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Experimental evidence of long-range magnetic order in the(2X2) MnCu (100 surface alloy
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The first experimental evidence of long-range magnetic order inc{e< 2)MnCu(100) surface alloy
formed by adsorption of 0.5 monolayer of Mn on (@00 at room temperature is reported. A carefully
preparedc(2X 2)MnCu(100) surface alloy exhibits a clear x-ray magnetic circular dichr@¥WhCD) signal
at low temperatures. From the temperature behavior of the XMCD signal, we deduce a Curie temperature
T.~50 K. As for other surfaces containing Mn, we demonstrate that the magnetic properties of the surface
alloy are strongly affected by contamination.
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Surface magnetism may differ considerably from bulktemperature the absence of long-range magnetic order was
magnetism. For instance, in the case of three-dimensionaoncluded:* Further experiments performed between 70 and
(3D) transition metals, the reduction of crystal field at sur-300 K, yielded to the same conclusidf?®
faces, as well as the narrowing @dfbands and the enhance-  In this paper we report the first experimental observation
ment of the density of states at the Fermi level, can modifyof a long-range magnetic order of tl€2x 2)MnCu(100)
considerably the surface magnetic propertiésThe under-  surface alloy at low temperature. We clearly show that the
standing of surface magnetic properties is of fundamentat(2x2)MnCu(100) reconstruction is magnetically long-
importance but also mandatory for technological applicationsange ordered below 50 K and that contamination of the
involving phenomena such as giant magnetoresistance, oscgurface has drastic consequences for the magnetic properties.
latory interlayer coupling, spin injection, and high-density = The experiments were performed on beamline SU23 at
storage devices. Manganese and related compounds are the storage ring superACO of LURE in Orsay. The samples
particular interest due to the high magnetic moment{p were prepared in a molecular-beam-epitaxy installation that
expected for Mn according to Hund’s rules. operates in the low 10° to 10 ' hPa range and is

The c(2X2)MnCu(100) ordered surface alloy is formed equipped with low-energy and reflectance high-energy elec-
by room-temperaturéRT) adsorption of 0.5 monolayer of tron diffraction (LEED and RHEED and Auger spectros-
Mn on CU100. The formation of this 50/50 ordered and copy (AES) facilities. CU100) single crystals were prepared
truly 2D surface alloy is remarkable because no other CuMrby repeated cycles of sputtering and annealing. Manganese
intermetallic phase is known to exigxcept for metastable was evaporated from a well-outgassed Knudsen cell in a
and controversial GMn, CusMn). The close relationship 10 1% hPa range at a rate of 1 A/min, as measured by a
between the atomic structure and magnetism has convertedater-cooled thickness monitor. As shown below, the con-
thec(2X2)MnCu reconstruction in one of the most investi- tamination of the surface plays an important role in the mag-
gated 2D magnetic compountiZ Its atomic structure has netic properties. The present study has been performed on
been investigated by different experimental technidaés. almost 30 carefully prepared surfaces. Repeated checking of
The Mn atoms occupy substitutional adsorption sites with @he absence of contamination on the freshly prepared surface
large outward corrugatiofaround 0.03 A(Ref. 8] that has was performed by AE$mainly oxygen and carbonEach
been assigned to the high local magnetic moment of Mrsample was investigated by LEED prior to XMCD measure-
atoms®®! It is clear that the formation of @(2X2)Mn  ments and all measured surfaces presented well-defined
structure on C(1L00) attracted great interest, because of thec(2x2) reconstructions. Figure 1 presents a typical LEED
larger interatomic distance between high-spin atoms, whiclpattern obtained for the clean Q00 substrate and after RT
generally leads to ferromagnetiEM) ordering™? deposition of 0.5 monolayer of Mn.

The magnetism of the(2x2)MnCu surface alloy is still After preparation, the samples were transferred under
a challenge, since theoretical studies predict paramagnetism,
antiferromagnetisfAFM), and ferromagnetism for the(2
X 2)MnCu surface alloy, and are in strong disagreement with
experimental results?~591113-15The calculated magnetic
moment in thec(2X2) ferromagnetic and face-centered-
cubic configurations varies also from around 2.89 to
4.09 wg,>*>3which has to be compared with the experi-
mental value for the atomic magnetic moment of a Mn im-
purity in Cu of 4.9 ug."° Previous x-ray absorption experi-  FiG. 1. () LEED pattern of the clean GLO0) surface andb) of
ments performed at Mh, ; edges have reported a high-spin the ¢(2x 2)Mn/Cu(100) surface alloy. The primary electron beam
ground state for MA:***"However from x-ray magnetic cir- energy was 120 eV. The gray scale of the images was inverted:
cular dichroism(XMCD) experiments, performed at room darkest-spots correspond to the most-intense diffraction spots.
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XMCD (x 10) signal as indicated in the text.
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640 650 660 670 have given similar spectra. Even though we have achieved
Photon Energy (eV) our main goal by demonstrating the existence of a long-range

. magnetic ordering of the(2X2)MnCu(100) surface alloy
_FIG. 2. Absorption spectra at the Mn, andL; edges together at low temperature, several questions must still be answered
with XMCD-spectra measured on tleg2 X 2)MnCu(100) surface . .
. . ; ._like those related to the shape of the XMCD signal or to the
alloy at 10 K. Top spectra: absorption spectra with the step function t val fth fi { itself: th ints will
used for the background subtraction and background spectrum. Bopact vaiue of the magnetic moment ItSell, these points wi

tom spectra: x-ray magnetic circular dichroism spectiisee text be discussed in more detail belc_)w. - .
for details. Furthermore the ferromagnetic origin of the XMCD sig-

nal on the 2D surface alloy is confirmed by the existence of

vacuum into the analysis chamber connected to the SU28 magnetic phase transition that is clearly observed in Fig. 3
beamline. The XMCD experiments were performed in thewhere we display the temperature dependence of the Mn
analysis chamber using a 60% circularly polarized light andnagnetic momen{the magnetic moment has been derived
in the 10 ' hPa pressure range. The data acquisition wagrom the XMCD signal amplitude as explained bejoWhe
performed using different geometriéshanging the angle of surface alloy presents a paramagnetic to ferromagnetic phase
photon incidenceand recording the total electronic yield transition at a Curie temperatufe between 47 Kthe high-
(TEY) of the sample when excited with soft x rays. The est temperature that provided an XMCD signahd 55 K
direction of the applied magnetic field T) was horizontal (where the XMCD signal was zexoAs seen in Fig. 3, the
and parallel to the incident photon beam and the orientatiotemperature behavior of the magnetic moment in the low-
of the magnetic field was reversed between two-successiiemperature rangel<20 K) seems not to follow aT(/T.)?
absorption spectra. The sample was mounted vertically inith 8=3/2 behavior, but rather the one often observed on
such a way that the surface normal was included in the horiultrathin magnetic layer® This is consistent with the two-
zontal plane and th¢l1] direction of the sample surface dimensional nature of the(2x2)Mn/Cu(100) surface al-
oriented at 45° with respect to the horizontal plane. loy. Near the Curie temperature, the present data do not al-

Figure 2 represents the absorption spectra at theLMn low a precise determination of the critical exponghtbut
andL 3 edges corresponding to tlig€2x 2)MnCu(100) sur- nevertheless, the behavior of the magnetic moment is still
face alloy together with the background curtvehich takes  consistent with the values ¢f obtained for ultrathin film$?
into account the transitions from the core-level states to the The shape of the XMCD signal of Mn, as reported in Fig.
continuunt®), the background-corrected absorption spec- 2, is typical of the physical situations where theéectrons
trum and the corresponding XMCD spectrum. on the Mn atoms are rather localized. For instance, it com-

The observation alT=10 K of an XMCD signature at pares very well with some of the XMCD spectra reported for
the Mn edge in Fig. 2 is the experimental evidence that an in the case of Mn/F&.00).22%3As shown previously>2*
long-range ordered ferromagnetic component is present ithe presence of small amounts of oxygen on surfaces can
the c(2X2)MnCu surface alloy. It is important to note that strongly modify the magnetic properties. Since the contami-
magnetic field effects on the TEY signal and possible satunation of the surfacémainly due to oxygenis an important
ration effects due to nonideal geometry have been carefullissue for the present study, we discuss in the last section of
taken into account’ measurements in the remanent configu-our paper the effect of contamination on the XMCD signal.
ration and with different geometries on almost 30 samples However we present now an estimation of the magnetic

094405-2



EXPERIMENTAL EVIDENCE OF LONG-RANGE . .. PHYSICAL REVIEW B 64 094405

TABLE I. Magnetic moments for the Mn atoms in the2
X 2)MnCu surface alloy for the present work and calculated assum-
ing a ferromagnetic configuration.

m (ug) 35 3.75 4.09 3.85 0.670.08 Atsorption
References 13 5 4 15 This work I
Theory Theory Theory Theory Experiment ] L
S —
g
8
]
[&]

¢(2x2)MnCu(100) T=10K

moment. Taking into account the well-known fact that the
sum rulegespecially the second one used to derive the value
of (S2), cannot be applied to the Mn, ; edges, we prefer
to estimate the magnetic moments by comparing the present
XMCD amplitude with those available in the literature. The
L, XMCD signal amplitude in our cas@incorrected by the
circular polarization factor of 0)6represents 3.2% of the
absorption signal. In the case of fcc Mnf001) system,
36% of XMCD (corrected signal was assigned to 4.55,
which gives a value of 8% XMCD for 1ug.?° For the bcc
Mn/Fe001) systems, the following percentages of XMCD
per ug have been reported: 8.8% XMCR§ (Ref. 22,
9.2%/ug (Ref. 23, and 7.4% XMCDjg .%° Assuming that e B AR R s
an average value of81% L, XMCD signal corresponds to a4 o Emer 6@%) 630
1 ug, and taking into account the polarization of the beam- o
line, we obtain from our spectra a magnetic moment for Mn  FIG. 4. Absorption spectra at the Mry, ; edges and the corre-
atoms of 0.6%0.08 ug. The resulting Mn moment is still  sponding XMCD signal as a function of time, i.e., contamination of
small when compared with that calculateste Table)land  the surface.
to its high-spin value derived from x-ray absorption spectra
that is around 4.sg.%**1"?°The experiments presented in the other hand, after few hours of measurements, the XMCD
Fig. 2 were performed at 10 K, i.e., well below the Curie signal disappeared and the spectra became peaked, character-
temperature(see Fig. 3. Therefore the small value of the istic for multiplet spectra of manganese oxidee right
magnetic moment is not due to the temperature effect.  upper inset of Fig. b Furthermore the contaminated surfaces

In the following possible origins of the small value of the showed traces of oxygen in AES spectra andat@x 2)
measured moment will be discusséid:traces of contamina- LEED diagram. The magnetic moment of 0:60.08 ug
tion that reduce the magnetism of the surfageainly

XMCD (x 10)

Absorption, XMCD {arh units)

—Contamimtion:— =
4

:

i

oxygen;?>?’(ii) the Mn atoms are not ferromagnetically but MnCu Surface Alloy, 10 K
ferrimagnetically ordered, owing to a competition between 50 .
FM and AFM ground state%?® 1 e Contam’matec
The influence of contamination on the magnetism of the 184 g g
c(2X2)MnCu(100) alloy is clearly observable in Figs. 4 ] & &
and 5. Figure 4 displays the evolution of the absorption spec- ke = =
tra at the MnL, ; edges and corresponding XMCD signals vs z i ]
time (i.e., contaminatioh It can be clearly observed that the I Range of
change in the shape of the absorption spectra is followed by g 12.] RETR
a reduction of the intensity of the; XMCD amplitude as a g ] —
function of time. Upon time the shape of the absorption spec- g 1.0
tra becomes more structured, which is an indication of sur- &
face contamination as already reporfddhe surface con- g 081
tamination induces a drastic reduction of the integrated E 06_1
XMCD amplitude as can be observed in Fig. 5. g ]
The very fast decay of thes integrated XMCD ampli- 0.4]
tude with time gives an indication of the difficulty of the 1 Average
. _ 1 measured
present measurements. Even in the #0hPa pressure 024 Lalue
range, the surface is rapidly contaminated mainly due to the 00 ] T

high sticking coefficient of residual-gas molecules on the A SRR S AL SR KA A
cold surface. _Freshly—prepared samples (_1|d not show any TR el P Sam e e pargtic ey

oxygen peak in AES, but showed well-define@x 2) re-

constructions and unstructured absorption spectra, character- FIG. 5. Magnetic moment as a function of time, i.e., contami-
istic for a metallic statésee left upper inset of Fig.)50n  nation of the surface.
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has been extracted from spectra mesured in the time rangme can reasonably question whether or not the present the-
from t=2600 s tot=5200 s as indicated in Fig. 5. The oretical models give an accurate description of @
time range fromt=0 s to t=2600 s corresponds to the x2)MnCu surface alloy and if the long-range magnetic or-
time needed to transfer the sample from the preparatioder is not ferromagnetic but ferrimagnetic.

chamber to the analysis chamber and to cool down the |n conclusion, we have observed for the first time the
sample. We have estimated the expected Mn magnetic mgong-range magnetic ordering of the(2Xx2)MnCu(100)
ment for an ideally clean surfacee., at t=0 5 by assuming  surface alloy. The experimental data have given clear evi-
that the contamination process is exponential with fffhe. dence of the magnetic-phase transition from paramagnetic to
The experimental data points have been fitted with the folferromagnetic(ferrimagneti¢ configurations with a Curie
lowing formula f(t)=A/[1+b(e""~1)], where A repre-  temperaturd,=50+5 K and a temperature behavior that is
sents the XMCD normalized signal in absence of contaminatypical of that observed in ultrathin films. We have also
tion, b the ratio between the oxide and the metallic-Mn crossshown that contamination modifies the magnetic properties
sectiongthe absorption cross section of oxides is larger tharpf the surface reconstruction reducing drastically the mag-
that of metaly andr the lifetime of the surface. The param- netic moment. Taking into account such effect we have de-
eters obtained for the curve-fit displayed in Fig. 5 @&e rived an experimental magnetic moment that does not exceed
=1.63+0.25u5 (to be compared with the average value of 1.7 ug. This magnetic moment is much lowébout one-
0.67 ug over the time range of measuremet=3.68, and  third) than the moments predicted by calculations and ex-
7=16300 s(very close to what one expects to be the con-pected from the local high-spin magnetic moment of manga-
tamination lifetime of half a monolayer in the 18 hPa  nese derived fronh, ; absorption branching ratio suggesting
pressure range Consequently it is reasonable to expect athat thec(2x 2)MnCu(100) surface alloy could also be fer-
factor of 2.6 between the measured XMCD signal and theimagnetic.

signal expected from an ideally uncontaminated surface. The

expected magnetic moment would be therefore close to

1.7 wg. Since the experimental magnetic moment is still This work has been partially financed by Ministerio de
well below the theoretical valugsee Table)land measured Educacim y Cultura, Espaa, and by University of York,
local magnetic-moment valu@s(on the order of 4.5up), United Kingdom.
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