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Magnetic circular x-ray dichroism of submonolayer Mn on Fe(100)
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The magnetic behavior of monolayer and submonolayer quantities of Mn adsorbed of1@0 EBarface is
studied using the element-specific magnetic circular x-ray dichr@id8XD) method in absorption. The shape
of the Mn-MCXD spectrum for 0.02 monolayer coverage agrees well with a recent calculation for high-spin
Mn if experimental broadening is taken into account. Also the size of the MCXD effect indicates a large net
magnetic moment, with the asymmetry at theedge reaching 80% of the value predicted by the theoretical
spectrum for the atomid® configuration. The sign of the Mn moment is antiparallel to the Fe substrate. With
increasing coverage the net Mn magnetic moment rapidly decreases and vanishes for a complete monolayer
Mn/Fe(100). [S0163-182807)03033-9

Magnetic transition-metal surfaces covered with anothepling just below monolayer coverage but with very small Mn
magnetic element represent composite materials with inter3p integral spin polarization indicating a very small net Mn
esting magnetic and electronic propertiése, Co, and Ni, moment. For lower thickness¢down to 0.25 ML) the spin
elements which are in their bulk form ferromagnetic, werepolarization is found to be enhancgd.
found to form ferromagnetic monolayers on top of ferromag- The aim of this report is to reassess the magnetism of 0—1
netic 3d metals, and their magnetic structure is not suppose®L Mn/Fe(100 experimentally using a third method of in-
to change dramatically for further reduced thicknesses. Suchestigation. Applying magnetic circular x-ray dichroism
changes are, however, expected for manganese. 8k (MCXD) in absorption we obtain element-specific informa-
exhibits a Complicated antiferromagnetic structure with On|yti0n_ By Studying much smaller thicknesses than most re-
small magnetic moments of 0.63 on average, whereas the cently achieved with spin-resolved photoemissiame can
possible maximum @ moment amounts to g. For the  explore the feasibility of the MCXD method towards very
two-dimensional case of a Mn monolayer on top of the0) |5\ coverages and might observe the effect of a reduced
surfaces of Pd and Ag, an antiferromagnetic ground statgyn_vn coupling.
with large magnetic momentabout 4ug) was predicted. The measurements were conducted at the BESSY syn-

Zhrotron light source using the Petersen/Ill monochromator

system when brought into contact with a ferromagnetic SUt?for circularly polarized soft x rays. About 80% circular po-

strate because the rgsultlng mag_netlc_: structure Is uncerta'[}:{rization is obtained when adjusting to 0.6 mrad off the
The tendency for antiferromagnetism in the overlayer has to

compete against the exchange interaction with the ferroma prbital plane of the storage ririd. We prepared clean

netic substrate, which tries to reach ferromagnetic alignme €100 s_urfaces by epitaxial growth of 15 'VLL Fe on a
within the overlayer. In calculations of the Mn/@€0) in- d100 single crystal held at room temperatdfe*The sys-

terface in multilayers* and of 1 monolayer(ML) Mn/ tem Fe/PdL00 hqs _been thoroughly characterizgd prgvi—
Fe(100 (Ref. 4 ferromagnetism with parallel coupling be- ously by quantitative low-energy electron diffraction
tween Mn and Fe moments was found most favorable(LEED)."* We observe a cleap(1x1) LEED pattern al-
however, with the antiparallel solution energetically closethough the spots are somewhat less sharp than for Fe growth
by. Very recently, some calculations predicted ferrimag-on, €.g., Ag100. We know from our previous spin-resolved
netism with very small net magnetic moment in the mono-photoemission studies of surface states and interface
layer Mn/Fé100).5~7 state$®> that using the Pd as substrate generates a pure Fe

Two experiments have so far detected magnetism for Misurface which is not affected by surface segregation of the
on F€100 around monolayer coverage: Spin-polarized elecsubstrate material as is the case with Ag and Au substrates.
tron energy loss spectroscdpyives a large and positive Mn was subsequently evaporated typically at rates of 0.2
exchange asymmetry for 1 ML Mn, meaning antiparallelML/min as checked with an oscillating quartz. We cross
coupling to the Fe. For low coveragésbout 0.4 ML were checked the evaporation ratessitu by deposition of 0.5 ML
studied) the exchange asymmetry is negative. Although thafVn onto a C§100 crystal monitoring the formation of an
experiment was spectroscopically optimized for detecting théntensec(2x2) LEED patternt* The smaller thicknesses
Mn surface layer, the sign of a submonolayer Mn moment isvere cross checked using the edge jumps of absorption spec-
difficult to extract since the Fe substrate signal might betra. The base pressure of the chamber wasl@ ' mbar
dominatant. A most recent study of Mn(&80) using spin- and rose to X 10 ° mbar and %10 1° mbar during the
resolved core-level photoemissfoobtains antiparallel cou- evaporation of Fe and Mn, respectively.
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Magnetic circular x-ray dichroism in absorption has in the3.37,; and —3.41ug in Ref. 7, and for the ferromagnetic
past few years been established as a tool to investigate t%tiparallel monolayer on Fe(—2.99ug in Ref. 6;
magnetic ordering in element specific manteWe have —3.35u5 in Ref. 7, which is slightly higher in total
chosen to obtain dichroism spectra measuring the total elegsne gyt Large moments were also found for the related
tron yield via the sample current in two consecutive FUNSqrface-alloy systeti 0.5 ML ¢(2X 2) Mn/Ni(100) in Refs.
reverngTrlln betwcleen the magnettllzann d'tr.eth'jOB of the19—21. Interestingly, for single Mn impurities on magnetic
ii?cp eljlse ;(S)ﬁmfhi \&vg% ﬁeé?érlignyir:nt%%nseulrzfgce ylfn;naghrfaces, which have only most recently be studied theoreti-

P 9 i o ; b ' cally, first-principles calculations do not predict a substantial
forming an angle of 23 Wl.th the incident light, which re- further increase of the moment, and values of g.4ffor a
duces the measured dichroism by a factor of 0.92. Mn atom adsorbed on FE00)] ,and 3.36u5 [for a Mn

—3.36ug

Figure 1 shows Fe and Mh, ; absorption spectra from X di h ; |
the smallest Mn coverage measured in this experiment, 0.03tom incorporated into the FEOQ) surface atom aygmwere

ML Mn/Fe(100). The figure contains spectra taken with the calculateoe.? .
magnetization parall€lR) and antiparalle(L) to the spin of Comparison of the MCXD difference spectra for Mn and
the incident photons as well as the difference between thE€ shows clearly that Mn moments couple antiparallel to
two, the MCXD spectrun{R—L). The Fe spectrum to the those of the Fe substrate. This is in agreement with the find-
right is essentially identical to the ones measured prior to Ming in Ref. 9 for 0.25 and 0.75 ML and, interestingly, oppo-
deposition. We do not observe the strong reduction irgite to the coupling found for 0.5 M(2x2) Mn/Ni(100
MCXD asymmetry[(R—L)/(R+L)] reported in Ref. 16 for (Refs. 19 and 2iland for Mn impurities in bulk F&*2*1t is
thick Fe films on PALO0) as compared to pure Fe. Our asym- also opposite to thab initio result of Ref. 22, which predicts
metry at thelL ; edge reaches 87% of the one measured fothat parallel coupling is favored by a Mn adatom and anti-
pure Fe in Ref. 17. It is presently not clear whether the reparallel coupling by Mn in the Fe surface layer. However,
maining difference is due to domain formation of the Fe. Inthere are uncertainties in both theory and experiment: First,
that case the measured Mn MCXD signal would have to béotal-energy differences between magnetic configurations are
slightly corrected upwards, but this was not done here. very small?? this has also been found for the complete Mn
To the left in Fig. 1 we show the Mh, ; spectra on the monolayer on F&-’ Second, it cannot experimentally be ex-
same scale as the Fe ones and, in addition, enlarged byctuded that Mn might be incorporated into the surface layer,
factor of 20. The spectra in Fig. 1 are raw data. This meanslthough layer-by-layer growth has been repoft@urface-
that, apart from the subtraction of a constant backgroundalloy formation as for Mn on NiLOO) has been predictéed,
identical for both magnetization directions, no shifts werebut unlike on Ni we do not observe any ordering for 0.5 ML
applied nor were corrections for the incomplete light polar-into a c(2X2) superstructure by LEED. Further efforts to
ization and its incidence angle made in the spectra. The Meharacterize the initial growth are therefore required.
spectra show a large asymmetry indicating a large Mn mag- In Fig. 2 we compare the Mn MCXD difference spectrum
netic moment. Large magnetic moments were predicted fofc) from Fig. 1 to the atomic calculation for a Min ion
the antiferromagnetitor, more precisely, ferrimagnejiéin without crystal field from Ref. 25 beforé) and after(b)
monolayer on Fe(for the two Mn sites 3.1@g and convolution with a Gaussian of 2-eV FWHM. We find that
—3.26ug in Ref. 5, 2965 and —3.28ug in Ref. 6 and the shapes of this broadened theoretical spectrum and our
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] The solid line is a logarithmic fit to the data. The rapid decrease of
0 2 4 6 8 10 12 14 16 18 20 22 24 the net moment down to zero for one monolayer is consistent with

Relative Photon Energy (eV) antiferromagnetic Mn-Mn coupling.

FIG. 2. (a): Calculated MCXD spectra of M for left (dashed ~however, the band calculatidfor a monolayer Mn/FeL00)
line) and right(thin solid line circular polarization and the MCXD fails to describe the measured spectral shape.

difference(solid line) taken from Ref. 25(b): Calculated MCXD We also compared our experimental spectrum to the re-
difference after broadenindc): Experimental MCXD difference  cent calculation for M&' in an O, symmetry crystal field®
from Fig. 1. We again find good agreement of the MCXD spectral shape

. o ) _ after broadenng, but here the size of the MCXD effect is
expenmental one are very similar. In partlcularz the negative,ch smaller than in Ref. 25, possibly due to the strong
MCXD intensity at the higher photon energy side of the  gctanedral crystal fieldl0Dg=1.5 eV were usedwhich is
peak appears in both specira but not in the _calc_ulate(_j MCXIposs likely to describe a metallic adsorbate system well.
spectrum of Ref. 5 for 1 ML Mn/R&00), which is derived Figure 3 shows the behavior of the net Mn magnetic mo-

fro_m a band-structure calculatl_on. It was Very r_ecen'FIyment with increasing coverage between 0.02 and 1 ML. The
pointed out that, due to the relatively small spin-orbit split- . .
asymmetry at thé ; maximum of Mn normalized by that of

ting in Mn, L; andL, contributions are not well separated, . :
which yields errors as large as 30% in a sum-rule determiJEhe Fe is plotted. The net Mn moment drops more rapidly

nation of the magnetic momefftinstead, we determine the with increasing coverage tha}n C,OUId he expected from the
size of the MCXD effect considering the asymmetry. Thed€cay of the Mn-® spin polarizatior?. We assume the main
Mn MCXD asymmetry at the; maximum from Fig. 23) cause fgr the rapid decrease to pe antiparallel coupling of Mn
amounts to about 0.60. The 2-eV broadening reduces it t§&Xt neighbors as the coverage increases rather than a strong
0.34 due to the negative MCXD intensity mentioned abovedecrease of the Mn moment itself. The Mn asymmetry and
On the other hand, the experiment, Figc)2gives an asym- Net moment approach zero for 1 ML coverage, which is con-
metry of 0.20 before and of 0.27 after correcting for polar-sistent with antiferromagnetic ordefor ferrimagnetic order
ization degree and angle of the synchrotron light. with very small net momentwithin the Mn monolayer on

In view of the similarity of the MCXD difference spec- Fe&(100 as predicted very recently for this system.
trum with the atomic calculation after broadening, it seems In conclusion, we find using MCXD that Mn moments
that the expected strong hybridization between Mn and Feouple antiparallel to the Fe moments for small coverages of
3d states does not alter the shape of the spectrum signifMn on F€100. Mn is initially in a high-spin state as re-
cantly. Thus, the only indication our spectrum gives for avealed from comparison of shape and asymmetry of the
reduction of the magnetic moment with respect to the atomigCXD spectrum to an atomic calculation. The size of the
value of Sug is the size of the MCXD effect. As we measure MCXD effect indicates that the Mn moment might be very
about 80% _of the predicted asymmetry, we may estlmate th%rge; a rough estimate givegi4 as lower limit. However, it
net magnetic moment to be around 80% of the atomic valugyeeqs to be explored further how the asymmetry varies with
or 4ug. This value m|ght_§t|ll be smallgr than the absolgtethe magnetic moment for moments away from& The
moment due to the possibility of clustering of Mn atoms with ¢oyerage dependence is consistent with recent predictions of

nonferromagnetic coupling and of domain formation on thegntiferromagnetic coupling within the Mn monolayer.
Fe. However, our estimate requires proportionality between

the asymmetry and the net magnetic moment, which is not We would like to acknowledge helpful discussions with
established yet. An MCXD calculation performed for such aS. Blugel (Juich), A. Kimura (Tokyo), and A. TanakgHi-
reduced magnetic moment would be helpful in this situationyoshima.



5056 BRIEF REPORTS 56

*Present address: Department of Physics, University of Tokyo,14T. Flores, M. Hansen, and M. Wuttig, Surf. S2ir9, 251(1992.
7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan. Electronic address'®G. Schitz et al, Phys. Rev. Lett58 737 (1987; C. T. Chen

rader@exp.bessy.de. et al, Phys. Rev. B42, 7262(1990; T. Koide et al,, ibid. 44,
1See, e.g., J. Magn. Magn. Matdr8 (1995. 4697 (1991).
2g, Blugel, M. Weinert, and P. H. Dederichs, Phys. Rev. L& 16C, Boeglin, X. Le Cann, K. Hricovini, and B. Carrig J. Magn.
1077(1988; S. Bligel and P. H. Dederichs, Europhys. Ledf. Magn. Mater.148 70 (1995.
597 (1989. 7C. T. Chen, Y. U. Idzerda, H.-J. Lin, N. V. Smith, G. Meigs, E.
3S. T. Purcell, M. T. Johnson, N. W. E. McGee, R. Coehoorn, and Chaban, G. H. Ho, E. Pellegrin, and F. Sette, Phys. Rev. Lett.
W. Hoving, Phys. Rev. BI5, 13 064(1992. 75, 152(1995.
4S. Bouarab, H. Nait-Laziz, M. A. Khan, C. Demangeat, H. Drey- M. Wuttig, T. Flores, and C. C. Knight, Phys. Rev.4B, 12 082
sse and M. Benakki, Phys. Rev. B2, 10127(1995. (1993.
SRugian Wu and A. J. Freeman, Phys. Rev6B 17 131(1995.  °W. L. O'Brien and B. P. Tonner, J. Appl. Phy#6, 6468(1994
6S. Handschuh and S. Bjel (unpublished 200. Rader, W. Gudat, C. Carbone, E. Vescovo, SgBIuR. Klzs-
"A. Vega, S. Bouarab, H. Dreyssand C. Demangeat, Thin Solid ges, W. Eberhardt, M. Wuttig, J. Redinger, and F. J. Himpsel,
Films 275, 103 (1996. Phys. Rev. B55, 5404(1997).
8T. G. walker and H. Hopster, Phys. Rev.4B, 3563(1993. 21D, Schmitz, O. Rader, C. Carbone, and W. Eberhardt, Phys. Rev.
9Ch. Roth, Th. Kleemann, F. U. Hillebrecht, and E. Kisker, Phys. B 54, 15 352(1996.
Rev. B52, R15691(1995. 22B. Nonas, K. Wildberger, R. Zeller, and P. H. Dederichs, J.
04, Petersen, M. Willmann, F. Stfeas, and W. Gudat, Nucl. Magn. Magn. Mater165, 137 (1997.
Instrum. Methods Phys. Res. 283 594 (1993. 2p. Radhakrishna and F. Livet, Solid State Commg8, 597
113, Quinn, Y. S. Li, D. Tian, H. Li, F. Jona, and P. M. Marcus,  (1978.
Phys. Rev. B42, 11 348(1990. 248 Drittler, N. Stefanou, S. Blgel, R. Zeller, and P. H. Dederichs,
2E. Vescovo, O. Rader, and C. Carbone, Phys. Re47B.3 051 Phys. Rev. B40, 8203(1989.
(1993. 25G. van der Laan and B. T. Thole, Phys. Rev® 13 401(1991).

130. Rader, E. Vescovo, J. Redinger, S’ @ C. Carbone, W. 2°Y. Teramura, A. Tanaka, and T. Jo, J. Phys. Soc. 66n1053
Eberhardt, and W. Gudat, Phys. Rev. L&®, 2247 (1994). (1996.



