PHYSICAL REVIEW B VOLUME 60, NUMBER 22 1 DECEMBER 1999-lI

Strain dependence of the interface perpendicular magnetic anisotropy
in epitaxial Co/Au/Cu(111) films

Akihiro Murayamaf Kyoko Hyomi, James Eickmann, and Charles M. Falco
Optical Sciences Center and Arizona Research Laboratories, University of Arizona, Tucson, Arizona 85721
(Received 17 March 1999

We observe a systematic increase in interface perpendicular magnetic anis@hpy with increasing
Au-interlayer thickness,, ranging from 1 to 5 ML in Cu/Co/Au/Cd11), where misfit strain in Co due to the
epitaxial growth increases with increasityg,. In addition, we have found an unexpected suppression of this
variation of interface PMA with the use of Au overlayers instead of Cu. Also, the volume PMA significantly
increases with the Au overlaydiS0163-182@09)04646-9

[. INTRODUCTION determine by means of a spin-wave Brillouin technique tak-
ing into account a dipole field depending 3. In addition,
Surface and interface magnetic anisotropy has remaineivo types of overlayers consisting of Cu and Au are com-
one of the most important subjects in modern magnetismpared to examine the effect of overlayer material.
This anisotropy is largely a function of the quality and per-
fection of the surface or interface, and recent progress in Il. EXPERIMENT
deposition technology has allowed us to investigate such an- ) _ _ )
isotropy in ultrathin films with samples controlled on the e deposited f|Im§lCt))y molecular beam epitaxy, with a
atomic scalé. The presence of Ng-type surface anisotropy Pase pressure of410" ™" Torr. HF-cleaned $111) wafers
based on the crystal symmetry and the magneto-elastic effed{€"® used as a substrate and annealed at 750 °C to show a
have been extensively discussed in many types of magnet%:X7'reC°nStru9ted surface. Aftgr cooling to room tempera-
films and superlattices stacked with nonmagnetic layers. Thg”e' we deposited a 4'00. nm-thick Cu-buffer layer and var-
uniaxial perpendicular magnetic anisotrofBMA) is espe- led t,, from 0 to 5 ML using a step-movable shutter. After

cially important, because of its large strength and the potent—he Au-stepped wedge, the substrate was rotated by 90° and

tial for st licati in addition to its basi i a Co-stepped wedge varying in thickness from 4 to 10 ML
1al for storage applications In addition 1o IS basiC Symmetty., , deposited in the same manner to provide a matrix of
In Co/Pd superlattices, the interface PMA was found to b

S&amples of different,, andt.,. For one set of samples, a
independent of the crystal orientation of the €ohe inter- OE/erIayer of 3 OOALIinm wa?sodeposited Finally, a S?SO,nm-
face PMA in Co/Au fiims also has been studied ' ' S

] 4 ) S thick Au layer was deposited to prevent oxidation for both
extensively>* When Co is epitaxially grown on Au a large samples with and without the Cu overlayer. The Au-

strain develops due to the lattice mismatch of 14% betweeRrotective layer for the Cu overlayer was necessary, since we
Co and Au, as well as the sharp interface due to the insolu-

bility of Co into Au. Hence a magneto-elastic origin has been
proposed to explain the large PMA of Co/Au superlattites.
The effect of strain on the interface PMA also has been dis-
cussed from the Co-thickness dependence of the PMA in
comparison with other stacking systems such as Co/Ag and
Co/Cu®~8 The strain dependence of the interface anisotropy
is key to distinguishing between possible physical origins,
such as structural and electronic effects. However, a system-
atic study of these materials while solely changing the strain
has not been previously presented.

Our experimental results show that the in-plane lattice
constant of Au on a Cu-buffer layer increases with increasing
Au thickness, and that a subsequent Co layer can be epitaxi-
ally grown on that Au surface. Therefore, the Co/Au/Cu
stacking system offers a good opportunity to systematically
investigate the effect of strain on the interface PMA. In this
paper, we report the results on single-crystal Co/Aq1Qa)
films preparedsimultaneouslywith varying Au-interlayer
thicknesst,, and Co thicknessc,. This has allowed us to
examine the effect of strain on the interface PMA under FIG. 1. Matrix sample geometry for the Au-overlay@u-
identical preparation conditions. We evaluate the interfaceverlayej/Co stepped-wedgé—10 ML)/Au stepped-wedgé0—5
anisotropy from thec, dependence of the PMA, which we ML)/Cu buffer-layer/Si111) system.

Additional protection-layer of Au
for Cu-overlayer

Overlayer (Cu or Au)

Co-wedge (4 - 10 ML)

Au-wedge (0, 1,2, 3, 5 ML)
Cu-buffer layer

Si(111) substrate
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observed oxide formation on a bare Cu surface. Geometry 15 ——rr—r—-—Tr—rr-T—rr——r
for our matrix sample is shown in Fig. 1. The deposition -

rates of the Au and Co both were 0.01 nm/sec, which were
calibrated with an absolute accuracy-010% using Ruther-
ford backscattering spectroscof¥BS). RBS also confirmed
the thickness distribution was withifc2% for one of the
wedge samples. We useéd situ reflected high energy elec-
tron diffraction (RHEED) and Auger electron spectroscopy
(AES) for the evaluation of the film structure and quality.
Magnetic properties were evaluated by situ spin-wave
Brillouin scattering, the details of which were described
elsewheré. Saturation magnetizatiod  was measured by a
vibrating sample magnetomet&/SM).
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Ill. RESULTS AND DISCUSSION

RHEED observations show narrow and sharp streak pat-
terns indicating that the fct11) structure with high crys- )
tallinity and flat surfaces are epitaxially grown through each Co thickness (nm)

of the layers. Continual RHEED observations for fcct0
Y f ] FIG. 2. In-plane strain of Co grown on Au/ClLl]) as a func-

of Cu and Au, or hci-1120] of Co were performed USING oy of Co thickness with various thicknesses of Au interlayers.
other planar samples, where the stacking of (802  These data were obtained from intensity line scans of RHEED im-
planes were identified in Co deposited on the Au interlayeiges as shown in the inset, with the lattice constant calibrated by the
rather than fcdd1l) planes by a cross-sectional high- |attice spacing of the §IX7) substrate surface. RHEED images
resolution TEM. The skin-depth of the-beam used for were continually captured in planar samples. The direction obthe
RHEED was estimated to be less than several A with inCiteam was closely parallel to tfi@10] axis of Cu111) plane. The
dence angle of 0.5‘_’ and accel_e_ra_tion voltage of 15 KV. Weyylk  lattice constants ~ are age.c,=0.2556 NM, aeeay
observe thg formation of Cu-silicide at_ the Cu/Si |nterfa_ce:0,2884 nm, andape, c~0.2507 nm, respectively. The data
and a rotation of 30° around th&11] axis between the Si points at Co thicknessO nm correspond to the surface of a Cu-
substrate and Cu-buffer lay&t Quantitative analysis of the buffer layer or Au interlayers just before the Co layer starts to grow.
RHEED patterns shows that the average in-plane lattice cont notes that clear oscillations of the specular beam intensity could
stant of Au on the Cu-buffer layer increases monotonicallynot be observedsee text
with increasingt 5, up to 5 ML at which point it has attained
its bulk value. We find the in-plane lattice constant of the Comagnetic field in 5- and 10-ML-thick Co films. We have
layer also is expanded by the Au interlayer up to 5 ML andincluded effects of both the dipole and exchange fields in the
then saturates. Figure 2 shows the in-plane strain in Co asaalculation of spin-wave frequency, which are caused by a
function of tc,, which is derived from digitized RHEED fluctuation of the magnetization due to the surface spin-wave
images captured during the film growth. As can be seen, thebserved by this light scattering method. The dipole correc-
strain in the Co layer is maximum at the Co/Au interface andion is important since it is largely a function tf,. For this
gradually relaxes with increasint:,, which can be ex- purpose, we modify the spin-wave theory by Cocheaal*®
pressed by the 14, law and understood as the relaxation of to be applicable for a magnetic film having out-of-plane
misfit strain'* On the other hand, the narrow streak patternsmagnetization due to a uniaxial PMA. We describe briefly
for Co indicate the good crystallinity of the Co layers. Fromthe procedure for the calculation. A magnetic thin film with
the line width of the streak, the in-plane correlation length isthe thicknesdl lies in xz plane. The external fielth is ap-
estimated as a few nm. However, we could not observe glied along thex axis ande is the angle of the magnetization
clear oscillation of the specular beam intensity of theM with respect to thex axis. 6 is the angle of the magneti-
RHEED as a function of Co thickness during the growth ofzation with respect to the axis. £ and  are small angles of
Co films. Such a lack of RHEED oscillations was previously deviation of the magnetization from its equilibrium position.
reported in Co/C(111), while they were observed in ¢ is the equilibrium direction of the magnetization vector.
Co/Cu100 prepared under identical conditioffsin addi-  The equations of motion for the small deviation of the mag-
tion, in epitaxial Co/Au superlattices, detailed x-ray diffrac- netization can be expressed, as follows:
tion showed an interface roughness of 1.5 fCherefore,
we conclude that the surface of Q@002 is not sufficiently M p=—ydEldE+T,, 1
perfect to detect RHEED oscillations and it is an intrinsic K
structural property of this plane. However, we would note .
that we prepared matrix samples with systematically differ- Mé=yoEldn+ Ty, (2
ent misfit strain under identical preparation conditions and
then we discussed the strain dependence of the anisotropyhereT, and T, are the torque per unit area generated by
AES analysis revealed no contamination of the Co layethe field due to the small deviation of the magnetization and
within the sensitivity of 3%. y=dl|e|/2mc. We apply Cochran’s procedure to our system
Figure 3 shows the spin-wave frequency as a function ofind obtain expressions for the torque, as follows:
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FIG. 3. Magnetic field dependence of the spin-wave Brillouin CU/CO/AU/CU(1 1 1)
frequency in Co films sandwiched betwea 3 ML Au-interlayer . . . .
and an Au-overlayer. The inset shows the Brillouin spectrum from 0-000' — '05' = '10' = '1 5' = '2 0' — '25
5 ML of Co, where the transition between in-plane and out-of-plane ' ' ’ ’ ) ’
magnetization appears at a critical field of 5.8 kOe. Below this field, t (nm)
Co

the magnetization inclines from the film plane due to the perpen-
dicular anisotropy. Solid lines are best-fitted calculations. Nonzero
behavior of the spin-wave frequency appears at zero EdMVL)
or at the critical field5 ML), mainly due to the dipole contribution
depending on the Co thickness.

FIG. 4. Product of perpendicular anisotropy conslﬁﬁt) ob-
tained from spin-wave measurements &pglas a function of,,
with varioust , and withCu overlayersSolid lines are least square
fits for tc,=1.0 nm. Experimental errors are less than 0.04 rhJ/m

T,=4mM?cog ¢(1—qdi2) ny, 3 : . :
U H1-ad2)ny @ —K@sin' ¢. A positive value of each anisotropy constant
T,=—27M2q d¢ y. (4  indicates perpendicular anisotropy. Therefore,

q is the wave vector of the spin wave, which is parallel to the E=—HMgcosg+ (2mM2)sir? ¢— K.V sir¢
z axis. The free energy per unit of the system can be ex- @
panded for smalt and 7, as follows: — K sin’ . (8)

E=EO+(E§§§2+2E§ En+E, 7212 (5) The spin-wave frequency is finally calculated by torque

n nn )

_ equations of the precession of magnetization under effective
& and n are characterized by time and space variatioreds  fields taking account of the exchange field in addition to the
ande'9. Therefore, dipole contribution. We are able to fit the measured field
dependence of the spin-wave frequency in each sample using
(wly)?*=(EgE,,,—EZ,)IM?+27qd(E,,,— E cOS ¢) the above procedure.
+O[(qd)?] ©) From the field dependence of spin-wave frequency, we
a9 derive the first- and second-order anisotropy constiijts
The equilibrium position of the magnetization is derived andkK? . The results foK (! for varioust,, in Cu/Co/Au/
from angular differential of the free energy and th#s Cuy(111) are shown in Fig. 4, where the productoftc, is
= /2 in this system. With neglecting higher ord@(ad)’,  piotted as a function dfc,. We observe a linear relation for
we obtain, each Au interlayer. This indicates the existence of an inter-
2 2 2 face anisotropy that can be phenomenologically represented
(0/7)?=(EggE 35— Eg) M3+ 2mqd(E 45— E g COS ¢z‘7) asK(Mtco= KM+ KR teo, where the first term is the sum of
the interface anisotropy and th€,, term is the volume
The second term corresponds to the dipole contribution. Thanisotropy: From this linearity we can determine the value
free energy per unit of the system can be expresseH as of interface anisotropy from the intercept on the vertical axis.
= Ezeemant Emagnetostatic- Eanisotropy Within our experimental A slight deviation from linearity fotc,=1 nm is commonly
resolution of 0.2 GHz, in the Co/Au/Ci1)) plane the spin- observed in Co/Au superlattices, and effects of strain and
wave frequency is independent of the angle between the immisfit dislocation have been discussed by otfi€r§As can
plane crystal axis and the applied field. Thus the in-planée seen in Fig. 4, we find a systematic variation of the inter-
crystal anisotropy can be omitted from our calculation, inface PMA witht,,. Above 1 ML of Au, the interface PMA
which the uniaxial anisotropy contribution is expressed inmonotonically increases with increasityg, which coincides
the free energy as follows,Egpisotropy= — KMsir?¢  with the monotonic increase in the in-plane strain of Co. The
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FIG. 5. Interface perpendicular anisotropy constbﬂﬁﬁ) as a
function of strain parametea, which is determined from the

14, dependence of in-plane strdithe inset and see texiWith Au
interlayers, the good proportionality of the interface anisotropy to
the strain is observed. t

(nm)

Co
effect of misfit strain on the anisotropy has been discussed ) ) ) )
previously based on a critical layer thicknésdetween co- FIG. 8. Plot 0fK;tc, VS tco With varioust,, and with anAu

herent and incoherent film growth in the epitaxial system agverlayer The inset shows the higher anisotropy contribution
follows:%14 " “KPte, as a function ot .

discussed above. In fact, it is clearly shown tkancreases
Ki=Knt+K,y, monotonically with increasing in our Cu/Co/Au/C(l111)
system. It should be noted that the valuelofs less than
0.2% for this system and thus is negligible, while that is

Kv=Kyc for teo>te, ©) 1.1% for the Cu/Co/Cd11) system. On the other hani,,
shows a constant value for valuest@f=1 ML. This indi-
K=Ky, cates the crystallinity of Co is stable fog,=1 ML and also

the interface-induced misfit strain does not significantly af-

fect theKy, in those Co films thicker than several ML'’s dis-
Ky=Kuc+K for te<tc. 10 v
VoMe T TME Comre (10 cussed here.

Abovet,., the magneto-elastic contributidfy is included in The interface PMAK, =0.85 mJ/n in Co directly grown

on Cu is markedly higher thal,=0.34—0.72 mJ/fof Co

deposited on thin Au interlayers, although the strain in the
former is much smaller than that in the latter. Actually, the
in-plane lattice constant in Cu/Co/Cu is constant in the range
of tc,=2.5nm that we examined, and thus the growth mode

the interface anisotropy, whei€y is the Nel-type surface
anisotropy. The volume anisotrop, without the shape an-
isotropy—ZwM§ is shown as a magneto-crystalline anisot-
ropy Kyc . Belowt., the magneto-elastic anisotropye is

added toKy . Sincet is nearly equal to 0 ML, as shown in is coherent. Therefore, we conclude the intringiG,

Fig. 2.’ Eq.(9) for theK, is appllgable. This agrees with OUr _ 0.43mJir at the Co/Cu interface is higher than that at the
experimental result, where the interface PMA increases W'ﬂa:o/Au interface. Also, we demonstrate that the,

increasing misfit strain. Therefore, we conclude that the in-

terface PMA depends on the interface strain in this Cu/Co/i 0.14MJ/n¥ in Cu/Co/Cu is abruptly transformed intoy

Au/Cu(111) system. The relation between the in-plane misfit_o'49 MJ/n? in Cu/Co/Au with only one ML of Au inter-

: . . . layer. It should be noted that the valueko§ in Cu/Co/Au is
strain € and the interface anisotropy constaﬁff,) is shown . y Koy

h .5-0.6 M hich i le with th
in Fig. 5. As shown in the inset, the strain is well expresseci?altu: ri?g% géS f\)/lglrﬁ J@xnﬁy Isag,?erpngﬁ]r:g eir\:wtwttalf
by the equation, ;

characterized hcp-CB. The meaningfully smaller value of

_ Ky in Cu/Co/Cu is possibly due to the fcc phase and slight
=(altgy) +b, 11 v vt ;
€=(a/tcd (1) contamination of other planes likg00) and(110).15:7
except for the initial few ML’s of Co. The constaatindi- Next, we show the dramatic effects of an overlayer on the

cates the amplitude of thickness dependence of the misfRMA. As shown in Fig. 6, with the use of an Au overlayer
strain near the lower Co/Au interface, ainds the thickness- instead of Cu, we find that the variety of interface PMA
independent strain. Therefore, the fornascan contribute to  values observed with the Cu overlayer is strongly sup-
the interface anisotropy through the magnetoelastic effect gsressed. The upper limit a€,=0.96 mJ/m att,,=5 ML is
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FIG. 7. Magnetization curves measured using a VSM, for 5 ML
of Co with 1 ML of the Au interlayer with the C(a dotted ling or
Au overlayer(a solid line. The external field is applied along with
the film plane.

FIG. 8. Cross-sectional TEM images for 10 ML of Co with the
Au-overlayer(a),(b), in comparison with that with the Cu-overlayer
(c). For the Au overlayer, local and inhomogeneous Ndiieges
can be seefiindicated by an arrow and see text

ever, the typical value of the spacing is in the range 0.8-1.6
nm, which corresponds to local strain of 12—20%, if the
fringes are made of a strained and a non-strained domain.

: . . This observation supports the presence of a deformation of
directly deposited on Cu decreasesktp=0.72 mJ/rf with the lattice structure and the additional strain in Co after cap-

the Au overlqyer. Simply adding or subtracting a constan ing with an Au overlayer. Previously RHEED analysis
vaIuCe //?fKN d|£fe/£ence between the Au and Cu overlayers,shawed that Au growth on Co was incoherent and stress free
K (€A —K (Y, cannot explain this suppression of the for coverages greater than 1 ME.Therefore, the magneto-
tay dependence of interface anisotropy with the Au over-elastic effect due to the Au overlayer on the interface PMA
layer. It should be noted that the upper limit &,  was not taken into consideratifi.Our finding is that the
=1.1mJ/m including the Kff) contribution is comparable additional strain and misfit dislocation of Co caused by the
with the value of interface anisotropy reported in Co/AuAu overlayer is rather inhomogeneous and the relaxation of
superlattices:” This significant change in the perpendicular the strain occurs locally, even though good epitaxial growth
anisotropy due to the Au overlayer is also confirmed bycan be continually observed in the Au overlayer by means of
means of a magnetization curve using a VSM. Figure /RHEED. This feature of the additional strain and its relax-
shows a typical example for 5 ML of Co with 1 ML of the ation is apparently different from the misfit strain of Co

Au interlayer with Cu or Au overlayer, in which the external 9"oWn on the underlayer with larger lattice constant. In ad-
field is applied along with the film plane. Here, the productd't'on' the magnitude of the volume anisotropy significantly

of the total anisotropyk1®@ including the in-plane shape increases, e.g., frond,=0.57 MJ/n¥ to 0.78 MJ/n for tu,

. . . . . =5ML. If we assume that the Au overlayer induces
anlsotropy apd theTSao thickness is dete.rmmed by the SPMislocation-free and thus thickness-independent strain inside
wave Brillouin asK tco=—0.49 mJ/m (in-plane magne-

YAVE - . Co in addition to the dislocation formation around the inter-
tization without external field for the Cu overlayer, and face, Eq(10) shows it is reasonable to apply this framework
K{*®tco=0.06 mJ/m (perpendicular magnetization without of strain-modified volume anisotropy to our experimental re-
external field for the Au overlayer, respectively. Therefore, sult. Our experimental results in single ultrathin films may be
a significant change in the magnetization curve for the ingeneral in superlattice samples. The strain dependence of the
plane direction can be seen, as shown in Fig. 7. The easy axisterface PMA and the effects of overlayer-induced local
for the magnetization is in-plane for the Cu overlayer. On thestrain can be observed, if we separate the effect of uniform
other hand, the magnetization curve for the Au overlayesstrain throughout the superlattice structure.

indicates the hard axis for the magnetization, since a Polar- Finally, we comment on the behavior of the higher order
Kerr measurement with applying the field normal to the filmpPMA, K. From our fiting of the field dependence of the
plane shows a square hysteresis curve. This result showssgin-wave frequency, the contribution Iéff) appears in thin
good agreement with the observation using the Brillouin forcg fims. The value oK@ is relatively small, ranging from
the significant change in the perpendicular anisotropy due_ t‘i to 9% OfKEJl)_ Howevuer, we find thaKff) increases with

the Au overlayer. A possible explanation for this change in . . P
o . : . " decreasindc, and shows the interface contribution. We also
the variation of interface anisotropy is the additional forma- o . ) )
bserve a systematic increase in ﬂh§2 with increasing

tion of dislocation and thickness-dependent strain in Co dud . . .
to the Au coverage. We observe Moiringes in a Co layer tau, even with the Au overlayer, as shown in the inset of
with Au overlayer using a high-resolution cross-sectional ig. 6.
TEM (JEOL JEM2010, as shown in Fig. 8. These fringes

can be caused by structural domains with different lattice
constants and with formation of dislocations. The fringes are In this paper, we prepared simultaneously epitaxially

local and the spacings of the fringes are not uniform. How-grown Co/Au/C111) films with varyingts, andt,,. From

not changed by the Au overlayer, although the interface an
isotropy with thinner Au interlayers significantly increases
by a factor of 1.4-2. Also, the interface anisotropy of Co

IV. SUMMARY
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the field dependence of the spin-wave Brillouin frequencygena in metallic ultrathin films with large mismatch of the
we found a strain-induced increase in the interface perperattice constants.

dicular anisotropy in Cu/Co/Au/Q@l1l1). Moreover, we
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