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Formation of a two-dimensional c„232… Mn-Co„001… ferromagnetic surface alloy on Cu„001…

B.-Ch. Choi, P. J. Bode, and J. A. C. Bland
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 2 February 1998; revised manuscript received 8 April 1998!

The structure and magnetic properties of ultrathin Mn films on fcc Co/Cu~001! were studied at room
temperature, using thein situ magneto-optical Kerr effect and low-energy electron diffraction. We found that
a two-dimensional magneticc(232) Mn-Co~001! surface alloy is stabilized in the range of 0.3–0.8 ML of
Mn. Within this thickness range Mn is ferromagnetically coupled to the fcc Co~001! underlayer. Above one
monolayer of Mn, thec(232) superstructure disappears and the Mn overlayer no longer has long-range
ferromagnetic order.@S0163-1829~98!05533-7#
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The magnetism of two-dimensionally ordered surface
loys based on transition metals, is currently of strong int
est, providing important insight into magnetic interactions
the interface and the effects of the substrate on the magn
ordering. A wide range of Mn surface alloys, based on M
Cu~001!, Mn/Ni~001!, and Mn/Fe~001!,1–4 have been studied
both theoretically and experimentally, both because of a
variety of possible structural and magnetic phases occur
in epitaxially grown Mn films and because a large magne
moment can form due to the half filled 3d shell of Mn. One
of the most fascinating features of the Mn-based surface
loys is thec(232) superstructure, which has been observ
by Wuttig, Gauthier, and Blu¨gel5 in the MnCu surface alloy
film on Cu~001! and which is found to be thermodynamical
stable. They identified the magnetism of Mn atoms as
driving force for the stability of the alloy. The two
dimensional~2D! surface alloys are new magnetic materia
which provide possibilities for the preparation of very stab
ultrathin films in the monolayer range and enable the exp
mentalist to perform well controlled experiments to test
theoretical predictions. The Mn/Co/Cu~001! structure pro-
vides a model epitaxial system which is well suited to t
study of the magnetic interaction between Mn and ferrom
netic Co. Experimentally, O’Brien and Tonner6 have used
x-ray magnetic circular dichroism~XMCD! to infer that a
single Mn monolayer is ferromagnetically aligned with r
spect to the fcc Cu~001! film. However, competition betwee
an in-plane antiferromagnetically orderedc(232) configu-
ration and one in which a ferromagnetic Mn monolayer
antiferromagnetically coupled with respect to the Co und
layer is predicted by tight-binding model calculations.3 In
this context it is important to note that any minor perturb
tion in the actual unit cell structure can have a potentia
major influence on the magnetic properties given that
structural and magnetic energy contributions to the total
ergy are comparable in magnitude.

In this paper, we report the formation of a 2Dc(232)
MnCo magnetic surface alloy, where Mn is aligned ferr
magnetically with respect to fcc Co/Cu~001!. To our knowl-
edge the existence of a MnCo magnetic surface alloy w
the c(232) structure has not been previously reporte
Moreover, we demonstrate that the formation of thec(2
32) MnCo surface alloy is clearly linked to the magne
coupling of the Mn to Co underlayer at the Mn/Co interfac
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The fcc Co~001! surfaces were prepared at room tempe
ture under ultrahigh vacuum conditions by molecular be
epitaxy onto a Cu~001! single crystal at an evaporation ra
of 1 ML/min. The base pressure is 1310210 mbar, and the
pressure remains below 5310210 mbar during deposition.7

Throughout the experiment 8–9 ML of Co layers were d
posited, because the Co film growth proceeds in a layer-
layer growth mode above 2 and up to 10 ML.8,9 Auger elec-
tron spectroscopy~AES! measurements on the Co and M
surfaces revealed no oxygen or carbon contamination
room temperature. Moreover, observation of the Auger s
nal as a function of time after Co deposition reveals no tr
of Cu segregation on the Co surface within the detect
limit ~,0.3 ML!, as is consistent with the report of Kief an
Egelhoff,9 no surface segregation of the substrate Cu ato
was found after 6 ML of Co deposition. The 8–9 ML C
films still produce good (131) low-energy electron diffrac-
tion ~LEED! patterns with a low background intensity, ind
cating that Co grows pseudomorphically on the Cu~001! sub-
strate surface.10 Afterwards Mn overlayers up to 4 ML
thickness were deposited on the fcc Co~001! surface at room
temperature. The Co film thickness was determined by A
ger electron spectroscopy and the Mn evaporation rate
calibrated by monitoring thec(232) LEED pattern formed
at 1

2 ML coverage of Mn on Cu~001!.5 The formation of the
MnCo surface alloys was determined by an ordinary LEE
system.In situ magneto-optical Kerr effect MOKE was use
to investigate the magnetic coupling of Mn to the fcc C
underlayer.

In the initial stage of Mn growth on the fcc Co~001! sur-
face, the Mn grows epitaxially with the in-plane spacing a
symmetry of fcc Co~001! and a sharp (131) LEED pattern
was formed. Depositing 0.3 ML of Mn leads to the formatio
of faint c(232) superstructure spots in addition to th
integer-order spots. As discussed above, the AES ana
allows us to verify that the superstructure does not co
from the thermal segregation of Cu atoms at room tempe
ture. With increasing Mn coverage the superstructure
comes more intense. In Fig. 1~a! we show a diffraction pat-
tern at 136 eV obtained from 0.5 ML Mn on Co/Cu~001!.
The observed diffraction pattern is illustrated schematica
in Fig. 1~b!. We attribute this superstructure to the formati
of the ordered MnCo surface alloy, stabilized by the mag
tism of the Mn atoms. We assume that the mechanism for
5166 © 1998 The American Physical Society
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PRB 58 5167BRIEF REPORTS
formation of MnCo surface alloy is the outward bucklin
relaxation of the Mn atoms, as in the case of the Cu
surface alloy formed after deposition of;0.5 ML Mn on the
Cu~001! surface.5,11 However, we rule out the possibility tha
the interdiffusion of substrate Cu atoms through the Co fi
might lead to the formation of a MnCu surface alloy, sin
for Co layers above 6 ML thickness substrate interdiffus
can be neglected,9 and since the formation ofc(232) struc-
tures was only observed promptly after 0.3–0.8 ML M
deposition onto the Co surface. In support of this view,
find that the existence of the MnCo surface alloy correla
directly with the onset of ferromagnetic ordering in the M
Co/Cu~001! system, as will be discussed later in deta
whereas the MnCu surface alloy does not show any lo
range magnetic order at room temperature.5

To obtain a better understanding of the formation of
MnCo surface alloy, the intensity of the~1

2
1
2! spot in the

c(232) LEED pattern was measured as a function of M
coverage. In Fig. 2 we plot the~1

2
1
2! extra spot intensity as a

function of Mn thickness. A careful search by LEED r
vealed no detectable extra spots in the submonolayer
thickness range. The minimum thickness at which thec(2
32) structure is present is approximately 0.3 ML. At;0.5
ML we found the maximum intensity of the~ 1

2
1
2! beam, in-

dicating that the 2Dc(232) MnCo surface alloy is bes
ordered at this coverage. A rough estimation of surfa
roughness can be obtained from the spot profile analysi
the~10! and~1

2
1
2! spots. At a primary beam energy of 136 e

we found that the half width of the~10! spot increases with
Mn deposition, indicating an increase of the surface rou
ness with increasing Mn overlayer. At 0.5 ML Mn thicknes
the half widths of the~10! and~1

2
1
2! spots are found to be o

the same magnitude~;12% of the surface Brillouin zone
along the @100# direction!, indicating that the coherenc
lengths forc(232) and (131) long-range order are com
parable in magnitude. With further growth of Mn, the sup
structure intensities fall and finally disappear after deposit
of a monolayer of Mn. We interpret this disappearance as

FIG. 1. ~a! c(232) LEED pattern for 0.5 ML of Mn on fcc
Co~001!. The energy of primary electrons was set at 136 eV
order to make the extra spots visible, and so the~00! spot intensity
is weak since this energy does not correspond to an in-phase
tering condition for the~00! spot. The integer order~10! and ~01!
spots are strongly overexposed to make the superstructure vis
~On the left-hand side of the photo the shadow of the sample ho
and the LEED electron gun are also seen.! ~b! Schematic represen
tation of the observed LEED pattern. The open circles~integer-
order beams! correspond to the fcc Co~001! spots and the filled
small circles~half-order beams! are thec(232) spots.
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completion of the first Mn layer, and we conclude that t
Mn growth on the fcc Co surface occurs by a tw
dimensional layer-by-layer growth mode rather than a thr
dimensional island growth mode. If the Mn growth were
occur by an island growth mode, thec(232) structure
should still be observable above 1 ML, which is not the ca
After deposition of a monolayer of Mn, only the (131)
spots remain, and thec(232) reconstruction of the Mn at
oms disappears.

We now address the issue of how the formation of
MnCo surface alloy is related to the magnetic structure in
Mn/fcc Co~001! system. Figure 3 presents the Kerr sign
~the saturated loop amplitude measured at 250 Oe magn
field! as a function of Mn overlayer thickness, measured
in situ MOKE. For all measurements the magnetic field
applied along the@110# easy axis direction.12 For coverages

at-

le.
er

FIG. 2. Normalized LEED intensities of the~1
2

1
2! beam inc(2

32) superstructure as a function of Mn thickness. The solid line
a guide to the eye.

FIG. 3. The Kerr-signal~the saturated loop amplitude measur
at 250 Oe magnetic field! as a function of the Mn thickness with th
field applied along the@110# direction. The thickness depende
c(232) spot intensity~the dotted line! in Fig. 2 is also given to
emphasize the correlation between the Kerr signal and the for
tion of thec(232) surface alloy. The lines are guides to the ey
The vertical dashed line divides the region with and withoutc(2
32) structure.
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up to ;1 ML Mn, a monotonous increase of the Kerr sign
is found, indicating that deposited Mn layers are all fer
magnetically ordered with respect to the Co substrate. T
result is consistent with the experimental result by O’Bri
and Tonner using XMCD,6 but is in contradiction with the
recent theoretical study by Nogueraet al.,3 who found anti-
ferromagnetic coupling as the lowest-energy state fo
monolayer of Mn deposited on the fcc Co~001! surface. This
discrepancy could be partly due to the large outward re
ation of the Mn atoms on the surface alloy, as found on
Mn-Cu~001! surface alloy.5 This assumption is supported b
theoretical studies of Mn impurities in Co,13 showing that the
antiferromagnetic configuration is more stable than the
romagnetic one, but only by a small energy difference
0.12 eV. Hence the competition between both states migh
easily changed by a small structural perturbation. Figur
shows, moreover, that there is a significant enhancemen
the total sample magneto-optic signal induced even by
positing submonolayer quantities of Mn, indicating that the
is a strong magnetic interaction between the Mn and
ferromagnetic Co underlayer. This result is in accorda
with the report that the surface layer of Mn is in a high-sp
state and has an enhanced local moment.6 A theoretical cal-
culation for a monolayer of Mn on Ag~100! also yields a
large moment of the order of 4mB .14 More importantly, the
Mn thickness region for which ferromagnetic coupling
Mn to the Co layer occurs corresponds to the coverage w
the c(232) structure is ordered~Fig. 3!. From this correla-
tion we conclude that the ferromagnetic coupling is asso
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ated with Mn atoms in thec(232) structure. After 1 ML of
Mn, the Kerr signal begins to fall. Therefore, we can inf
that above 1 ML thickness Mn the ferromagnetic behav
disappears; i.e., the Mn atoms in proximity to the Co und
layer couple ferromagnetically to Co, but subsequent
layers which are not in contact with the Co underlayer
not. In the phase having no long-range ferromagnetic or
no c(232) superstructure was found and the (131) spots
remain. This demonstrates that the surface alloy is stabili
by the magnetism of the Mn atoms and that the ferrom
netic coupling between Mn and Co is limited only to th
Mn/Co interface.

In conclusion, we found evidence for the formation of
two-dimensional MnCo magnetic surface alloy in ultrath
Mn films grown on an fcc Co~001! surface. The observed
c(232) superstructure seen in the LEED pattern is attr
uted to the MnCo surface alloy. Corresponding to the t
structural regions, we identified two magnetic phases of M
a ferromagnetic phase due to interfacial coupling of up t
monolayer of Mn, and a phase having no long-range fer
magnetic order above 1 ML of Mn. We demonstrate that
ferromagnetic coupling of Mn to the Co film is clearly linke
to the formation of a two-dimensional MnCo surface allo
located at the Mn/Co interface.
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