 4

Dyt (mymd)

K

We used a spin-wave Brillouin light scattering technique
to study magnetic properties in quasimonatomic Co/Au/
Cu(111 films with a 1-ML Au interlayer and with Cu, Pd, or
0.0 . Au overlayers. We observed well-defined spin-wave Bril-

00 05 10 louin spectra in ultrathin Co films withe, down to 1 ML.

e, (M) The field dependence of the spin-wave frequency directly
shows long-range collective and ferromagnetic ordering in
¥hese films at room temperature. We derived uniaxial perpen-
dicular magnetic anisotropy constants as a function gf
from the field dependence of the spin-wave frequency. From
the linear relation betweerk(Mtc, and tg, with te,

= =
are experimentally difficult to separate, our experimental re-_ LSML for Cu overlayers oftgo=3.0ML for Pd or Au

) . . ~overlayers, both the constant interface and volume anisotro-
sqlt SHOWS d|_rectly that Iong-range ferromqgnetlc .orde“ngpies are determined. With the Au or Pd overlayers, we find
with perpendicularanisotropy exists at RT in quasimona- '

tomic Co/Au/C111) films with thicknesses less than 1.5 that both anisotropies are significantly larger than those with

ML. In this thickness range, these ultrathin films can be con—the Cu overlayer, due to additional strain induced by the

i (1)
sidered as well-defined two-dimensional systéms. gverlayer. V'\t/r:[hd Au or .::d fovetrlaiezrstélljw_shor:/ysha steep
Finally, we discuss the behavior of the higher-order per- ecrease with decreasing, 1or teo=2. » Which agrees

pendicular ansiotropk® . From our fitting results for the well with the significant increase in the structure-related

field dependence of the spin-wave frequency, the contribur—nagnetlc inhomogeneity. We show that long-range ferro-

. 5 . . . magnetic ordering exists with a perpendicular anisotropy in
tion of KEj ) appeatrs in the Iqw-flgld branch of the spin Wavequasimonatomic Co films which is expected as a two-
belowH ;; for t-,<<2.5 ML with either Pd or Au overlayers. dimensional Heisenberg system. Fina}{%l) for all overlay-
This result is shown in Fig. 10 for the Pd overlayer WhiChers vanishes at 1 ML of Co, accompanied by significant
has the largesk (). We find thatk(*) is still maintained in damping of the spin wave, as well as reduction of saturation
the quasimonatomic thickness region, wherkg8 shows a  magnetization. In addition, we find that the second-order per-
significant degradation. Actually, the strength ) be-  pendicular anisotropy is still maintained in such quasimona-
comes comparable to that &€{") for tc,=1.5ML. This  tomic Co films.

means a significant deformation of the symmetry of the

uniaxial anisotropy. Previously, we found th&§) for 5 ML ACKNOWLEDGMENTS
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FIG. 10. Product of the second-order perpendicular anisotrop:
constantk? determined from the low-field branch of the field
dependence of spin-wave frequency adgpgl, as a function of,,
with a Pd overlayer.
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