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Structure, growth, and magnetism of Mn on Cu110
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We found a two-dimensional, ordered surface alloy Cu(1d@®X 2)-Mn. The structure and composition
of this surface compound were determined by quantitative low-energy electron-diffracE&D) analysis,
which shows a large buckling in the surface alloy layer. The Mn atoms buckle outwards, and the Cu atoms
inwards with a total buckling amplitude of 0.22 [A7.2% of the ideal interlayer distance of @a0)]. The
results are compared &b initio total-energy and force calculations. The first-principles structure optimizations
are restricted to structural relaxations normal to surface, which is consistent with our LEED analysis. The
theoretically determined buckling of 16.3% reproduces the experimental situation. The calculations predict a
large magnetic moment for Mn d¥fl =3.82ug . A hypothetical nonmagnetic Cu(11@)2Xx 2)-Mn surface
alloy shows no buckling €1%), proving that the buckling is due to the magnetovolume effect of Mn.
Investigation of the growth shows that, for substrate temperatures above 180 K, deposition of submonolayer
amount of Mn leads to the formation of 2X2) superstructure. A well-ordered structure at 0.5 ML was
observed in the temperature range between 270 and 350 K. For films above 1 MK laslgerstructure was
observed giving evidence of a buckled, Mn-rich top layer. We also investigated the work-function change upon
surface alloy formation. Thab initio calculations predict a work-function lowering of about 0.5 eV, and we
identified the magnetism of Mn as the basic origin of the work-function change. The results are compared to
the Cu(100)e(2X 2)-Mn surface alloy[S0163-18207)06044-X]

[. INTRODUCTION system. Total-energy calculations have shown that the
corrugatiom'* stability, and formatiofr™'’ of the

Surface alloying after deposition of one metal onto an-Cu(100)<(2X 2)-Mn surface alloy layer are due to the for-
other has gained increasing interest in the last few yearsmation of a large magnetic moment of the Mn atoms. Several
This was partly motivated by the desire to tailor the proper+ecent experiments confirmed the formation of these ordered
ties of metallic surfaces through intermixing in the near-surface alloy®° as well as the formation of these large
surface region. Furthermore, understanding the mechanisnmsagnetic moment&-2¢
that are invoked in surface alloying might help to achieve Until now, magnetically stabilized surface alloys have
better control of the chemical composition profile of metallic been investigated only &t00 surfaces. Magnetism, and
multilayers produced by molecular-beam epitaxy or relatedalso the kinetics and surface chemistry, are quantities which
technigues. Most studies so far have focused on the structurkepend strongly on coordination number, symmetry, and the
of surface alloys. Surprising results include the observatiosurface orientation. Thus the existence, formation, and prop-
of surface alloying even for some metal-metal combinationsrties of this type of surface alloy at other surfaces is unclear
which are practically immiscible in the bufk! Much less is  and unknown. To reveal the systematics that govern surface
known about the atomic mechanisms which control surfac&lloying for Mn on Cu single crystal surfaces, we studied the
alloying® deposition of Mn on C(110).

In a recent work we suggested an interesting class of In this paper we give evidence of the formation of a two-
surface alloys: the magnetically stabilized surface alloysdimensional, ordered, 1-ML-thiak(2<2) MnCu surface al-
The stability of this type of alloy is due to the formation of a loy film on Cu110. We characterize the growth, structure,
large magnetic moment of one type of constituent atoms o&nd composition of Mn films by a variety of techniques in-
the surface alloy. cluding low-energy electron diffractioflLEED), medium-

In a series of investigations, we studied the alloys formedenergy electron diffractiofMEED), and Auger electron
after deposition of Mn on GQ00) (Refs. 10—12and Mn on  spectroscopyAES). This alloy starts to form at 180-K and
Ni(100).12 Particular attention was devoted to the formation0.25-ML coverage, and is stable upon cooling to 120 K and
of ordered Cu(100)(2x2)-Mn and Ni(100)c(2X2)-Mn annealing to 400 K. We apply full dynamical LEED calcu-
surface alloys, which are characterized by a considerablitions to establish the structural model and the chemical
atomic corrugation in the ordered surface alloy layer. Intercomposition, and to determine the atom positions. We find
estingly enough, no ordered bulk alloy exists for the Cu-Mnthat the Cu and Mn film atoms show a large buckling of
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17.2% of the ideal interlayer distance of @0I0). The results  rescent LEED screen. Both for MEED and LEED/ mea-

are compared tab initio total energy and force calculations, surements, the diffraction pattern was recorded by a video

which reproduce the buckling of the Mn and Cu surface al-camera and a personal computer with data-acquisition hard-

loy film, and identify the magnetism as the driving force of ware and software. This allows the simultaneous measure-

the buckling. We predict a large magnetic moment for Mn ofment of up to eight different diffracted beams.

M =3.82ug . In this paper we show results on the kinetics of Manganesépurity 99.99% was evaporated from a water-

the alloy formation. We predict a work-function lowering of cooled Knudsen cell. The deposition parametersen tem-

the CY110 work function due to alloying. We also investi- perature about 1200 K, pressure below 20 8 Pg were

gate the coverage dependence of the alloy formation ankept constant in all experiments. By growing Mn on a

observe a 181 superstructure at 1-ML coverage. Ni(100) surface and simultaneously using MEED, we deter-
The formation of the Cu(110¥{2X 2)-Mn surface alloy mined the flux of Mn atoms generated from the oven. The

is even more surprising than the formation of theintensity maxima of some diffracted beams are attributed to

Cu(100)<¢(2%x2)-Mn alloy. For the latter, one could still certain coverages as shown by Ref. 13. Assuming a sticking

argue that this surface alloy may be derived from a yet uncoefficient of 1, a flux of 2.5 10> Mn atoms per cris was

known CyMn bulk phase, with Cu and Mn atoms arrangedobtained, which was reproducible to within3%. For the

as in the CyAu structuré?” which has been speculated on in Cu(110 surface, this corresponds to a deposition rate of

the past. This derivation does not work for tflELQ) face, 0.12-ML Mn per minute. This is confirmed by the intensity

since here the stacking of the Cu and Mn atoms are consisnaximum of thec(2x2) MEED curve (Fig. 5, showing

tent with a surface plane of a gMn bulk phase in the TiAl  that an orderead (2% 2) layer is completed after deposition

structure. Thus the observation of the Cu(1x02-x2)-Mn  of 0.5-ML Mn (see Sec. Il A. In this paper, the coverage

phase extinguishes this kind of speculation. Moreover, igiven in units of ML Mn, is defined as the number of depos-

proves that the surface alloy is indeed a class of materidted Mn atoms per primitive substrate surface unit cell.

which cannot be derived simply from bulk properties. Hence, at a coverage of 1-ML Mn there is one Mn atom for
The paper is organized as follows. In Sec. Il the experi-every Cy110 surface atom.

mental setup and the theoretical and computational details,

respectively, are described. The results of the structure analy-

sis, the total-energy calculations, and the magnetism are dis- B. LEED structure analysis

cussed in Sec. Ill. We close with a short summary in Sec. IV. The LEED structure determination was performed with
the same program, phase shiftg to nine at high energy
Il. EXPERIMENTAL AND COMPUTATIONAL METHODS and inner potential as used in our previous investigation of
Mn films on Cu100.!! For this purpose we use the
FORTRAN code of Moritz2%* which allows an automatic fit
The experiments were performed in an UHMtrahigh  as well as a grid search of the parameters including the av-
vacuum chamber with a base pressure ok50 ° Pa as erage concentration over the different sites of the unit cell.
measured by an ionization gauge. A quadrupole mass spe¢he quality of the agreement between experimental and the-
trometer was employed to determine the partial pressure afretical spectra was assessed by means of tfagtors,Rpe
the residual gas, which typically consists of about 40% H (Refs. 29 and 30andRp .3 Both criteria are used in the grid
30% H,0, and 30% CO. The Cu single crystal had a diam-search algorithm and may be chosen equally to drive the
eter of 8 mm. The surface was orientated in [th&0] direc- automatic fit. The optimum parameters differ slightly
tion to better than 0.1°. The surface was cleaned by argor(=0.01 A) depending on the choice of théactor. The final
ion sputtering (0.6 kV, 0.15uA/cm? and subsequent results given below are derived from averaging the values
annealing by electron bombardment up to 820 K. Using arobtained independently.
Auger system with cylindrical mirror analyzer, AES were  Optimized parametersAtomic positions were optimized
recorded to check the surface cleanliness. Only the firsdown to the third layer. Indeed, on pure fcc metal surfaces
preparation procedures required several cycles of sputteringike Cu(110 or Ni(110), for instance, perturbations induced
annealing and subsequent control by AES, until segregatinby the missing bonds in the top layer lead to changes in the
amounts of C and O were below the Auger detection limitthree first interlayer spacings; beyond, the distance returns to
(<1 at.%9. The sample temperature was measured by #he bulk value. In the present case, additional complexity is
NiCr/Ni thermocouple. Using liquid-nitrogen cooling, a introduced by the presence of foreign atoms, namely, Mn,
minimum temperature of 120 K could be achieved. LEEDwhich replaces every other Cu atom in the top layer as dem-
was used as the main tool to analyze the structure of thenstrated below. Since two chemical species occupy the lat-
surface. A three-grid backview LEED system was employedice sites, a corrugation of the individual layers is likely. This
providing electron energies up to 500 eV. In most cases nowas investigated in the first and third layers, while the sec-
mal incidence was chosen. To precisely determine atomiond one was kept flat for symmetry reasons. Shgépx 2)
positions, the intensities of a large number of diffractionspots were observed, indicative of a rather perfect chemical
spots was measured as a function of electron engrBD  ordering in the surface layer. However, the composition was
[/V curves; see Sec. Il B for detallsSMEED enabled us to checked on both sites, assuming a random distribution of
investigate the surface structure and morphology during Mrspecies to simulate disorder. This is realized by means of the
depositior?® In our experiments, 3-keV electrons impinged averageT-matrix approximation: each site is ascribed scat-
on the sample with a maximum angle of 5° against the surtering properties equal to the compositional average of the
face plane. The diffracted beams were displayed on the flugpartial amplitude of chemical elemerifs*Since Mn diffu-

A. Experiment
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sion into the bulk may occur, we also determined the con- Cu(110) c(2x2) Mn, nonmagnetic
centration of Mn atoms in the second layer, assuming a dis-
ordered alloy layer. In the course of the analysis, some

attempts were made to refine the Debye temperatures, the 4 k—points 16 k—points
inner potentiaV,, and absorptive potentisl; . V, was first RSN B 2
considered constaritl eV) and then replaced by an energy . =4 o 4 -
dependent potential,= — 4+ 88x (E+12)~ Y2 which im- ] | _5 ~5_54 i
proves the agreement slightly. Further small improvements | 6 N 6 |
are found for a constant value & =3.9 eV rather than a /-

variable one[V;=0.85x (E+V,)*°]. Finally, the Debye S it ARl s e S S
temperature was optimized independently for the surface at- ~8-7-6-5-4 ~8-7-6-5-4
oms(Cu and Mn and for deeper layersee Table . Error AZMn(%) Az n(%)
bars are derived from the variance ofRp,>!
var(Rp) = Rp minX(8V;/AE)?=Rp 1i»X0.100, where AE
=3160 eV is the energy range common to the experiment
and calculated(E) spectra.

FIG. 1. Contour plots of the total-energy difference per Mn
z1\tom of nonmagnetic Cu(11€)2 X 2)Mn with respect to the buck-
qmg relaxationAzy, of Mn and Az, of the surface Cu atom. All
other atoms are fixed at the ideal Cu bulk positions. The relaxations
are given in relative units with respect to the theoretical interlayer
spacing of Cugy119=1.244 A measured from the ideal bulk ter-
minated surface coordinates. Calculations are carried out with four

To understand the surface magnetism and the surfacad 16k points in the 12BZ. All other cutoff parameters are the
structure of the Cu(11@)2X 2)Mn surface alloy §) onthe  same. The contour interval is 1 meV.
basis of the electronic structure, and in particular to shine
more light on the role of magnetism on the surface structureminimum-energy atomic arrangement dynamically. Further
we performed a theoretical structure optimization of & hypoetails of the method will be published elsewhéte.
thetical nonmagnetic R) and a ferromagnetic F) The accuracy of the calculation with respect to the two
Cu(110r(2Xx2)Mn surface alloy byab initio electronic  most important cutoff parameters inherent in the FLAPW
structure calculations. These calculations are based on thgethod, the number of augmented plane-wéR®) basis
density-functional theory in the local-spin-density fynctions and the number of speclalpoints in the irreduc-
approximatior?® The equations are solved using the full- jhie wedge of the two-dimensional Brillouin zor(&2BZ)
potential linearized augmented plane-wave methogorresponding to the centered rectangular unit cell, have
(FLAPW) for thin-film geometry™® Self-consistent calcula- peen carefully checked. In Fig. 1 we show the total energy
tions were performed for nine-layer films consisting of seveng (p: Az, : Az} calculated for four and 1R points in the
layers of Cu with two Cu atoms per layer unit cell simulating 1287 with little change in the calculated equilibrium posi-
the CU110) substrate, and at each surface layer one Mn angion, which isAzy, p= —5.8% andAzc,.p= —5.2%. In Fig.
one Cu atom simulating the(2x2) surface alloy according 2 e show the total energiis{F;Azy,;Azc,= —6%]} cal-

to Fig. Ab). This structural assumption was suggested fromey|ated for different numbers of basis functions &ngbints.
the LEED analysis below.

The theoretical structure optimization was done in two
steps. At steti) the optimization is based on a static mini-
mization of the total energyEs{P/F;Azy, r/p;AZcufrip)
with respect to the configurational degrees of freedom. We
included for the nonmagnetic as well as the ferromagnetic
case two degrees of freedom. These were the relaxatians

C. Electronic structure calculation

Cu(110)c(2x2)Mn ferromagn.
2] & 4kpt, 70 P¥/atom
O16 kpt, 70 PW/atom
04 O 4kpt, 100 PW/atom

-
1

Total energy difference (meV/Mn—-atom)

of Mn and the top Cu atom along the surface normal. Relax- -2+ 8
ations along the surface normal are sufficient, as shown by 4] 6 ]
our LEED analysis. The two-dimensional total-energy sur- ]

face was calculated on 16 grid points, and the optimized -6 O\O/o/ .
structure was found by searching for the minimum of the _s] ]
energy surface. Including two degrees of freedom was suffi- Az =-67 |
cient for the Cu(10®(2x2)Mn surface alloy, but the —104 ] 5 1.(:“ _—

Cu(110 surface has a more open structure, and subsurface
relaxation turned out to be important for an accurate descrip-

tion of the Surface_structure. L FIG. 2. Theoretical total-energy difference per Mn atom of fer-
Using the previous approach which is based on totalomnagnetic Cu(11@)2x2)Mn surface alloy vs the buckling re-

energy minimization, it becomes very quickly impractical to |qxationA z,,, of Mn in relative units with respect to the theoretical
determine more than two structural parameters. Recently, th@terlayer spacing of Culcy119=1.244 A. All Cu atoms, except
force method based on the approach of Ref. 37 was implene surface Cu atom, which is fixed &rc,= — 6%, are fixed at the
mented into our FLAPW cod®. Therefore, in steffii) we  ideal bulk positions. Calculations are carried out for different num-
refine our structure determination using the forces exerted oBers ofk points (kpt) and basis functionPW). The origin of the
the atoms together with a modified Broyden-Fletcher-energy scale is arbitrary. The equilibrium relaxation is 6.8®%
Goldfarb-Shano quasi-Newton schethéo determine the kpt, 70 PW, 7.05%(16 kpt, 70 PW, and 6.77%4 kpt, 100 PW.

Mn-—Relaxation(%)
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Although the cutoff parameters chosen are too small to pre- 450

dict the curvature or phonon frequency of the Mn atom nor- _ L s

mal to the surface, they are sufficient for a reliable determi- % Wk @

nation of the equilibrium structure of the Mn and Cu atoms £ 5, _mlm.,.‘.‘n“ Ai@ ® o

in the surface layer. According to Fig. 2, the equilibrium & } 4 | O

position of the Mn atoms varies by less than 0.4% of the & 300 1 | aakasss | ®

interlayer distance of Cu, and the magnetic moments changeg { A I

by 0.03ug. Throughout this paper all total-energy results < 2° T ! & ! s c(2x2), well ordered

presented are calculated using féupoints in the 12BZ and Z 200 L 1 | & ©(2x2), poor order

70 PW/atom. The force calculations appear to be a bit more & leze 1 O l6xl

critical with respect to the cut-off parameters and we used 150 + 28 ® c2x2)+16x1

110 PW/atom and 1R points in the I2BZ. The forces were @ Ix

minimized down to a maximum force of 3 meV/a.u. per 100 f ‘ i i ‘ i

atom. 0 0.5 1 15 2 25 3 35
In addition, self-consistent calculations of the (CLO) Coverage (ML Mn)

surface were conducted in or(_:Ier to cor_npare the surface FIG. 3. Observed superstructures of Mn(C10 as a function
ztr“‘:t“r.e ththe sulzf?ce a}lloy Vr\]”th the_l%lam slurflac_e, and toof Mn coveragdin ML Mn) and deposition temperatugie K). The

etefrmme t e. work function C ange._ e calculations WeIGroken line roughly identifies the growth region of th€2x2)
carried out using @(1x 1) unit cell with one Cu atom per phase.

layer, and 3€&k points in the 12BZ of a rectangular unit cell.

Prior to the structure determination of the surfaces ofp e to the small width of the maximum. MEED can be used
Cu(110 and Cu(1103(2X2)Mn, we determined the equi- tor an additional coverage calibration, independent of the
librium lattice constant of bulk Cu tac,=3.52 A and the evaporation rate.
interlayer spacing tadcy(110=v2ac/4=1.244 A, respec- Figure 3 also illustrates the influence of the growth tem-
tively. For this purpose we used the FLAPW method in bulkperature on the formation of superstructures. Only in the
geometry to avoid any incompatibilities QUe t.o different range from about 270 K up to 350 K could a well-ordered
band-structure methods. The results are in fair agreemeni 2 2) structure be observed. For lower deposition tem-
with  the  experimentally — determined  value  of perapyres the superstructure order is considerably reduced. At
decy(110=1.278 A. All other computational paramete(s are 160 K, noc(2x2) phase appears after deposition of up to
equal to those used for the Cu(1002<2)Mn calculation 5 5.ML Mn. On the other hand, the best-orderg@x 2)
in Refs. 9 and 15. structure was observed at temperatures as low as 120fK,
it was produced by deposition at 270-350 K and subsequent
cooling.
Ill. RESULTS AND DISCUSSION

In this section we present experimental results for the a)
growth and structures of Mn on CLLO. The atomic posi- (1101
tions for one particular superstructure are analyzed in detail

and compared with spin-dependent total-energy calculations i

A. Growth and structures of Mn on Cu(110

(8%

After Mn deposition, two different superstructures were
observedsee Fig. 3 for a surveyFor substrate temperatures
above 180 K, deposition of submonolayer amounts of Mn
leads to the formation of ac(2X2) superstructure.
0~0.25 ML Mn is the lowest coverage producin@@ x 2)
phase. Faint and very diffuse extra spots indicate a very
weak long-range order. With increasing coverage the spots o
become sharper and more intense, until a maximum of ordet
and intensity is reached arourd=0.5 ML Mn. Figure 4a)
shows the corresponding diffraction pattern of the ordered
c(2X2) structure at 0.500.02 ML Mn. If the Mn coverage
exceeds 0.5-ML Mn, the(2x2) spots become broad and

decrease in intensity, until they van_ish between 1.0- and £ 4 LEED patterns ofa) the c(2x 2) surface alloy phase
1.5-ML Mn. The same result was obtained from MEED mea-gnq (p) the 16 1 superstructure at electron energies of 186 and 54

surements. In Fig. 5 the intensity of a superstructure beam igy/, respectively. In(@), 0.50=0.02-ML Mn were deposited at a
plotted versus Mn coverage. Similar curves were recordedample temperature 6f=315K, in (b) 1.5+0.05ML Mn at T

for all ¢(2X2) beams, which appear and vanish simulta-=340 K. The schematic diagrams show the positions of the sub-
neously. The narrow maximum around 0.5-ML Mn confirmsstrate spotgfull circles) and the extra spots of the superstructure
that this coverage corresponds to the be@x2) order. (open circles

b)

[110]

-1 g

R R ('5' o s
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FIG. 5. Intensity of a&(2X2) MEED beam during Mn deposi-
tion at 300 K.

After deposition of 0.5-ML Mn at around 330 K, the sub-
strate spots of the LEED pattern are sharp for all electron
energies[see Fig. 4a)], indicating a low density of steps. topmost layer (Mn) layer 2 Olayer3
Hence, ‘T’lt Igast within the transfer Wldth of our LEED sys- FIG. 6. (@) Schematic LEED pattern and structure model of the
tem, which is about 80 A, the surface is smoo_th and well)pcarved Cu(120(16x1)-Mn phase (¢=1.5 ML Mn). The
ordered. Therefore, we suggest a two-dimensional growthggp pattern contains the substrate sp@tsl circles) and all su-
mode of thec(2x2) superstructure up to a coverage of perstructure spots which could be resolvegen circles In the
0.5-ML Mn. An interesting feature of this smoot{2X2)  model, the unit cells of the substratshort rectangleand the su-
ordered layer is the presence of large domains as can be segétstructurelong rectangleare shown(b) Side view of the model
from the sharp extra spots in Fig(a} The average domain and the 161 unit cell. The corrugation is drastically exaggerated.
diameter obviously exceeds the transfer width of 80 A.

Adding Mn to thec(2X2) ordered surface alloy in the
temperature range from 300 to 350 K, we observed a co
tinuous phase transition towards axl6 superstructurésee  beams such astf k), (3£,k), (15,k), etc. The reason for
Fig. 3. Starting with#=0.5 ML the quality of thec(2x 2) this must be related to the atomic arrangement within the 16
order decreases with increasing coverage. From 1.0- t&1 unit cell. The most plausible explanation comes from a
1.5-ML Mn, thec(2X2) and 16<1 phase coexist. The re- model where the scatterers in the unit cell have the spacing
maining c(2x 2) spots are very faint and diffuse and only of 1&d,,, whered,, denotes the Cu nearest-neighbor dis-
discernible at a few electron energies. For 2.0- and 3.0-Mltance in the[110] direction. This model is depicted in Fig.
Mn, the pure 1& 1 phase appears in the diffraction patterng(a). The unit cell, marked by the long rectangle, consists of
[see Fig. 4b)]. In this phase the substrate spots are accomig substrate atoms with a mutual distancelgf (they may
panied by satellite spots producing spot pairs and tripletge either Cu atoms or a mixture of Cu and Mn atdms
which are elongated in tHé 10] direction. These extra spots and—as a suggestion—an adlayer of 15 Mn atoms. Addi-
are sharp and intense, at least for low Miller indicesk).  tional Mn adlayers are possible for higher coveragedeast
Here the Miller indexh corresponds to thigl10] direction,k up to 3-ML Mn). This model explains the 1 k) spots,

to the[001] direction. . . . .
. . assuming an independent scatterin .
Between satellite and substrate spots there is a character- 9 P g of the layers. To explain

X .
istic distance of 6.3%: 0.9% of the reciprocal lattice spacing the Presence ofx 15,k) spots as well, one can either invoke
in the h direction. This is the reciprocal value of #@.  Multiple scattering between the %@ surface layer and the

Hence the positions of the superstructure spots can be writtehX 1 substrate or refine the structural model further. A plau-
as sible solution for the latter approach is the assumption of a

corrugated top layer as shown in Figb® This is in line
1 15 with earlier findings by Palmberg and Rhodin, who discussed
(il_G’k and (il_G’k) (k=-2,...,2. the influence of an adlayer buckling for the
Cu(100)c(10x 2)-Ag structure in some detdif** Such
These are all satellite spots which can be resofwge# Fig. modulated surface layers have recently also been found for
6(a)]. The observation of spots which are multiples &f the system Fe/Qa00).* To support this mode(Fig. 6), we
indicates the formation of a »61 superstructure, which is calculated the corresponding LEED pattern for a buckled
16 times larger than the €140 surface unit cell in th¢110] 16X 1 structure on the base of the kinematic LEED theory
direction. assuming identical form factors for Mn and Cu atoms. The
The characteristic feature of the observed structure is theesult is in good agreement with the observed diffraction
existence of intense superstructure beams in the vicinity gpattern.

Substrate beams, but the absence of other superstructure
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B. Structure determination for the Cu(110-c(2% 2)-Mn
phase

Top view Side view

LEED | /V measurement

After having found the optimal growth parameters for the
c(2x2) superstructurédsee Fig. 3, LEED |I/V measure-
ments were performed to enable a precise structure analysis
of this phase. Foul/V data sets were recorded, each time
after deposition of 0.5-ML Mn onto the substrate held at 300 2
K. Using the coverage calibration by MEED, the desired
coverage could be achieved with an accuracy of 0.03 ML.
The I/V spectra were measured at 130 K after the sample
was aligned, so that the primary electron beam impinged
under normal incidence. This condition was fulfilled to
within =0.2°, if symmetry equivalent beams had practically ~ ©)
identicall/V curves. Tilt and polar angles of the sample were
varied, until the symmetry-equivalent beams closely matched
each other. Thél,1) and(1,2) beams were measured for this
purpose over the entire energy range, since these beams are
most sensitive to deviations from normal incidence. Care .Mn
was taken to limit both the pressure X320 ° Pa) and the
time of measurement, because too high a residual gas expo- FIG. 7. Models for the Cu(1103(2x 2)-Mn phase:(a) Mn
sure affects the(2X 2) structure markedly. Magnetic _flelds overlayer,(b) Mn-Cu surface alloytop layed, and(c) Mn-Cu alloy
inside the chamber were reduced below 20 mG using tWQnderiayer. The structural parameters optimized in the LEED
pairs of Helmholtz coils. Each of the four independent datésnalysis are shown in the side viewsZ;, describes the corrugation
sets consists of 14 nonequivalent bea®?3), (1,0, (1,1,  amplitude of théth layer(height of atom 2 with respect to atory; 1
0,2, (20, (1,2, (2,0, (2,2, (0,3, (53,3, (3,3, (3.3, d;; denotes the distance from the lower atom in laye the high-
$,3), and(3,3). The electron energies ranged from at leastest atom in layej.

40 eV to at most 400 eV for each beam and were varied in

steps of 1 e.V' The total-energy range useq for the quam'tatheir optimum values. The detailed results are displayed in

tive analysis amounts to 3160 eV. A visual inspection

showed that the four measurements produced nearly identicglable I, and the changes of tivefactor versus the param-
eters are displayed in Fig. 8. Adifactor variations are those

I/V curves whose peak positions matched closely. To im=""~"> X
prove data quality further, symmetry-equivalent beams wer@btained from calculations performed at the end of the analy-

averaged for the data set used in this analysis, and the intefilS: fixing all parameters but one at or close to the optimum.

) topmost Cu layer QCu (deeper layers)

sity was normalized to constant incident current. The coverage calibration derived from MEED measure-
ments, together with the flux calibration, determine the cov-
Structural analysis erage of the perfect(2X2) structure to 0.560.03 ML.

This indicates together with the shagf2x2) superstruc-
ture spots a perfeat(2x2) ordered alloy where each Mn
study of Mn/Cy100—Mn forms an ordered and buckled 416m s surrounded by four Cu atoms, and vice versa. There-
alloy surface layer with a similar(2x 2) periodicity"—two  fore ‘we started with a model where deeper layers were as-
models were investigated: a perfectly ordered surface alloy;1ad to be pure Cu. The buckling was refined first, looking
layer with the above-mentioned variations of the composit,; the chemical specig®n or Cu) which eventually shifted
tion, and a pure(2x2) overlayer(Fig. 7). Additionally, in -~ yards. The factors do present two pronounced minima
the preliminary step of the analysis we also considered thg, he explored range, the lowest occurring for Mn located
possible occurrence of an ordered underlayer alloy just beo_22 A above the Cu sublattice. The second minimum is
low the surface. _ , , shifted by about 0.5 A, as usual with well-known periodic
_In the initial stage, varying the first two interlayer spac- qq)tions in LEED, and corresponds to the reverse situation
ings and the corrugation in the Mn-Cu alloy layer when necy,;, ¢ above the Mn sublattice. Thefactors, which differ

essary, two of these models were rapidly discarded: in coméy much more than the variance (va8.02) for both solu-
parison with the surface allojtop layep, both the alloy

underlayer and the pure Mn overlayer produce hidgactors o )
and can thus be discarded, as demonstrated by the values TABLE |. Preliminary analysisr factors for three structural
collected in Table I. The range of variation for these param{nodels withc(2x2) periodicity: Mn overlayer, ordered Mn-Cu
eters were sufficiently large to avoid being trapped in locaf!l0y underlayer, and ordered Mn-Cu surface alloy lajsse Fig.
mini 7).

inima.

We then focused on the most probable structure, the or=

Owing to the results derived from a related structural

dered Mn-Cu surface layer, including gradually variationsR factor Overlayer _ Alloy underlayer _ Alloy top layer
down to the third layer. When the grid search was used, the,. 0.541 0.433 0.366
first two interlayer spacings were always varied simulta-r, 0.546 0.520 0.284

neously with a third parameter, all others being kept fixed at
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TABLE II. Optimum values from automatic fit started at the minimum of the grid seatghs defined as the distance from the lower
atom in layern to the highest atom in laygr(see Fig. 7. AZ,, andC,, are height and composition of atdnin layerk. A positive value

for the buckling means that the atom is displaced inwards.

Parameter range

Parameter (grid search Rpe=0.34 Rp=0.25 Average
dqy, (A) 1.1-1.55 1.21 1.20 1.265.02
dus (R) 1.13-1.38 1.28 1.30 1.29.02
dsq (R) 1.18-1.34 1.26 1.268 1.26%.02
AZ1, (A) -0.3-0.3 0.21 0.23 0.220.05
AZs, (A) 0.01 0.01 0.0£0.02
C11 (% Mn) 0-100 90 85 8Z45
Cy, (% Cu 0-100 92 96 9440
C,1 (% Cu 0-100 100 99 10035
0p (Mn) (K) 120-440 180 180

0 (Cu) (K) 200-500 300 300

0 (Cwy) (K) fixed 340 340

AV, (eV) Oto=*=5 —0.18 +0.16

100 D 20 a0 ]
C,; (%Cu)

40 60
C,, (%Cu)

FIG. 8. Variation ofr factorsRpg andRp with structural and compositional parameters as scanned by grid segrehdefined as the
distance from the lower atom in layerto the highest atom in laygr(see Fig. 7. AZ,, andC,, are the height and composition of atdm
in layerk. A positive value for the buckling means that the atom is displaced inwards.
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FIG. 9. LEEDI/V spectra of the Cu(110¢{2x 2)-Mn surface alloy calculated for near-optimum parametsesid line) in comparison
to the experimental datdroken ling.

tions, clearly favor the former geometry, with Mn being dis- As already explained, the reference structure considered
placed outside. so far is an ordered Mn-Cu alloy layer with a regular distri-
The interlayer distance follows the general rule of fcchbution of species so as to formcé2x 2) arrangement. Our
(110 metallic surfaces, i.e., the top Cu-Cu spacing is con-experience of similar surfaces—metal on metal deposition
tracted by about 5% with respect to bulk-truncated1@0), followed by annealing to produce random or ordered alloy
whereas the second interlayer spacingweakly) expanded layers—has proven that the compositional order is seldom
by less than 2%. We still detect some contraction in deepeperfect, and that nicely orderet{2x2) alloy areas may
layers, but it is so weak that one can consider the oscillationsoexist with X 1 chemically disordered domains in addition
as almost completely damped. to other defects such as antiphase domain boundaries, small
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shown in Fig. 8, and the optimum concentrations are given in
Table II.

The error bars happen to be fairly large for the chemical
composition. They are around 35 at. % in the second layer,
and they even increase up to 45% for each site in the top
layer. However, one should not actually be surprised by this
low sensitivity: Cu and Mn are quite close in the Periodic
Table of the elements, being separated by three elements
only. This means that they have very similar scattering prop-
erties, which results in a weak curvature of thiactors near
the minimum. Additionally, the fit concerns only half of the
-4\ atoms in the top layer, which further contributes to the de-
-10 -8 -6 -4 -2 0 crease of the sensitivity. Nevertheless the trends are far from

Cu ,—Relaxation(%) ambiguous: botr factors exhibit a clear minimum, indicat-
ing no Mn incorporation in the second layer. For the top

FIG. 10. Theoretical total-energy differer_wce per C_u atom of thejgyer the “Mn” sublattice—shifted outward by 0.22 A—
Cu.(llo).surface vs the surface-atom relgxatlor‘AafCulzln relatlve contains almost no C{iFig. 8(f)], while Rpe points to a
units with respect to the theoretical interlayer spacing of Cu,random mixture of 60% Cu and 40% Mn atoms on the Cu
deya1g=1-244 A. The inset shows the contour plot including also gpjattice in comparison with the 90% concentration indi-
the relaxatlonAzCu23 of the first subsurface Cu atoms. The mini- ~taq byRp as shown in Fig. &). Extra confirmation of the
mum, which determines the optimal structure, is found in the in”erpicture is given by simultaneous automatic fit of these pa-
circle. The contgur interval is 0_.5 meV. All relaxatiogsz are mea-  rameters, all others being kept fixed at their optimum: the
sured from the ideal bulk-terminated surface coordinates. concentrations converge close to about 94% Cu and 87% Mn

respectively for the Cu and Mn sublattices, irrespective of
the r factor used to drive the automatic fit. The chemical
islands, eté® The same is likely to be true in the present composition derived from this LEED investigation turns out
instance, and we tested the possibility of a partly randonio be 46% Mn and 54% Cu in the top lay@verage on both
distribution of Mn and Cu sites. Both sites included in thesites and bothr factorg which closely agrees with the cov-
unit cell were then allowed to have an average compositiorrage expected for an idez]2 X 2) structure(calibrated Mn
at variance from the 0.5-ML Mn coverage. Besides that offlux, sharp patterm In summary, we thus draw the conclu-
the top layer, we also checked the composition of the seconsion that Mn and Cu form an almost perfe¢2 X 2) ordered
layer, since diffusion of Mn atoms might occur even thoughalloy layer on top of a Mn free G10 substrate.
the temperature does not exceed room temperature during The quality of the fit can be judged from Fig. 9 in which
Mn deposition. Ther-factor response to such variations is the experimental spectra are plotted against the theoretical

Total energy difference (meV)

TABLE Ill. Survey of the results on the relaxations for the clean(X10) surface obtained by various
techniques and authordd;; is the deviation of the interlayer distance between ldyand layerj=i+1
from the ideal bulk derived interlayer distance in relative units of the bulk interlayer distance.

Technique Authors Ady, (%) Adyz (%)
LEED Adams, Neilsen, and Anders¢Refs. 52 and 58 —8.5+0.6 2.3:0.8
Davis, Noonan, and JenkiriRef. 58 —10.0+25 0.0-2.5
Noonan and Davi¢Ref. 55 —-8+3
Davis and NoonartRef. 56 -10.¢¢ 1.9
—-7.9 2.4
—-95 2.6
HEIS? Stensgaard and co-worke(Refs. 57 and 58 —5.3+1.6 3.3:1.6
MEIS® Copelet al. (Ref. 59 —-75+15 2525
IcISS! Yarmoff et al. (Ref. 60 —10+5
Fauster(Ref. 61 —-10+3 8+6
LEIS® van de Rietet al. (Ref. 62 —3+3
Theor. Total enerdy -6.2
Theor. Forck -10.2 3.8

aDepending on the choice of the type Rffactor analysis.

®High-energy ion scattering.

‘Medium-energy ion scattering.

dImpact collision ion scattering spectroscopy.

€Low-energy ion scattering.

This work based on static total-energy minimization and force calculations.
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TABLE IV. Comparison of the experimentalllt EED) and theoretically determined atom relaxations in relative ugtsof the bulk
Cu(110 interlayer distance.K) and (F) indicate nonmagnetic and ferromagnetic calculations, respectively, and energy and force indicate
whether the relaxations are determined by static total-energy minimization or the use of the force method.

Technique AZy, AZy Ady, Adys Adg,
LEED 17.2 0.8 -5.7 0.9 -1.0
Energy P) —-0.6 —5.8
Energy F) 12.7 —-5.7
Force ) 16.3 3.6 -11.3 1.9 —-2.2

ones for near optimum parameters. For integer as well agnd Az p=—5.2%, are nearly identical to the relaxed
fractional order beams, all measured features are present §lom positions of the plain 10 surface, which was
the calculated curves, and are fairly well described with very—5 3% taking only the Cu surface atom into account. Thus
few exceptions. This is consistent with the rather ggod we end up with a small buckling of abouhzy; p
factors(Rpe=0.33 andRp=0.25. The remaining discrepan- = Az, ,—Azq,p=—0.6% [all relaxation given in relative
cies are mainly the relative height of the peaks—and not the
location nor the shape. The agreement is better than for the
similar c(2x2) ordered alloy which forms when 0.5-ML
Mn are deposited on the CL00) facel!

e
o

o
av]
L

Ab initio structure optimization

Cu(110): Prior to theab initio determination of the equi-
librium position of the surface atoms for the unknown
Cu(110)<¢(2x2)-Mn surface alloy, we compare for the
plain CU110 surface the results of the theoretical surface
Cu layer relaxation with well-known experimental data, col-
lected in Table Ill. Figure 10 shows the total energy as func-
tion of the relaxation of the Cu atoms normal to the surface. e
Relaxing only the surface atoms, we obtain an interlayer re- -0 -5 0 5 10 15
laxation between the surface Cu and subsurface Cu plane of Mn-Relaxation(%)
Ad;,=Az;=—-5.3%. Including also the relaxation of the
subsurface atoms, we obtain an interlayer relaxation of
Ad,=Az,+Az,=—-4.2%—2.0%=—6.2%. The energy
minimization using the forces exerted on the atoms allows
the determination of the multilayer relaxation of several Cu
layers, and we obtairAd;,= —10.2%, Ad,3=3.8%, and
Adz,=—0.8%. This relaxation is accompanied by a further
lowering of the total energy of 7.9 meV per surface unit cell.
Comparing the theoretical results with the experimental data
obtained by various experimental techniquek Table 1),
we find overall an agreement between theory and experi-
ments. The theoretical determination of the relaxation in-
cluding only two degree of freedom as done by the static
total-energy minimization leads to relaxations which are
somewhat on the smaller side as compared to experiment,
the dynamical structure optimization using the force exerted
on the atoms leads to relaxation which are slightly on the
larger side. One should take into account that the energ
minimum is very shallow and energy differences of 1 meV

still leads to structural changes in the range of 1%. magnetic results, respectively. The origin of the energy scalb)of
Cu(110)(2x2)-Mn: The results of the structural op- is —1.55 eV per Mn atom lower than i@). The solid lineqsurface

t|m|zat|on_for the Cu(llO)e(2><_2)-Mn surfa(?e alloy are ¢ atoms fixed at the ideally terminated positibac,=0) are the
collected in Table IV together with the experimental LEED fiying nolynomials. The insets show the contour plots of the total-
data from Sec. Ill A. The results of the static total-energyenergy difference with respect to the buckling of Mn and Cu. The
minimization are shown in Figs. 18 and 11b). We first  minimum, which determines the optimal structure, is found in the
discuss the nonmagnetic calculations summarized in Fignner circle. The contour interval is 1 meV. All relaxatioAg are
11(a). If we allow for relaxations of the Mn and Cu surface measured from the ideal bulk-terminated surface coordinates. Cu
alloy atoms, we lower the total energy by 29 meV/Mn atom,atoms, with the exception of the surface atom, are fixed at the ideal
and find that their equilibrium positiongyzy, p=—5.8%  bulk positions.

=
—
1

(=]
=

Total energy difference (eV/Mn-atom)

E

P —
@™ cu(110)e(2x2)Mn

40> ferromagnetic]
> e

0.2

0.1+ A

“10 -5 0 5 10 15
Mn-—Relaxation(%)

Total energy difference (eV/Mn-atom)

5

FIG. 11. Theoretical total-energy difference per Mn atom of
u(110x(2x2)Mn vs the buckling relaxatiot zy,, of Mn in rela-
Ive units with respect to the theoretical interlayer spacing of Cu
deyi19=1.244 A. (a) and (b) shows the nonmagnetic and ferro-
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units (Az/dcy(110)in %), wheredcy(110)is the ideal C(10)  |Azg,g|>[Azc,p|. From a microscopic point of view the

interlayer spacinyj The Mn relaxation is nearly unaffected double occupancy of the Mn bonding states is lifted due to
by the relaxation of the surface Cu atom. Keeping the Cuhe magnetism, and half of the Mn bonding states are pro-
atom at the bulk terminated position, the Mn atom relaxes bynoted to antibonding states, which make the Mn atom effec-
Az p=—5.2%. tively larger and cause the large magnetobuckling effect. At

When we lift the constraint of nonmagnetism and switchthe end, this volume dependence of the Mn atom on the
from a local-density calculation to a local-spin-density cal-magnetism is a complicated many-atom interaction, and
culation, the system becomes magnetic, and the total energlerefore this buckling is very difficult to describe or predict
is lowered by the magnetic energy or the spin-polarizatiorby hard-sphere type of models with element-specific atomic
energy, AEg,=Eg(F)—Eg(P), respectively. The energy radii.
lowering is large and amounts toE (Az=0)=1.6 eV/Mn
atom for Cu and Mn atoms at bulk-terminated atom posi-
tions. Relaxing the atomic positions of the surface Cu and
Mn atoms|see Fig. 1b)] reduces the total energy further by ~ Our ab initio calculations predict a very large magnetic
51 meV. Again Cu relaxes inwards yzc, = —5.6%, but  moment for Mn. For the unrelaxed surface alloy a magnetic
Mn relaxes outwards bWzy, =7.1%. Thus we find a moment of M(Az=0)=3.77ug was found. The buckling
large buckling in the surface alloy layer of increases the magnetic moment toM(Azy,
Azy=AZyn r—AZcyg=12.7%. This is in line with the large =7% Azc,=—5.7%)=3.82ug . Including multilayer relax-
experimental buckling of 17.2% discussed above. ation, we find no significant change of these results. This

A closer look reveals that the relaxation of Mn does notmoment is larger than for the Cu(10@)2 X 2)-Mn surface
depend much on the relaxation of the Cu surface atoms. Bulloy, for which we found moments dfl(Az=0)=3.64ug
as we have already discussed for the ideall®0 surface, and M(Azy,=11.5%Azc,=—2.5.%)=3.755.° We at-
additional subsurface relaxations might be important for artribute this increase in the local moment of the(CLD-
accurate description of the surface relaxation. Allowing thebased surface alloy to the more open structure of the fcc
dynamical all-atom relaxations normal to the surface by(110 surface. At the C{100 surface, each surface, atom has
force calculations, we found for the surface buckling and theeight nearest neighbor atoms, at (CLO), there are only
third layer buckling® AZ,,=16.3% andAZ;,=3.6%, re- seven neighbors. This reduces the hybridization, and the lo-
spectively, and for the interlayer distances we obtaincal magnetic moment increasé®ward the atomic limit,
Ad;,=—-11.3% (which is to be compared to which would be S.g). Since Mn is already in the limit of
Azq g=—5.6% without subsurface relaxatipn  being a strong ferromagn&tand the moment is already in
Adyz=+1.9%, Ad3,= —2.2%, andAd,;s= +0.6%. the saturated limit, the increase is rather small. Thus we con-

Similar  results have been found for the clude that the magnetism of Mn at the (@WLO surface is
Cu(100)<(2x 2)-Mn surface alloy for which experiment larger than on the Q00 surface, which is consistent with
and theory determined a buckling of 16.6% and 14%, respedhe larger spin-polarization enerdys, calculated, and the
tively. Thus experiment and theory consistently found for thelarger buckling(in relative unitg of the surface alloy atoms
Cu(110)<¢(2x2)-Mn alloy a larger buckling, speaking in found.
relative units, and a larger spinpolarization energy, In recent experiments on the Cu(106(2X 2)-Mn sur-
(Esp.cui00i 1.4 V). face alloys® it was found that the intra-atomic electron cor-

Comparing theory with experimeftf. Table IV), we can  relation at the Mn atom is rather large, and the experimen-
conclude that the experimental trends are well reproduced bially determined exchange splitting between majority and
the theory. The large buckling is in agreement with the ex-minority states is much larger than the one predicted by the
periment, and we can therefore conclude at this point(ipat local-spin-density approximation. Thus magnetism is prob-
the CuMn surface alloy is magnetic, affid) the buckling ably underestimated by the local-spin-density approximation,
motion of the Mn atom is caused by the magnetism of Mn. Inwhich is in line with the underestimation of the surface alloy
general, however, as for the Cu(106)2x 2)-Mn systenr buckling. More surprising, a coverage-dependent appearance
(i) the buckling of the surface alloy is underestimated by theof valence-band correlation satellites was found in photo-
theory, (i) the relaxation of the interlayer distancas;; are emission experimen?§. These features were most pro-
overestimated. One difference between theory and experitounced for the ordered alloy, and show that the magnetism
ment is certainly the neglect of any temperature effect in thef Mn is close to the atomic limit. Since the Qu10) surface
theory. The theoretical results are determined Ter O K, is more open, we may speculate that the Cu(110)-
while the experiments are performed at 130 K. Maybe for ac(2X2)-Mn surface alloy shows an even stronger satellite
more accurate description one needs to go beyond the locatructure.
spin-density approximatiofsee also arguments belpval- In this paper, we make no theoretical effort to determine
though there is no explicit work done yet on multilayer re- the long-range magnetic order, which we assumed here to be
laxations of magnetic systems using for example theferromagnetic. At this point we cannot exclude the possibil-
generalized gradient approximation. We consider it as a fuity of an antiferromagnetic order. It is knowef. Ref. 48,
ture task to shine more light onto this discrepancy. that, for Mn monolayers on various substrates, ¢fi2x 2)

The buckling of the CuMn layer is a nice example of aantiferromagnetic order is favored due to a direct in-plane
giant magneto volume effect, where the volume of the MnMn d-d hybridization. However, in the case of the CuMn
atom increases with the magnetism and exerts even a presdrface alloy, the magnetic order is determined by an indi-
sure on the Cu surface atom, which is why rect, in-plane Ruderman-Kittel-Kasuya-Yosida-type interac-

C. Magnetism
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TABLE V. Work functions ¢ of the relaxed and unrelaxed (110 and Cu(110)e(2X2)-Mn surfaces
in ferromagnetic F) and (hypothetical nonmagnetic P) structure. The work-function changésp upon
alloying an C@110 surface with Mn are given for both magnetic configurations.

Work function ¢ (eV) A (eV)
Cu(100 MnCu(110 (P) (F) (P) (F)
unrelaxed 4.88 4.75 4.46 0.13 0.42
relaxed 4.87 4.76 4.39 0.11 0.48

tion due to the hybridization of the Md with the Cusp  or ¢r(Azy,=7%,Azc,=—5.7%)=4.39 eV, respectively.
electrons. In such a case, the size of the local magnetic morhus we obtain a work-function lowering due to the alloy
ment of Mn does practically not change with respect to th&ormation of ¢p(Azyy=7%,Azc,=—5.7%)— dci(AzZ;
coupling of the moments, and since only the size of the mo= —4.20 Az,= —2.0%)=0.48 eV, whereas the relaxation
ment causes the buckling of the surface alloy, the long-ranggf the Cu and Mn atoms contributed by 0.07 eMgain,
magnetic order has practically no influence on the structurainultilayer relaxation had no significant influence on these
properties. Recentlﬁl", we calculated the(2X 2) antiferro- results) For a hypothetical nonmagnetic Cu(116)2
magnetic structure of the Cu(10@(2x2)-Mn surface al-  x2)-Mn surface alloy we predict a work function
loy, and found that the(2x2) phase is higher in energy of ¢,(Az=0)=4.75eV or ¢p(Azy,=—5.8% Azc,
than thec(2x2) ferromagnetic one, and very likely the =-5204=4.76 eV, respectively.
ground state of the G00)- and Cu(110)e(2x2)-Mn sur- In the following we focus on the work-function change
face alloys may indeed be ferromagnetic. Experimentallyrather than on the absolute value of the work function. Using
the long-range order of the Cu(10@(2x2)-Mn surface  anab initio method based on the local-spin-density approxi-
alloy is unknown but the upper limit of the critical tempera- mation the latter is usually much less accurate. For example,
ture T, was determined to 80 R In fact, also for the we obtained for the difference between the work functions of
Cu(110-type surface alloy, we have carefully looked for an Cu(100 and Cy110, A$=0.14 eV, close to the experi-
antiferromagnetic order by LEED. As it is known, antiferro- mental value of 0.11 e\(cf. Ref. 51, while the absolute
magnetism leads to extra LEED spots due to the reducegalue of the theoretically determined work function is 0.4 eV
symmetry of the magnetic lattice. The intensity of fractional-too high as compared to the experimental value of
order beams is estimated to be 1-2% of the primary SUb¢cU(110)=4-48 eV(cf. Ref. 5J).
strate beam intensif}. Our LEED system, however, did not  First, we predict that the work-function lowering due to
show any evidence of these. The dynamic range of this inthe alloy formation isA ¢=0.11 eV for a hypothetical non-
strument allows the detection of fractional-order beams withmagnetic alloy, but\ »=0.48 eV for the formation of a fer-
an intensity of less than 1% of the intensity of a typical romagnetic surface alloy. Thus the work-function change is
substrate beam, and the extra spots should thus be detectaligen larger than for th€100) surface alloy, indicative that
the effects are stronger due to the formation of a larger mag-
D. Work function netic moment for the Cu(1103¢2x2)-Mn surface alloy
and the more open surface. Second, for the pur€lT)
surface and the hypothetical nonmagnetic surface alloy, the
relaxation has little effect on the work function. Both sur-
faces remain basically smooth, but the magnetically induced
buckling of the ferromagnetic surface alloy makes the sur-
face rougher and lowers the work function Ay =0.06 eV.

In a recent work® we made an interesting observation on
the origin of the work-function change upon the alloy forma-
tion of the Cu(100)e(2x2)-Mn alloy at the C@¢100) sur-
face. The first-principles calculation predicts a work-function
lowering from 5.02 eV for the QW00 surface by 0.31 eV to
4.71 eV for the Cu(100)x(2 X 2)-Mn surface alloy, in good
agreement with the experimental value of 0.45 eV. With cal-
culations for a hypothetical nonmagnetic Cu(1Qfp
X 2)-Mn surface alloy, the work function Ilowering In Sec. Il A, it was pointed out that the formation of the
amounted to only 0.05 eV. Thus the formation of a highc(2x2) ordered surface alloy phase starts at a deposition
magnetic moment is the basic origin of a large modificationtemperature of at least 180 K. As is known from the Mn/
of the electronic structure that causes the work-functionCu(100) system, a minimum deposition temperature of 270
change. K leads to the incorporation of Mn atoms into the outermost

Since a large work-function change is indicative of thesubstrate layet®!! The atomic mechanism of the formation
formation of a large magnetic moment, along this line ofof the Cu(100)e(2X 2)-Mn surface alloy is the subject of
thought we analyzed the work-function change of(Tu0) current investigation® They give rise to the assumption that
upon the formation of the Cu(11®(2X 2)-Mn surface al- surface vacancies play a crucial role for Mn incorporation. If
loy (Table V). The calculated work functiombc,, for the  one applies this model to the Cu(116§2x 2)-Mn phase,
unrelaxed and relaxed CLLO) surfaces, amounts to one would expect Mn incorporation at lower temperatures on
dc(Az=0)=4.88 eV andpc (Az;=—4.2% Az,=2.0%) Cu(110 than on the more close-packed (T00 surface,
=4.87 eV, respectively. Upon alloy formation the work since the activation barrier for vacancy formation should be
function of the unrelaxed ferromagnetic surface alloy orlower for CU110) than C{100. This is in line with the
relaxed surface alloy lowers top(Az=0)=4.46 eV observed lower onset temperature of surface alloying for

E. Kinetics
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Cu(110. However, with the present experimental data for The results are compared to the Cu(1@Qp-x2)-Mn
Mn incorporation on C(110), other mechanisms such as an surface alloy. The buckling relaxation of the MnCu surface
exchange process or agglomeration of Mn and Cu adatomaloy was found, the magnetic moment and the work-
via intralayer mass transport cannot be excluded. function change is predicted to be larger for the(Tl)-
type surface alloy than for the C100)-type surface alloy.
The formation of the surface alloy was found to start at lower
IV. SUMMARY temperature as compared to the(8Q0-type surface alloy,
_ _ which is in line with the lower activation energy for the
We found a two-dimensional, ordered surface alloy:yacancy formation on the fc110 surface. We speculate
Cu(110)c(2x2)-Mn. In contrast to the previously discov- that, for this more open surface, electron correlation is even
ered Cu(100)e(2X2)-Mn phase, this surface phase cannotmore important than for the Cu(10@):2x 2)-Mn system,
by derived from a presently unknown i bulk phase in  and we expect a stronger effect on the valence-band correla-
the CuAu structure, and extinguishes this kind of specula-tion satellites in photoemission.
tion. It proves that the magnetic surface alloys are indeed an it would be interesting to know whether the trend on the
interesting class of material, which cannot be derivedy|ioy formation temperature, surface buckling, reactivity,
straightforward from bulk properties. magnetism, and work function-change from the
The structure and composition of this surface compoundy(110)¢(2x2)-Mn to the Cul00)-c(2x2)-Mn contin-
were determined by quantitative low-energy electron-yeg to the Cu(111p(2x2)-Mn and ifthis phase exists at
diffraction analysis, which shows a large buckling in the sur-y)| we hope this work also stimulates the investigation of a
face alloy layer. The Mn atoms buckle outwards and the Ciynssiple Ni(110)e(2% 2)-Mn for which interesting mag-
atoms inwards with a total buckling amplitude of 0.22 A netjc properties can be expected.
[17.2% of the ideal interlayer distance of @t0)]. The re-
sults are compared tab initio total energy and force calcu-
lations. The calculations include only the relaxations of the
atoms along the surface normal, which are sufficient, as
shown by our LEED analysis. The theoretically determined
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