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Magnetic anisotropy strength and surface alloy formation in Mn/Co/Cu001) overlayers
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(Received 28 July 1998

The correlation between the structure and magnetic properties of ultrathin Mn overlayers grown on fcc
Co/CU00)) was studied using low-energy electron diffraction and the magneto-optic Kerr @ffesitil. A
two-dimensional magnetic(2x2) Mn-Co(001) surface alloy was found to be stabilized in the range 0.3-0.8
ML Mn overlayer thickness. Within this thickness range Mn is ferromagnetically coupled to the {600
underlayer. Above one monolayer of Mn, tk&x2) surface reconstruction fully disappears and the Mn
overlayers are no longer ferromagnetically ordered. Furthermore, it is shown that the Kerr signal, magnetic
anisotropy strength, and coercivity are correlated with the stabilization of the MnCo surface alloy and growth
conditions.[S0163-18289)02709-5

[. INTRODUCTION 2D ¢(2%x2) MnCo magnetic surface alloy was found within
a Mn overlayer thickness range of 0.3—-0.8 ML, where Mn
The effect of nonmagnetic overlayers on the magnetids aligned ferromagnetically with respect to the fcc
coupling and magnetic anisotropy behavior at ferromagneti€0/CU001). Moreover, it will be shown that the stabilization
interfaces is an important isstie* Much attention has been Of the c(2x2) MnCo surface alloy is clearly correlated with
recently given to studies of the structure and magnetism ofhe long-range magnetic ordering of Mn atoms at the Mn/Co
two-dimensionally (2D) ordered surface alloys based on interface, and that the change in the magnetic properties re-
transition metals, since they provide important insights intosulting from the structural change sensitively controls the
the effects of the adsorbed nonmagnetic atoms on the magPagneto-optic response and coercivity.
netic ordering in ultrathin magnetic film<€ A wide range of
Mn surface alloys, based on Mn/@01), Mn/Ni(001), and Il. EXPERIMENT
Mn/Fe001),5~° have been studied theoretically and experi-
mentally, both because of a rich variety of possible structural Experiments were performed situ in ultrahigh vacuum
and magnetic phases occurring in epitaxially grown Mn films(UHV) with a base pressure of 1x 10" **mbar. The fcc
and because a large magnetic moment can form due to tHeo(001) surfaces were prepared at room temperature by
half-filled 3d shell of Mn. An interesting feature of the Mn- molecular-beam epitaxy onto a @@1) single crystal at an
based surface alloys is the formation of the thermodynamievaporation rate of 1 ML/min. The Cu substrate is slightly
cally stablec(2x2) superstructure, which has been observedniscut[~0.5° off the(001) normal direction, and therefore
by Wauttig et all® in the MnCu surface alloy on @001).  the step direction runs along th&00] direction. Throughout
Such 2D surface alloys provide possibilities for the preparathe experiment 8—-9 ML of Co layers were deposited, be-
tion of the very stable ultrathin films in the monolayer rangecause the Co film growth proceeds in a layer-by-layer growth
and enable the experimentalist to perform well-controlledmode above 2 and up to 10 M and no substrate Cu-
experiments to verify the theoretical predictions. Theatom diffusion was found after 6 ML of Co depositith'*
Mn/Co/Cu001) structure provides a model epitaxial system The Co film thickness was determined by Auger electron
which is well suited to the study of the magnetic coupling ofspectroscopy. The low-energy electron diffractiGrEED)
the Mn adatoms to the ferromagnetic Co underlayer. Experipattern obtained after the deposition of 8—9 ML Co showed
mentally, O'Brien and Tonnét have used x-ray magnetic still sharp(1X1) spots, indicating that Co grows pseudomor-
circular dichroism to infer that a single Mn monolayer is phically on the C(001) surface. Thereafter, Mn overlayers
ferromagnetically aligned with respect to the fcc(Q@al) up to 4 ML thickness have been deposited on the fcc
film. On the other hand, a competition between an in-plané>0(001) surface at room temperature. The Mn evaporation
antiferromagnetically ordered2x2) configuration and one rate was calibrated by monitoring tie€2x2) LEED pattern
in which a ferromagnetic Mn monolayer is antiferromagneti-formed at; ML coverage of Mn on C(001).'° The forma-
cally coupled with respect to the Co underlayer is predictedion of the MnCo surface alloys was observed by an ordinary
by tight-binding model calculatiortsin this context it is im- LEED system. Magnetic properties were investigated using
portant to note that any minor perturbation in the actual unitin situ magneto-optical Kerr effe¢MOKE) in the transverse
cell structure can have a potentially major influence on thegeometry, applying magnetic fields along fié0] and[100]
magnetic properties given that the structural and magnetigirections, respectively.
energy contributions to the total energy are comparable in
magnitude. Ill. EXPERIMENTAL RESULTS AND DISCUSSION
In the present paper, we report the results of a careful
study of the influence of Mn overlayers on the structural and In the initial stage of Mn growth on the fcc Q@01 sur-
magnetic properties of fcc Co/@201). The stabilization of a  face, the Mn grows epitaxially adopting the in-plane spacing

0163-1829/99/5@.0)/70294)/$15.00 PRB 59 7029 ©1999 The American Physical Society



7030 B.-CH. CHOI, P. J. BODE, AND J. A. C. BLAND PRB 59

—

9 (112 112) spot E (a)A‘ﬂ'—‘ jﬁ‘/ I— I
[110]
(b)
f Mﬂ’“ j‘—ﬁ j‘ i

3
1

Spot Intensity [arb.units]
w

250 Oe

=}
n

0 1 2 o
Mn thickness [MLI1

0.5 ML 1.08 ML 312 ML

@ ' () FIG. 2. M(H) Hysteresis loops obtained during the growth of the
Mn overlayer onto the 8 ML fcc Co/GQ01) structure at 300 K.
FIG. 1. (8 c(2x2) LEED pattern for 0.5 ML of Mn on fcc The applied magnetic field was aligned along ffi&Q] direction
Co(001), measured at 136 eV. The intensities of ti@x2) super-  [the magnetic easy axis of the ideal Co(Qd) (Ref. 11] in Fig.
structure spots are very faifOn the left-hand side of the photo the 2(2) and the[100] direction (45° from the[110] axis) in the Fig.
shadow of the sample holder and the LEED electron gun are als8(b), respectively. The relative loop heights correspond to the ex-
seen (b) Normalized LEED intensities of théd) (1) beam in  Perimentally observed signals.

c(2x2) superstructure as a function of Mn thickness. The solid line ] ) L
is guide to the eye. face alloy is best ordered at this coverage. This is in a good

agreement with the previous scanning tunneling microscopy
and symmetry of fcc O®01), and a sharp1x1) LEED  (STM) result of the MnCu surface alldy;'® showing that
pattern was formed. When the Mn overlayer is thicker tharthe ordering of the incorporated Mn atoms intac@x2)
~0.3 ML, faint half-order spots appear in addition to the structure starts at around 0.3 ML Mn and is completed at 0.5
integer-order spots. With increasing Mn coverage the supeML Mn. With further deposition of Mn thes(2X2) spot in-
structure beams become more intense. In Hig.\le show a  tensity decreases, indicating that after 0.5 ML deposition the
diffraction pattern at 136 eV obtained from 0.5 ML Mn on Mn atoms no longer become incorporated into 2x?2)
Co/Cu00]). We attribute thisc(2X2) superstructure to the structure, and finally disappears after deposition of a mono-
formation of the ordered MnCo surface alloy, which is con-layer of Mn. Therefore, above 0.5-1 ML Mn there exists a
sistent with the stabilization of the CuMn surface alloy aftercoexistence of those of the Mn atoms incorporated in a
deposition of~0.5 ML Mn on the C100 surface’®'®In  ¢(2x2) structure and those adsorbed on the alloy surface.
principle, however, other mechanisms might be responsibl@his result is consistent with the result of Wuttég al,*
for generating extra spots in the present system. First, theeporting that only the first layer of MnCu is alloyed. A
interdiffusion of substrate Cu atoms through the Co filmrough estimate of the surface roughness can be obtained
might lead to the formation of a MnCu surface alloy. This from the spot profile analysis of tH&0) and(3 3) spots. At
possibility can be ruled out because the substrate interdiffua primary beam energy of 136 eV we found that the half
sion can be neglected for Co layers above 6 MLwidth of the(10) spot increases with Mn deposition, indicat-
thicknesse$® In support of this view, the formation of the ing an increase of the surface roughness with increasing Mn
MnCo surface alloy is found to correlate directly with the overlayer thickness. At 0.5 ML Mn thickness, the half widths
long-range ferromagnetic order in the Mn/Co(Qi) sys-  of the (10) and (3 3) spots are found to be of the same mag-
tem, whereas the MnCu surface alloy was found to show naitude (~12% of the surface Brillouin zone along th#00]
long-range magnetic order at room temperatdrehis point  direction, indicating that the coherence lengths 2% 2)
will be discussed later in detail. The second possible mechaand (1x1) long-range order are comparable in magnitude.
nism is related to the formation of an antiferromagnetic su- Figure 2 presents hysteresis loops obtaimesitu during
perstructure, as predicted by Tamura, @l and Fedel® the growth of the Mn overlayer onto the 8 ML fcc
However, the extra spot intensities in a single antiferromagCo/CuU001) structure at room temperature. The applied field
netic layer are expected to be much weaker than we obwas aligned along thigl 10] direction[the magnetic easy axis
served. In fact, the ratio of th€ %) spot intensity maxima of the ideal Co/C(001)] in Fig. 2(a) and along the[100]
was measured to be about 20% of @) spot intensity, direction in Fig. 2b), respectively. We first observe that
which is a factor of at least 10 times larger than the generallM(H) loops in the[110] direction are not fully square, in
expected value of2% for the antiferromagnetism-induced contrast to the usual easy magnetization behavior for the Co/
reconstructiort® Consequently, the above two mechanismsCu(001) system, where fcc Co has a large in-plane fourfold
can be ruled out. anisotropy and its easy axes lie along fi4.0; crystallo-

In order to understand the formation of the MnCo surfacegraphic directioné. This indicates that the magnetic easy
alloy, the intensity of the extra spots in tle€2x2) LEED  axis of the fcc C@01) departs from the fourfol@i110] easy
pattern was measured and the background intensity sutaxis.M(H) loops in the[100] direction for the uncovered Co
tracted. In Fig. 1b) we plot the(3 3) extra spot intensity as a are also nearly square and fully saturated at 250 Oe. As the
function of Mn thickness. A careful search using LEED re-field is reduced from the saturation value to zero the magne-
vealed no detectable extra spots in the submonolayer Mfization rotates with respect to th&00] axis and there is a
thickness range. The minimum Mn coverage at which thegradual decrease of the MOKE signal from saturation fol-
c(2x2) structure is observable is found to b&.3 ML. As  lowed by an abrupt magnetization switch until negative satu-
Mn grows further a maximum intensity of ti{¢ 3) beam was ration is reached. Thus we conclude that a strong in-plane
found at~0.5 ML, denoting that the 2@(2x2) MnCo sur-  uniaxial anisotropy is superimposed on the fourfold magne-
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tional Mn atoms above one monolayer are no longer ferro-
magnetically ordered. In the observed nonferromagnetic
phase of Mn, nac(2X2) superstructure was found and the
(1x1) spots remain. From this correlation we conclude that
the ferromagnetic coupling is associated with only those Mn
atoms which are either directly incorporated into ti2x2)
structure or which are in proximity with Co atoms as is the
case for the additional Mn atoms deposited up to a coverage
of 1 ML. The Mn atoms are in both cases ferromagnetically
aligned with the Co layer, but the Mn atoms which begin to
agglomerate with further deposition of Mn above 1 ML are
not ferromagnetically aligned. Supporting this idea, it was
reported by O’'Brien and TonnErthat the Mn surface layer

is ferromagnetically ordered when Mn is in direct contact
with the ferromagnetic fcc GO01) substrate. Also relevant

is the predictiofl that the coupling between Mn and a fcc
Co(001) underlayer is strongly dependent on Mn coverage.
Surprisingly, different behavior for the Kerr-signd;qq
was found in the[100] direction, whereM,oq decreases

given to emphasize the correlation between the Kerr signal and thgradually with increasing Mn coverage. The reduction in

formation of thec(2x2) surface alloy. The lines are guides to the

M100; S€€N in the Mn thickness range 0—1 ML suggests that

eye. The vertical dashed line divides the region with and withoutStrong changes in the magneto-optic response may be occur-

the c(2x2) surface reconstruction.

tocrystalline anisotropy for the uncovered 8 ML Co(Qoil)

ring as has been reported previously for submonolayer cov-
erage of nonmagnetic metal on Ealternatively, the mag-
netic configuration of the Mn may depend on the direction of

film. The uniaxial anisotropy is attributed to the step-inducedthe applied magnetic field during Mn growth.

anisotropy which results from the slight miscut0.5° of
the Cu substrate, where the surface steps are aligned alo

To understand the aboWd behavior, it is important to
distinguish between the anisotropic contributions of Mn at-

the [100] direction. Hence, the reduced symmetry at stepoms adsorbed on two different kinds of binding sties on the

introduce additional twofold contributions to the effective

anisotropy. Such a uniaxial contribution was distinctly dem-

onstrated by Krams and co-work&étin Co films grown on
vicinal surfaces. With further deposition of Mn overlayers,
the shape of théM(H) loops in the[110] direction develop

Co surface, e.g., terrace sites and step edges, which might
prefer different magnetic anisotropies. From t2x2) sur-

face reconstruction revealed in the LEED pattgfig. 1(a)]

we postulate that the energetically favorable adsorption sites
of Mn atoms are terrace sites, where the incorporation of Mn

towards two-step loops, as clearly identified above 0.5 ML ofatoms into thec(2x2) structure occurs. This hypothesis is

Mn, whereas the loop shapes in the0] direction do not

supported by the STM study of the ordering of the MnCu

change significantly within the investigated thickness rangesurface alloy by Flores and co-workérfs:® where ac(2x2)
A more quantitative evaluation can be deduced from thestructure is clearly visible on the terrace and on the islands at

analysis of the hysteresis loops.

0.45 ML Mn on a Cu001) substratdFig. 2(@) of Ref. 18.

We now address the issue of how the stabilization of thelherefore, the thickness dependence of the Kerr-silghad
MnCo surface alloy correlates with the magnetic structure irFig. 3(a) is interpreted as follows; initially the deposited Mn

the Mn/fcc C@001) system. Figure 3 shows the evolution of
(@ the loop amplitudeM measured for an applied field
strength of 250 Oe ani) the coercive field . as a function
of Mn overlayer thickness, along th&10] and[100] direc-

atoms are bound predominantly on the terrace sites, not at
the step edges, and Mn atoms at the terrace sites play a
dominant role in the ferromagnetic coupling of Mn atoms to

the Co underlayer. This is physically reasonable since the

tions, respectively. The magnetic properties change clearl)symmetry around Mn atoms in terrace sites is fourfold giving
indicating a very sensitive response to submonolayer coverise to a fourfold magnetocrystalline anisotropy, whereas Mn

ages of Mn. For the Kerr-signdll[,,5 projected along the

atoms on step edges have a reduced symmetry leading to a

[110] direction, a monotonic increase is found for coveragesiniaxial magnetic anisotropy. The variation in anisotropy

up to~1 ML Mn with an enhancement of the order of 10%
at 0.8 ML Mn [Fig. 3(@]. This indicates that the deposited

strength is correlated with concurrent variation in the
magneto-optic response. Supporting this view, we note that

Mn layers are all ferromagnetically ordered with respect tothe Kerr signaldv for both directions exhibit sharp turning
the Co underlayer, which is consistent with the experimentapoints at a coverage of one monolayEig. 3(a)], which is

result by O’'Brien and Tonner using XMCBH, where they

clearly associated with the stabilization of the magnetic

found that a monolayer Mn is ferromagnetically ordered andMinCo surface alloy. As more Mn is grown above 1 ML, the

magnetically aligned with the fcc @@01) underlayer. More

Mn overlayers are no longer ferromagnetically ordered. Thus

importantly in our measurement, the Mn thickness region fothe Kerr signal in both directionsM;11q and My1qq) de-

which ferromagnetic coupling of Mn to the Co occurs explic-
itly corresponds to the coverage where t{&x2) surface
reconstruction is found to be stabilized. Above 1 ML of Mn,
the Kerr-signalMy,¢ begins to fall, indicating that addi-

creases gradually as the magnetic layer is progressively bur-
ied by the nonmagnetic Mn overlayer.

Further experimental evidence for the influence of the
magnetic anisotropy on the magnetic properties is the varia-
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tion of the coercivityH; with Mn coverage, shown in Fig. [V. CONCLUSION
3(b) for both directions. The coercivitil is found to de- In conclusion, we found a striking sensitivity of the sur-
crease continuously with increasing Mn thickness. As exs

ected. the evolution dé - is clearly dependent on Mn cov- face structure and magnetic properties in ultrathin fcc
P ’ ; ¢ y dep i Co/Cu001) structures to the deposition of submonolayers of
erage. Interestingly, the values Hf. in the thickness range

between 0.7 and 1 ML Mn were identical in both directions,Mn' The magnetic properties correlate directly with the sta-

. - . . bilization of a two-dimensionat(2x2) MnCo surface alloy.
which cannot be explained in a direct way from our measure;

ments since for the interoretation of the chanaélinman Corresponding to the two structural regions defined by the
°rp . g¢in Y_ absence and stabilization of the surface alloy respectively,
factors such as domain formation could be involved. Th

X - wo magnetic phases of Mn overlayers were identified; a
evolution ofH in Fig. 3, however, clearly demonstrates that g P Y

i .S : f tic ph to interfacial li t
the change iH. is directly correlated with that dfl. Both erromagnetic phase due to interfacial coupling up to a

M andH_ reveal significant changes at the Mn coverage Otmonolayer of Mn, and a nonmagnetic phase above 1 ML of
¢ . . - Mn. We conclude that the Kerr-signal, magnetic anisotro
~1 ML (denoted by a vertical dashed ljpavhich divides 9 9 Py

: . .., strength and coercivity are correlated with the stabilization
the two different structural regions for Mn overlayers with

and without the presence of tlé2x2) surface reconstruc- of the MnCo surface alloy and growth conditions.

tion. From these results we conclude that the magnetization

a_nd coercivity are linked, and thergfor_e that the main mecha- ACKNOWLEDGMENTS
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