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Surface magnetic properties of ultrathin Fe films on W(110) studied by spin-resolved
appearance potential spectroscopy
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The surface sensitivity of spin-resolved appearance potential spectrog&®pywas exploited to investi-
gate the magnetic properties of ultrathin Fe layers ofl38). The spin asymmetry, used to monitor the
magnetic moment within the probing depth of APS, was studied as a function of the Fe film thickness. The spin
asymmetry data reveal a pronounced maximum at a film thicknes$ahonolayergML ), which is attributed
to the complex film morphology in this thickness range. For thicker, structurally relaxed films, APS measure-
ments with variable sampling depth show the Fe surface magnetic moments enhanced compared with the
moments of the sublayers. The spin asymmetry data are analyzed within a simple model.

I. INTRODUCTION films thinner than 10 ML at 350-500 K leads to smooth and
Ultrathin magnetic films and hetero-structures have atwell-ordered surfaces as shown in the literature by several
tracted increasing attention in recent years. The reduced dauthors**® High-quality thicker films are obtained by de-
mensionality leads to a new class of phenomena differenositing the Fe layers in excess of 10 ML while increasing
from bulk properties and with promising applications in thethe sample temperature to 550 K. Annealing the films above
data storage technolodyExperimental techniques for film 5 certain thickness-dependent temperature leads to film dis-
characterization able to supply magnetic information to-ryption. Three-dimensional islands are formed which are sur-

gether with high elemental-chemical, structural, and surfacg, ;nded by areas with thin pseudomorphic Fe films covering
sensitivity are welcome. Such a method is appearance potefke W(110) surface*®15 For Fe films thinner than~45

tial spectroscopyAPS). When a solid surface is bombarded +5 ML the direction of easy magnetization is along the
with electrons with sufficient energy, ionization of core lev-

els in the surface region takes place. The created core holéd 10] crystallographic axis! Above 50 ML the direction ‘?)f
recombine via Auger-electron or x-ray emission. Monitoring €aSYy lr7nagnet|_zat|on rotates in the film plane by 90° to
the Auger-electron or soft x-ray intensity as a function of thel001],"" which is the easy axis of bulk bcc Fe.
electron kinetic energy reveals the ionization thresholds. In Due to the reduced coordination number of the surface
the simplest one-electron picture the signal above the excitsé&toms an increase of the surface magnetic momeps is
tion threshold is proportional to the self-convolution of the expected. It has been predicted theoretic&fiythat the sur-
local density of unoccupied stateédn a band ferromagnet face magnetic moment of Fe films on(¥20) is enhanced to
below the Curie temperature the electronic structure is ex2.64ug with respect to the bulk value of 2.22 . However,
change split and the magnetization is proportional to the difexperimental data obtained with spin-polarized low-energy
ference of the occupation numbers of majority and minorityelectron diffraction by Walleret al?® and Tamuraet al?!
electrons. By using a spin-polarized electron beam for exciobserved a much higher Fe surface magnetic moment. It var-
tation, one obtains element-specific information about thées between 2,85 and 3.Jug, depending on the model as-
electronic structure of magnetic solids. The magnetic inforsumptions used to analyze the d4ta2 More recent magne-
mation is contained in the spin asymme#kywhich equals tometry measurements by Albreckt al?*2* obtained wq,
the normalized intensity difference between the APS signals- (2.7+0.2)ug for the smooth surface in agreement with the
for primary electrons polarized paralighinority) or antipar-  theoretical value. The discrepancy between both experimen-
allel (majority) to the sample magnetization. Spin-resolvedtal results might be due either to the different experimental
APS was applied to elemental magnetic materials such as Fghproach and their particular data analysis or to a different
and Ni¥~to ultrathin Fe films on C{©01),%" and to com-  film quality in both experiments. The latter possibility is sup-
pound materials like Feli®® In this paper we have ex- ported by the fact that for step and kink atoms even higher
ploited the surface sensitivity of spin-resolved APS in Ol’dermagnetic moments of up to 3.5 are reported and therefore,
to obtain surface specific magnetic information. the average surface magnetic moment depends on the surface
We investigated the relatively well-known Fe(¥10  defect concentratioft** APS is well suited to tackle this
system'® Due to the much higher surface energy ofM0),  problem due to its ability to supply surface specific magnetic
the Fe films grow on 410 at room temperaturéRT) ina  information as we will demonstrate in this paper.
layer-by-layer modé!!? Despite of the lattice mismatch of
9.4% between W and Fe, the first 1.8 ML form a pseudo-
morphic overlayer. During growth of further layers the ten- Il. EXPERIMENT
sile stress is continuously released by a dislocation network.
Finally, at thicker films above 9 ML the Fe bcc lattice con-  The experiments were performed in a UHV chamber with
stant is adoptedf Annealing of room-temperature grown Fe a base pressure 6f3x 10 ' mbar. Besides APS, the ap-
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paratus was equipped with low-energy electron diffraction ' ' ' '
(LEED) and Auger-electron spectroscop&ES) for surface . Fe/ W(110)
characterization, a quadrupole mass spectrometer for residui y
gas analysis, electron beam evaporators for depositing ultra
thin films, and a quartz microbalance for film thickness cali-
bration. The APS experiment consists of a source for spin-
polarized electrorfs and a detector for soft x ray$.The
electron beamsample currents typically 4Q.A) is trans-
versally polarized. The polarization is reversed by changing_
the direction of circular polarization of the laser light used to 2
excite spin-polarized electrons from the GaAs photo- g
cathode. Either the sample or the GaAs crystal are biased &8
high voltage which determines the electron kinetic energy.&

The soft x-ray photons emitted from the sample pass a filter%‘
placed in front of a microchannel plat¥ICP) to reduce the §
low-energy background. A Csl layer 6£1600 A thick- E

ness, acting as a transmission photocathode, is vacuurz
evaporated onto the microchannel plate side of an additiona<
1000 A self-supporting amorphous carbon filter. The elec-
trons emitted from this “photon-to-electron converter” are
detected by the MCP. The overall acceptance of the detecto
is estimated to b€ ~0.2 sr. In order to suppress further the
high background intensity we used a modulation technique
with lock-in detection. The electron kinetic energy is modu-
lated with an ac voltage of typically 0.5-4.0 V peak-to-peak Fe 2p3
and 0.8—1.2 kHz modulation frequency. The APS detector is
described in detail in the literatuf®.

The W(110 crystal was prepared by standard cleaning
procedures including a prolonged annealing at 1500 K in a
1x10° " mbar oxygen atmosphere and a subsequent flash in
UHV to 2500 K. The surface condition of the sample was
controlled with AES, APS and LEED. The Fe films were
evaporated on the clean \MO substrate by an electron

beam evaporator with a rate 8f0.5 ML/min. For the first 6 appears. All changes noted above saturat®fgrbetween 4
ML the sample was kept at 300 K during evaporation. Togng 6 ML. The APS spectrum of the 10-ML film resembles
improve the surface ordgr the .sample was subsequently agye spectrum of bulk FéRefs. 4,5 indicating a bulklike
nealed at 350 K. For thicker films the sample temperatur@jectronic structure of 10 ML. For reasons of comparison,
during evaporation was continuously increased up to 550 Kine 10-ML spectrum is superimposed on all other spectra as
This preparation procedure results in an almost layer-byz qjid line.
layer gr(zvl/éh of well-ordered Fe films with sharp LEED | 3 first approximation the APS spectra represent a self-
patterns.*'° The Fe coverag® . was determined via char- conyolution of the density of unoccupied states. Therefore,
acteristic LEED patterté and kinks in the Fe Auger ampli- the ghserved energy shift of thep Zpectral features can be
tude curve, which indicate the completion of atomic layers, qye either to a shift of the binding energy of the initial core
with an estimated accuracy of 10%. . level or to changes in the unoccupied local density of states.
For ®g>45=5 ML an in-plane rotation of the easy onget al?’ calculated the density of staté80S) of 1 ML
magnetization direction fromi110] to [001] takes placé/  Fe/W(110) as well as for bulk Fe. The calculations show a
Therefore, special magnetization coils able to magnetize igtrong hybridization betweed states of Fe and W, which
both directions were used. External fields for magnetizatiomesults in a shift of the unoccupied minority states of the Fe

/2
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FIG. 1. Spin-integrated APS spectra for Fe films ofl\M0). For
comparison, the data for 10 ML are included as solid lines in the
spectra for thinner films.

of up to~12 mT were applied. monolayer towards the Fermi level. According to our model
calculations this leads to a shift of the APS spectrum for 1
IIl. RESULTS AND DISCUSSION ML Fe/W(110) towards lower primary energy with respect

to the bulk spectrum® The expected shift 0~<0.8 eV is

Figure 1 presents spin-integrated APS spectra for the Fauch higher than the observed one~00.3 eV. The differ-
2p threshold above 700 eV as a function of the energy forence can be explained by a downward shift of the core-level
different Fe coverages. All spectra are normalized to equabinding energy of~0.5 eV.
maximum intensity. With increasing film thickness, several |t is well-known that the branching ratioB,
changes are observe(i} The spectral features shift continu- =1(2p,,)/[1(2ps) +1(2p1)] in the case of x-ray absorp-
ously to higher primary energi€s,. The maximum shift is  tion spectroscopyXAS) depends on the material. In a theo-
~0.5 eV. (i) The intensity of the Ps, component in- retical study Tholeet al?° attributed this phenomenon to the
creases relative to the intensity of thp;2 component(iii)  variation of the occupation number of the valendeand. In
Most significantly, a new spectral feature Bp~715 eV  the case of the APS process, the final state contains two
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0.4 way. We used two ways to deduee (i) We measured the
total 2ps, APS line, calculatedA(Ep) from the spin-
resolved intensities with the spin-independent background
subtracted, and integrated over a 1.2 eV energy interval
around the peak maximunfii) In order to reduce the data
aquisition time, we measurdd andl | for two values ofEp
only: at the peak maximum and within the background below
threshold. For these two-point measurements we increased
the modulation amplitude up to 4 eV in order to integrate
over a wider energy interval. The asymmetry values obtained
in both ways are comparable when scaled by a factor de-
pending only on the integration interval and the modulation
amplitude used.
To maximize the experimental spin asymmetry and to
monitor spin reorientation transitions, one needs the option
“-10 -5 0 5 10 to align the electron spin polarization and the sample mag-
I1(A) netizationM. In our experiment, we included a spin rotator
in our electron optics able to rotate the electron spin polar-
FIG. 2. Fe APS spin asymmetry of the APS signal for B2 jzation within the transversal plane. This is achieved by a
as a function of the coil curremtof the spin rotaFor.. Empty dlots: .10 solenoid coil producing a magnetic field parallel to the direc-
ML Fe/W(110. Full dots: 55 ML Fe/W110. Solid lines: cosine fit. i of propagation of the electron beam and perpendicular to
Inset: spin-resolved APS spectra for Fps3. its spin polarization. Figure 2 proves the performance of this
spin rotator. The APS spin asymmetry is shown as a function

electrons in the valence band and a hole at the initial core . —
level. This excited state relaxes by emission of either arpf the coil current for 10 ML(empty dotsM|[[110]) and 55
F%:L (full dots, M||[001]) of Fe on W(110). A was determined

S
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0.0

APS Spin Asymmetry

Auger electron or an x-ray photon. In our case we detec . .
photons. Therefore, the deexcitation of the final APS state &Y the two-point method described above. The 10 185
L) data reveal a maximurfzerg at zero magnetic field

the time-reversed process with respect to the XAS excitation. i . ) ) T
ccording to the relative orientation of the magnetization and

The difference is that there are two electrons in the valenc . N . .
the spin polarization. The APS spin asymmetry increases

band instead of one as in the case of XAS. Due to the h d <or th il i . |
bridization of Fe and WA states at the interface, the occupa- (decreasesfor the 10 ML (55 ML) film with increasing coi
current and the situation reverses~ag.5 A, which indi-

tion of the valenced band for lower coverages is different X ; o= . .
from that in bulk F&’ which may be responsible for the cates a rotation of the spin polarization by 90°. For a caoll
observed increase of the branching ratio. currer_lt of abot9 A thE_} Spin asymmetry for the_ 10 M55

The spectral feature &-~715 eV is caused by details of ML) film reaches a minimungzerg corresponding to a re-
the unoccupied Fe DOS. Dos¢ al® showed that this peak versal of the initial spin polarization. By reversing the cur-
is due to a high density afp-like states in the vicinity of a €Nt direction(shown only for the 55 ML film a full cycle
high symmetry point of the Brillouin zone. Because of thecan be measured. The solid lines are cosine fits to the experi-
delocalized nature of thep states, the spectral feature is mental data. The fits describe the experimental data quite

| well. The period of the cosine function is18 A and the

sensitive to the crystalline structure of the film. This explains " hi h ine f : X o
its absence for low coverages where the three-dimension@Nase shift between both cosine functions is 90° as expected
rom the discussed reorientation transition. A closer inspec-

bcce structure of Fe is not fully developed. _ - ) )
The use of spin-polarized electrons for APS measurelion of the data shows two additional effects. First, the maxi-

ments provides access to the magnetic properties of thaum values for 10 and 55 ML are not equal and.the absoliute
sample. An example of spin-resolved APS data for Fe ivalues of the extrema for the 10 ML data also differ consid-
shown in the inset of Fig. 2. The normalized difference pe-erably. These differences are due to a reduction of the trans-
tween the APS signals for minorityl () and majority (;) versal spin polarization after rotation in the magnetic field

electrons is defined as the spin asymmetryt is given by owing to f|eld_ |nhomogene|_t|es. Based on our data,. we esti-
mate a polarization reduction 6£20% after a rotation of

the scalar product of the effective magnetic momeni.e.,  1gp°. Therefore, we need to rescale all data obtained with
the magnetic moment per atom averaged and weighteghe spin rotator. Second, the APS spin asymmetry for the 55
within the APS information depth, and the electron beamyi_fiim is slightly negative at zero coil current. This means
polarizationP: that the angle between the electron spin polarization and the
sample magnetization is not exactly 90°. This is attributed to

S A ~ a slight geometrical misalignment of the sample mounting

A I +1 «(DOSuP coss, @ and to influences of the earth magnetic field. The combined

_ R effect of both contributions was estimated to be less than 3°.

where g is the angle betweeR and x. The proportionality Figure 3 shows the APS spin asymmetry as a function of

factor « accounts for coverage-dependent changes in ththe Fe film thickness at two different sample temperature of
spin-resolved DOS which influences the shape of the AP350 (dot9 and 300 K(triangles. The asymmetry data were
peak and, as a conequence, the asymmetry. Siee a  extracted from APS spectra of the fulpg, line. The dashed
function of Ep, it is important to determind\ in a defined line is just a guide to the eye. For 1 ML no spin asymmetry



552 G. RANGELOQOV, H. D. KANG, J. REINMUTH, AND M. DONATH PRB 61

o4 [ T T T . /e ™ 0.4 that, for the inelastic mean free path, we did not use the value
from the universal curve<£6 ML) as usually done by many
\ authors, but the Fe-specific value, namelys 3.8 ML for
. [ ) Ep=707 eV ¢ denotes the angle of incidence of the in-
S 0.3 r N /i N 0.3 . .
b coming electron beam with respect to the surface normal.
g E Mi[[110] Mili001] -
<02} ! {02 1771= >0 12 ex —k/(A cosd)], 3
g I ’ k=1
2 |
: " wherel ?’l is the unattenuated contribution from a single bulk
g 0.1 101 layer andk is the layer number. Then, the asymmefyy of
:' n Fe layers is
I
00| ® 100 17=17
| ' ) ' | 1 /= ! An= . o (4)
0 5 10 15 20 25 50 55 Il-l— IT
Fe Film Thickness (ML) Using Eqg.(2) and assuming enhanced asymmetry from the

. , , surface layer
FIG. 3. Spin asymmetry of the Fg3;, APS signal as a function

of the Fe film thickness. Different symbols correspond to different IT_I?: a(l T_ | ?) (5)

experimental serieffor details see text
but identical spin integrated APS signals which is supported

was detected. With increasird)e, the asymmetry increases PY Fig. 1

rapidly, passes a broad maximum at about 6 ML, and satu- 1S4 (5= Py |b ®)
rates for thicknesses above 10 ML. The asymmetry data for !
55 ML are obtained by rotating the spin polarization of thegne obtains

incoming electron beam in tH®01] direction. The polariza-

tion reduction is taken into account. For 1 ML Fe/A0) the a—1

Curie temperaturd is reported to be 210 B3 For O, An="7"1 Aot Ap, @)
=2 ML the Curie temperatures are higher than 45(Ref. 1+ >, exp(—k/N)

32) approaching the bulk Curie temperature of Fe at 1043 K k=1

for higher coverages. As a consequence, the sample tempeignere

ture was well belowT ¢ of the film and therefore the lower

asymmetry values @ .<2.5 ML cannot be explained by [b_b

a low T/T.. Most probably our magnetic field was not high AFH (8
enough to completely magnetize the film. Indeed, Sander il b

et al*334 observed high in-plane coercivity in this thickness .

is a constant factor representing the asymmetry of a single

range. bulk layer.

How can we explain the asymmetry maximum, which

suggests, according to EH), a coverage dependence of the With «=1.23 to account for the theoretically predicted
ggests, ng ’ ~age dep enhancement of the surface magnetic mom&atfit to the
effective magnetic moment? Provided the sample temper

ture is well belowT . and the maanetic moment per atom i Faturation value beyond 10 ML gives the solid line in Fig. 3.
ure 1S wetll belowl ¢ a € magnetc moment per atom IS \ e that the model calculations above assume a coverage-

2% afnction of the fim ickness. which s te case fr fimaIdePeNdent actas [see Eq(L)].Indeed, we do not observe
' hanges in the APS line shafsee Fig. 1 as a function of

thicker than 10 ML. Obviously, we need either a pronounce re. However, we know from theoretical calculatiéhthat
fﬁ::ﬂﬁ 8: dtgft(?SnSdgrrs?anngqﬁglcse(:n?r:fee}(ﬁwrﬁar;i?mgg;g? MGhe spin-resolved DOS changes as a function of Fe coverage.
. . y y Obviously, APS is not sensitive to small changes in the
pare with Eq(1)]. As we mentioned above the surface mag'Iayer-dependent DOS. This does not come as a surprise be-
. 0 .
Eietlhcermv?arlrlﬁgtzgreoigihb?g(i‘g(rj s?éesa/to Oﬁt@least and even cause the APS signal is a derivative of the self-convolution
9 P P ' . of the unoccupied DOS weighted by the inelastic mean free
In order to explain the observed asymmetry maximum we ath. Our model explains a decreasefofor higher cover-
cfalculated the APS. asymmetry usmgna simple model. W ges but no maximum. The asymmetry decrease starts at
simulate the APS S|gsnal af Fe .Iayers,l 1,1, @asasum of a lower coverages and the calculated initial value is lower than
surface contributior? | and, with the assumption that all ho experimental maximum. How can we explain the ob-
deeper layers are identical, a contribution of the remainingerved behavior? At this point, one should take into account
(n—1) layersly ~: the structural changes taking place at low coverayé&The
. . - first 1.8 ML of Fe grow pseudomorphically on the(¥L0)
=1+ (2)  surface despite a large lattice misfit of 9.4%. With increasing
Fe coverage this misfit is continuously reduced by a periodi-
I?El is a sum of contributions from then-1) layers cal network of dislocations observed as a superstructure in
weighted with the sampling depthcos. It is worth noting LEED (Ref. 11 and directly detected by STM
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' ' ' ' was made. In the latter case the electron polarization is par-

@55 ML Fe/W(110) allel to the sample magnetization for all angles of incidence

O10 ML Fe/W(119) and no cosine correction is needed. The points for 10 ML

035 . and 55 ML show identical angular dependencies. The asym-
, metry increases with increasing angle of incidence, i.e., with

/ increasing surface sensitivity. This proves clearly the exis-

tence of enhanced surface magnetic moments &t1Bg
The asymmetry reaches values as high as 0.34 which is close
to the maximum value in Fig. 3.

In order to extract quantitative information about the sur-
face magnetic moments of Fe we calculated the angular de-
pendence of the asymmetry with the simple model discussed
above. We assumed the same inelastic mean free path of 3.8
ML, the same enhancement of the surface magnetic moment

- of 23%, and the same value féy, as obtained above. The
0 20 4 60 80 result is shown in Fig. 4 as a solid line. Obviously, the cal-
Angle of Incidence (degree) culated curve explains qualitatively the experimental data.

FIG. 4. APS spin asymmetry as a function of the angle of inci- The agreement_can be |mp_roved if one increases the assu_med
dence. Emptyfull) dots correspond to 1(65) ML Fe/W(110). The _surface magnetic moment in the calculation. The dashed line
solid (dotted line represents the model calculation using the theo-S calculated with a 40% enhancement of the surface mag-
retical (experimental values for the Fe surface magnetic moment Netic moments. A further increase would improve even more
(for details see text the agreement. Our results are not unexpected in light of
measurements of Albrectet al,?>2* who estimated a 60%

% The dis| . K lead . enhancement of the magnetic moments of step Fe atoms. We
measurements. The dislocation network leads to a continu- ¢, ¢ exclude, however, that slight changes in the DOS

ous change of the lattice constant of the film as a function o ay also influence the asymmetry, although we have not

®r and to an enhanced corruganqn at the surfa_ce. Thest?oserved any changes in the APS line shapes as a function of
structural changes cause changes in the electronic structufie, angle of electron incidence

and may lead to enhanced magnetic moments of the Fe at-
oms. In addition, the growth mode is a statistical layer-by- V. CONCLUSIONS
layer modé® which means that at least three layers are ex-
posed, i.e., the number of step and kink atoms is enhanced as We used spin-resolved APS for surface magnetometry on
well. The enhanced defect density at the surface should ef=e/W(110) based on measurements of the fesgnal. We
hance the effective surface magnetic moment. Fry, detected coverage-dependent changes of the APS asymmetry
>9 ML the Fe grows in its bulk bce structure, the strain andwhich reflect the structural and electroriend respectively
the dislocation-induced LEED pattern disappear and the filninagneti¢ changes taking place during the transition from
grows atomica"y Smootﬁ:-37 Obvious|y7 our model repro- strained to relaxed bcc iron with ianeaSing Fe film thick-
duces only the regime of bcc growth. For the constant bulkiess. For thick bulklike bcc Fe films we observed an en-
contribution we getA,=0.28, which is slightly lower than hanced spin asymmetry at the surface by varying the infor-
the saturation asymmetry of 0.29. mation depth of APS. We discussed the results within a
To investigate the enhancement of the surface magneti@mple model. From our spin-resolved APS measurements,
moment one can enhance the surface sensitivity of APS bye have strong evidence of enhanced magnetic moments
increasing the angie of incidence Of the incoming eiectron Oth in Ultrathin f|ImS and at the Surface Of thiCker f||mS Of
[See Eq(3)] The results of such an experiment for well- Fe on \/\(110) Our results confirm the assumption that the
ordered and smooth bce Fe films are demonstrated in Fig. £PS spin asymmetry is proportional to the effective mag-
The angle of electron incidence was varied by rotating thé"etic moment within the probing depth of the spectroscopy.
Sampie around thg)ol] direction. For these measurementswe Sthed that quan“ta“ve. measure.ments Of the Surface
the APS asymmetry was obtained by the two-point methodnagnetic properties are possible by spin-resolved APS.
as describe above. The empty and full dots in Fig. 4 repre-
sent the results for 10 and 55 ML Fe(¥0), respectively.
The sample magnetization is along §hel0] direction for We thank V. Dose for helpful discussions. Financial sup-
the 10 ML film and along thef001] direction for the 55 ML  port by the Deutsche Forschungsgemeinschaft is gratefully
film. In the first case a cosine correction according to @). acknowledged.

APS Spin Asymmetry
(=2
1 7Y
>
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