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Dependence of the Curie temperature on the Cu cover layer ix-Cu/Fe/Cu(001) sandwiches
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Max-Planck-Institut fa Mikrostrukturphysik, Weinberg 2, D-06120 Halle/Saale, Germany
(Received 1 June 1999

A strong reduction of the Curie temperaturg has been observed for room-temperature-grown fcc Fe films
on Cu001) when covered with 1 monolay€ML) Cu for all Fe thicknesses up to the fcc-bee transition of the
Fe film at~11 ML. At 2 ML Cu coverage this decrease B¢ partially recovers and approaches a constant
lower value on further increasing Cu coverage. The correlation of this observed magnetic behavior with
electronic and possible structural changes of the Fe film upon Cu coverage is discussed.

[. INTRODUCTION addition, these low-temperature-grown films may also be af-
fected by adsorption of residual gas, such as hydrogen
?which sticks on the surfaces only at these low temperakures
during the depositiof®

The structural as well as the magnetic properties of fcc F
films on CY001) and Cu/Fe/C(001) sandwiches have been

. . . . _22
investigated extensively during the past’ The reason for Therefore we consider room-temperature-grown Fe films

this wide interest is the rich variety of ferromagnetic, anti- o5 106 Wwhich are best characterized and which are closest
ferromagnetic, or even more complex magnetic Structures o, the idealized systems used in the theoretical models. For
fcc iron, Wh'gh can be reached by small chgnges of the unitre films prepared in this way the following properties were
cell volumé?® or the tetragonal distortioff:** Experimen-  found: At low Fe thickness below 4 monolayéML ) (phase
tally, fcc iron can be stabilized at room temperature only ag) the Fe film is tetragonally distorted. The interlayer Fe dis-
small precipitates in a Cu matrix,, where it is found to ordertance is expanded by 5% to 1.87*A3At a thickness larger
antiferromagnetically below the Métemperature of about than 4 ML (phase I} the interlayer distance of the Fe film
67 K2 It can also be prepared as ultrathin films grown onrelaxes in its interior nearly to the value of ideal cubic sym-
the Cy001), CwAu(001),%527 Ni(001),22° or the fcc metry. Only the interlayer distance of the first two layers
Co(001) (Refs. 28 and 30surface. Mostly the results are remain expandefiParallel to the structural change the aver-
discussed in terms of the magnetic properties of the Fe filnmge magnetization of the Fe film drops to a value roughly
alone. The effect of the substrate was considered mainly asequal to that of 2 ML Fe of phase I|. Detailed
template fixing the(in-plang lattice spacing to the desired experimentdf1631:36:38479ng theoretic4P>2 investigations
value. This view was supported by the experimental obserindeed revealed that the magnetic moment of the first and
vation, that independent of the substréBei, Ni, or Co the  second layer couple ferromagnetically, while the deeper lay-
same sequence of magnetic phases as a function of the Ees are antiferromagnetically aligned at temperatures lower
thickness were observétl However, there is a direct inter- than 200 K36 At a thickness of about 11 ML's the fcc Fe
action of the substrate or a nonmagnetic cover layer with thélm transforms into a bcc phagphase 11).”*#3*Experimen-
Fe film, which may significantly change the magnetic prop-tally it is found that the easy axis of magnetization is per-
erties of the Fe film. In this paper we show that a cover layependicular to the surface both for phase | and Il and switches
of Cu on an Fe film on G@01) has a strong and complex in plane only in the bcc phase Ill.
influence on the Curie temperatufand therefore presum-  The Cu covered Fe films are less well investigated’ It
ably also on the magnetic momemif the Fe film. was found that a 3-ML Fe film has nearly the same enlarged
Experimentally, it turned out that the magnetic propertiesaverage magnetization as the uncovered filQualitatively
of the Fe film depend strongly on the preparation methodthe same two magnetic phases, one at low Fe thickness hav-
Two standard preparation methods have been used mainling a high magnetic moment and one at thicknesses larger
either molecular beam epitaxi@BE) growth of Fe at room than 4 ML having a low magnetic moment is found as for the
temperaturd3° or growth at low temperatures T( uncovered Fe filni/
~100 K).*°=*2|n some investigations Fe films were prepared In the present study we use the magneto-optical Kerr ef-
at temperatures significantly above room temperatdre ( fect (MOKE) to determine the Curie temperature of uncov-
>350 K).*34 However it is now generally accepted that at ered fcc Fe films and Cu/Fe/@01) sandwich systems. We
this high temperature the Fe film is not staljée least for describe in Sec. Il the experimental setup and the results are
thinner film9 and it is covered partially by Ct?*"**The  presented in Sec. Ill. In Sec. IV we address the question of
reason for the observed differences between roomthe origin of the observed unusual behavior of the Curie
temperature-grown Fe films and low-temperature-growrtemperature with the thickness of the Cu cover layer. The
films are not so clear. Partially the magnetic and structurapaper ends with the conclusion in Sec. V that this effect
properties may be affected by the different morphology ofprobably cannot be explained entirely as a magnetovolume
the Fe films. While the room-temperature films grow nearlyeffect caused by the Cu overlayer induced structural changes.
in a layer-by-layer mode, for growth at low temperatures theDirect electronic interaction of the Cu layer with the Fe film
roughness is very much enhanced and morphologicahay be more important for the observed change in the mag-
changes of the surface occur with increasing thickfiéés.  netic behavior.
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laser diode X=670nm); Pol.: dichroic sheet polarizer; AOM:

acousto-optical modulatok/4: quarter-wave-retardation plate; A: Cu thickness (ML)

dichroic sheet polarizer; PD: photodiode. FIG. 2. Polar MOKE signal from a-Cu/3-ML Fe/C{001)
sandwich structure as a function of the Cu cover layer for a selected
II. EXPERIMENT number of temperatureé@ MOKE signal with an applied external

Fe films of constant thickness as well as wedgelikeﬁe'd of 300 Oe;(b) MOKE signal in remanence. The curves are

samples were grown @t=298 K on a C(001) single crystal offset by 6 arbitrary units with respect to each other.
in a molecular beam epitax}ViIBE) apparatugbase pressure
<4x10 ™ mbar). Since it has been shown that these fcc Féeflected from the sample passed a polarization analyzer. A
films are unstable when heated to temperatures considerabppecial “long-distance™” microscope objective forms an im-
higher than room temperatuté®® the Fe films were kept age of the crystal onto the chip surface of a charge-coupled
below 313 K during the whole measuring period. The flux ofdevice(CCD) camera. Images for opposite magnetization ei-
the Fe ebeam evaporator was calibrated by means ofher in the remanent state or with an external magnetic field
medium-energy electron diffractiofMEED) prior to the of about 300 Oe normal to the surface were taken for the
growth of the wedges. The thickness of the single Fe film@nalyzer set close to maximum extinction.
were controlled directly by MEED. The growth rate was
about 0.8 ML/min at a pressure of less tham 20710 Il RESULTS
mbar during evaporation. On top of the Fe films a Cu wedge '
was grown under the same conditions as for the Fe film. In Figure 2 shows the MOKE signal fromxaCu/3-ML Fe/
the Kerr imaging experiment described below a doubleCu(001) sandwich obtained in the polar geometsee Fig.
wedge structure was prepared by deposition of a Fe wedgk as a function of the Cu cover layer thickness for a selected
and subsequent azimuthal rotation of the sample by 74  number of sample temperatures. In Fige)zhe MOKE sig-
and deposition of the Cu wedge. The thickness of all wedgesal measured with an external field of about 300 Oe is shown
were cross checked by Auger analysis after completion ofvhile in Fig. 2b) the same is plotted for the remanent
the measurement. From all that we estimate that the absoludOKE signal. In both cases a deep minimum at about 1-ML
error in the thickness calibration of the single layers is belowCu coverage followed by a maximum at about 2 ML can be
0.2 ML. For wedges it is below 0.2 ML plus 10% of the seen. No significant temperature hysteresis is observed in the
thickness of the wedge. measurements taken at increasing and decreasing tempera-
The setup for the MOKE measurements is shown in Figture. For this 3-ML Fe film the external field of 300 Oe was
1. A lock-in phase modulation technique has been used. Theufficient to magnetically saturate the film for all investi-
resulting photodiode signal at the modulation frequency igated temperatures and thicknesses of the Cu cover layer.
approximately proportional to the Kerr ellipticity change. Going to Fe films thicker than 4 ML a structural and a
Two different geometrical setups have been used which wenagnetic phase transition occurs as discussed in the intro-
name polar and longitudinal geometry in this paper. For theluction. Figure 3 shows the MOKE signal from a
polar geometry the angle between the incident light beanx-Cu/7-ML Fe/C001) sandwich in this second phase of the
and the sample normal was about 6.5°. The axis of the dipolée layer. Here the Curie temperature of the uncovered Fe
magnet was at an angle of about 18.5° with respect to thélm, Tc~280K is much lower than that in phase I. There-
sample normal parallel to the optical plane. For the measurdere at the highest temperature of 293 K the MOKE signal
ments in the longitudinal geometry the sample was rotatedwith applied field is already significantly reduced and no
There the angle between incident light beam and the samplemanent Kerr signal is detected. However, at lower tem-
normal was about 71.5°. For this geometry the axis of theperatures qualitatively the same as for the 3-ML Fe film is
magnet was nearly parallel to the surface of the sample. Thebserved. At temperatures lower than 170 K the maximum
maximum external field which could be reached at theexternal magnetic field of 300 Oe was not sufficient to re-
sample was about 300 Oe. verse the magnetization of the uncovered 7-ML Fe film due
For thein situ Kerr imaging the same setup as describedto the much larger coercive field. in the phase Il range
in Ref. 59 was use@see Fig. 1 of Ref. 59 The sample was compared to the thinner Fe films in phase |. For a given
illuminated with linear polarized light. The incident angle temperatureH, decreases upon Cu coverage and therefore
was about 20° with respect to the surface normal. The lighthe magnetization of this Cu covered film can be reversed
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structure. The curves are offset by one arbitrary unit with respect to .

each other[The very small negative MOKE signal i@ at large dFIG.CS./sP&IEr y(/)gEog'lgn% from g"?‘;’&""L Fe/Cu00]) (a) h

Cu thickness is partly caused by a small longitudinal Kerr contri-&N XI- uie- e fl‘ ) (b) san gvchftéuaT;t ver(;sus_ht e

bution as the external field is applied at an angle of 18° to the>@MPple temperature for an uncovered 3- e fileft) and wit

surface normal and partially by a Faraday effect from the UHV?2 Cu cover layer of 1to 7 ML t,hiCkr?eSS' The soﬂ'mber) symbols
represent the measurement with (@ith no) external field ofH=

+300 Oe applied.

T
MOKE signal (arb. units)

o

Cu thickness (ML)

windows)]

with the 300 Oe external field. shown in Fig. 5 were derived. While the Curie temperature
We note that this decrease Hf, at constant temperature T for the uncovered 3-ML film is larger than the maximum
is caused mainly by the strong drop of the Curie temperatureemperature of 313 K used in the experiment, for all Cu
(see below For the 3-ML film at low temperatures, how- covered Fe films the remanent MOKE signal drops to zero
ever, we have seen an initial increasetf upon small Cu  pelow 300 K as shown in Fig.(8). For 1 ML coverage the
coverage while it also drops on thicker Cu cover layers. Thigemanent signal disappears at a temperafyref about 200
is shown in Fig. 4 on MOKE hysteresis loop from a 3-ML Fe K but for a Cu coverage of 2 ML this happens at a higher
film at 160 K.H, for the uncovered film is about 75 Oe. A temperature of about 260 K. At even thicker Cu cover layers
small coverage of 0.4 ML Cu causbk to increase to about T, goes gradually back to 200 K. Qualitatively, the same can
120 Oe. At 1 ML Cu coverageél, is very small but this is be observed for the temperature dependence of the remanent
accompanied with a strong reduction B§ (see below. In MOKE signal of the thicker Fe film of 7 ML shown in Fig.
addition the shape of the hysteresis loop deviates signifi5(b). Here the temperatures of vanishing remanence are gen-
cantly from the nearly rectangular shape seen for the uncowrally lower but a minimum ifT, is again observed at 1 ML
ered film and for the thicker Cu coverages. THg for Cu Cu coverage.
coverages thicker than approximately 2 ML is nearly con- The temperature at which the remanent magnetization
stant and at a lower value of 30—40 Oe compared to that ofanishes, however, does not indicate the Curie temperature
the uncovered Fe film. of the film. It has been shown in the case of Ni films on
From the measured MOKE curves vs Cu thickness showitu(001), for example, that the observed sharp drop of the
in Figs. 2 and 3 the MOKE signal vs temperature curvegemanent magnetization is caused by domain formation at
temperatures belowc.%° The solid symbols in Fig. 5 rep-
resent the MOKE measurement with an applied external field

omL e J J 1 of 300 Oe. The difference between and the inflection

— : . — point of the saturation measurements amounts w30 K
| 04 MLCuf J | for the 3-ML Fe film in Fig. %a) and less than 20 K for the
7-ML film. The true T¢ can be obtained by extrapolating

M(H) down to zero external field. However, because of the

1.1 ML Cu . .. . . .
e insufficient homogeneous external magnetic field in our ex-

. perimental setup we did not attempt that. Instead in Fig. 6 the

2.1ML Cu temperaturd, (open symbolsand the temperaturg (filled
I symbolg, at which the MOKE signal with applied magnetic
’ s M’LCU : ; ‘ : ‘ field of 300 Oe dropped to 20% of _the maximur_n value, is
S plotted. From the shape of hysteresis loops at different tem-
. . . . . . , peratures we are convinced thBi<T-<Tg with the latter
800 200 100 H% 100200800 one, T, quite close to the real Curie temperature. The
©e) choice, 20% of the maximum value, is not very critical for
FIG. 4. MOKE hysteresis loops in the polar geometry from athe determination of, since the remanent Kerr signal drops

3-ML Fe film on C(001) at T=160K for Cu coverages from 0 to very rapidly nearT,. For the MOKE signal with applied
4.8 ML (top to botton). field the 20% of the maximum value are close to the inflec-

MOKE signal (arb. units)




1306 VOLLMER, van DIJKEN, SCHLEBERGER, AND KIRSCHNER PRB 61

2N that the Fe film changes its magnetic structure at about 4 ML
S a) 3MLFe thickness. The magnetically most stable configuration in this
] plot above 0 ML Cu coverage is that a 2 ML Fe film

covered with a 2-ML thick Cu film. Figure 7 suggests that a
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T

3 200 b Cu covered Fe film of about 5 ML’'s and much less pro-
f'sj : ] nounced(and barely visible in Fig. )fof 8 ML thickness is
gwob, o magnetically especially stable while a 6-ML film shows the
g 300 ; b) 7 ML F _ lowest Curie temperatures. For a 1-ML Cu coverage one can
° Yy ) ¢ ] see that for all integer ML of Fe thickness the Curie tempera-
3 as0f 83 3 ture is above 170 K with the exception of the 6-ML film.
s ‘L; F ] Between complete layers the Curie temperature drops below
200 ¢ %».jf ] 130 K. Above 11 ML the Fe film transforms into the bcc
ok b‘%_f ] phase, which again hasTg far above 313 K. The magneti-
o T 2 5 4 5 & 7 zation for this phase is in the plane. Because of the angle of
Cu cover layer thickness (ML) incidence of 20° a small longitudinal Kerr signal from the

in-plane magnetization is detected which makes it possible to

FIG. 6. Curie temperature of Cu/Fe/(D01) sandwiches as determineT in the bcc phase as well.
function of the Cu cover layer thickness derived from the data Because in Figs. 2—7 mainly the perpendicular compo-
shown in Figs. 2 and 3. The solid symbols represents an estimate efent of the magnetization was measured one may argue that
the Curie temperature derived from the Kerr data at 300 Oe extern@jnly this component vanishes at the temperature determined
field as explained in the text. In the thickness range from about 1.% Figs. 2, 3, and 7. To exclude this possibility we measured
to 3 ML the dashed curve ia) results from an extrapolation of the the MOKE signal in the longitudinal geometry as indicated
measured Kerr data below 313 K to higher temperatures. The opgp, Fig. 1 as well. The result is shown in Fig. 8. Generally,
s_ymbols_ represent the temperatdreat which the remanent Kerr due to the high refractive index of metals the Kerr signal
signal disappeared. from the normal component of the magnetization is much

larger than the Kerr signal caused by the in-plane component

tion point of the MOKE vs temperature in the investigatedof the magnetization. For the polar geometry in Fig. 1 this is
temperature range. We estimate the error by this procedure tpproximately a factor of 30 and for the longitudinal geom-
be less thant10 K. etry with an angle of incidence of about 71.5° this is still a

A very similar behavior ofT¢ vs Cu cover layer can be factor of approximately 4. The direction of the external mag-
seen in Fig. &) for the 7-ML Fe film despite the fact that netic field in this geometry is nearly parallel to the surface
the magnetic ordering in the uncovered 3-ML Fe film and theplane. There is, however, a small component of the magnetic
7-ML Fe film is vastly different. Remember, for tiencov-  field perpendicular to the sample surface, which is sufficient
ered 7-ML Fe film the Fe layers are coupled partially anti- to reverse the magnetization closeTtg. The MOKE signall
ferromagnetically leaving only two ferromagnetically from this polar component of the magnetization is seen in
coupled “live layers” at the surface while the 3-ML film is Fig. 8. The remanent signal drops to zero at exactly the same
completely ferromagnetically orderét.The lower T for temperatures as in Fig(&® for the polar geometry. There are
the 7-ML film therefore is not surprising. However, for the differences in the MOKE curve measured with external field,
7-ML Fe film upon Cu coverage one may expect a completédecause in the longitudinal geometry the field component
reordering of the magnetic alignment of the individual Fenormal to the surface is much smaller. Nevertheless, in no
layers to a more symmetric structufeThe very similar case is a MOKE signal measured at a higher temperature as
course ofT¢ vs Cu coverage for the 3- and 7-ML Fe film in the polar geometry. We conclude that there is no in-plane
seems to indicate that the change of the Curie temperature isagnetization abové, or Ts.
mainly effected by the changes at the surface or Cu/Fe inter- As mentioned in the introduction, the magnetic transition
face. from phase | to phase Il of the uncovered Fe film is accom-

In a recent paper we demonstrated that Kerr imaging capanied by a structural transition. To test if this occurs as well
be used with advantage for MOKE measurements on wedg@n Cu coverage of the Fe film we did IV-LEED measure-
like samples® Figure 7 shows a color map of the Curie ments of the specularly scattered electron beam. The result
temperature(precisely, the temperatur®;) derived from for a 3-ML Fe film is shown in the top panel of Fig. 9 for the
Kerr images of a Cu/Fe/@001) double wedge prepared as beam energy range of 100—600 eV. The angle of incidence
described in Sec. Il(While the Fe and Cu wedge were for the electron beam was 6°. The numbers 4 to 7 indicate
grown at an angle of 74° with respect to each other the datthe position of the kinematical Bragg peaks assuming an
shown in Fig. 7 are transformed to Cartesian coordingfds. interlayer distance of 1.87 & In the experimental spectrum
about 4.5 ML Fe thickness our maximum magnetic field wasa pair of split peaks is observed around each of these Bragg
not sufficient to reverse the magnetization even for tempergpeak positions. In previous publications the positions of the
tures close tdl . Therefore we might have underestimated maxima of such pairs have been utilized to estimate the te-
Tc in the regions marked with the color “below 130 K.” tragonal distortion of the Fe film with respect to the Cu
However, it is clearly seen that fail Fe thicknesses below substraté®2%51For example, for the fifth-order kinematical
the fce-bece transition at about 10—-11 ML the Curie temperapeak the spectrum exhibits two maxima at about 247 and 278
ture is strongly reduced upon Cu coverage and a maximuraV. The peak at the lower energy of about 247 eV is a
Tc occurs at about 2 ML Cu coverage despite the factignature of an expanded interlayer distance of the Fe layer
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FIG. 7. (Color) Color map of the Curie temperatures from a Cu/Fé00®) double wedge. The Kerr data for this image were obtained
by a Kerr-imaging setup as described in Ref. 59 with a maximum external fi¢ld=of 300 Oe. The Curie temperature in the light gray area
in the lower right corner is not determined because these points correspond to coordinates outside of thé/\nylstahe Fe and Cu
wedges were grown at an angle of 74° with respect to each other, the data in this figure are transformed to an orthogonal coordinate system.

and can be seen throughout phase |. This peak disappearsvimce oneself easily by a simple calculation within the kine-

phase Il because the interior of the Fe film relaxes to the fcenatical scattering approximation that this completely

lattice spacing of the Cu. The single expanded top Fe layechanges the IV-LEED curve which becomes very similar to
does not produce any sharp peaks in the IV-LEED curvethat of the Cu substrate in agreement with a dynamic LEED
The energy region around this fifth-order kinematical peak icalculation. Without an extensive complete IV-LEED struc-

repeated in the bottom panel of Fig. 9 on an expanded energyral analysis no quantitative information about the interlayer
scale. On top of the 3-ML Fe film a Cu wedge was growndistance of the Fe film can be obtained. However, by looking
and the IV-LEED measurements obtained at different posiat the position of the higher energy peak at about 278 eV in
tions on this wedge, corresponding to different thickness of

the Cu cover layer, are plotted in the bottom panel of Fig. 9 T T )E'_CU/-s M Fe-/cu(;o_m)v Ion?imd'mal ?eometry
as well. When covered with 1 ML Cu the peak near 247 eV £ | om | 1w sMmL | oML | 7ML
disappears. One may be tempted to interpret this as a strucg % }%
tural transition of the film into the fcc phase. However, no :E;z' TW 7 “’X
recovery of the low energy peak is observed for the 2 ML q}m é;& Ik
covered Fe film as one would expect if a structural change of g °F——— kﬂ*ﬁ — o] o SR 43‘*9‘
the Fe |ayer iS responsible for the increasé'@fat 2_ML Cu 200 300 200 300 200 300 200 300 200 300 200 300 200 300 200 300

temperature (K)

coverage after the drop at 1-ML Cu coverage. There is no
parallelism between the MOKE data and the structural IV-  F|G. 8. Same as Fig. 2 in the longitudinal Kerr geometry. Due to
LEED data. However, it must be considered that coveringhe insufficient external field component normal to the surface in
the Fe film with a Cu layer introduces an additional scatterthis geometry the magnetization direction of the Fe film could not
ing layer with a different interlayer spacing. One can con-be reversed below=180 K.
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beam energy (eV) temperature-grown films the Fe exhibited in-plane magnetic
O e R anisotropy. This changed when covered with 1 ML Cu to
'g 3 . S ML Ferouon perpendicular magnetization in connection with a strong
= ’ 6 drop of the saturation MOKE signal by more than a factor of
W NS N Y , T 6 at 150 K and an increase of the MOKE signal by a factor of

i 2 with respect to the value for the 1 ML covered film when
————— covered with 2 ML of Cu. Several possible reasons have

! ‘ been invoked for the observed behavid; There might be
structural changes of the Fe film causing simultaneously a
transition into a nonmagnetic or antiferromagnetic state
when covered with Cimagnetovolume effegt(2) The elec-

Cu thickness

-‘5 ! 9.5ML tronic interaction of the Cu causes only a change of the mag-
£ : | SaML netic state of the Fe film without affecting significantly the
a \—)/\ pedvy structure of the Fe film(3) Finally, the quantum well states

= \-/\ 34ML of the Cu overlayer may cause especially strong interaction
A ey with the d states of the Fe in the range of 1-4 ML's. In the

: ! s following we discuss the relevance of these three points in

/A:\J\ uncovered detail'

oo a0 260 280 300 A complete reordering of a 3-ML-thick Fe layer upon

bearn energy (eV) coverage with 10 ML Cu has been reported by Magnan

_ _ et al** The analysis of the extended x-ray-absorption fine
FIG. 9. Top panel: IV-LEED intensity curves for the specularly structure (EXAFS) spectrum of the uncovered Fe film re-
scattered electron beam from a 3-ML Fe film on(@) measured veals a highly reconstructed film in agreement with the
at T=150 K. The numbers 4 to 7 indicate the order of the “kine- LEED analysis of Ref. 12. On the other hand, the Cu covered
rlngggil& ?:tzlr(lsaye"’:tsézz’nsgi d4:n7’ini2? p?)?(—?nt?a\d/ Oefxg)o i%eggtct)(r)m -ML Fe shows the signature of a well-ordered fcc structure.
: : In Ref. 44 a 3-ML Fe film grown at 370 K was investigated

panel: The same curve as in the top panel on an expanded ener%% Il f hich that it i tiall
scale(bottom curve together with the IV-LEED curves of the same Well from which we can assume ‘}%‘Q’ attt 1S partially
(fraction of a ML) covered with C&#’?? This film also

3-ML Fe film for increasing thickness of a Cu cover layer. The
dashed lines indicate the two maxima of the split fifth-order “kine- showed the same EXAFS spectrum as that of the 10 ML Cu

matical peak” of the uncovered 3-ML Fe film. covered Fe film. From that we conclude that for 1 ML as
well as for thick Cu overlayers the 3-ML Fe undergoes struc-
Fig. 9 one sees that its maximum first shifts towards lowefural changes in the direction of a more uniform fcc struc-
energies for increasing Cu coverage before at about 2 ML'§ure. Unfortunately, there are presently no EXAFS or IV-
the peak shifts towards higher energies again and finallf)-EED measurements for a 2-ML-thick Cu overlayer. Only
reaches the peak position of the Cu substrate. The observAUr own observation of the small peak shift in the IV-LEED
tion of a minimum energy for the peak position around 2-ML Spectrum in Fig. 9 between 1 and 2 ML Cu coverage may
Cu coverage is opposite to the effect one would expect in #dicate a(smal) change in the Fe unit-cell volume of the
simple kinematical picture if only an additional layer with order of 0.5% from which we feel that this does not suffi-
the Cu bulk interlayer distance is added to the film. An av-ciently change the magnetic moment. Assuming a linear de-
erage Fe interlayer spacing enlarged by less than 0.01 A witRendence of the Kerr signal with the magnetic moment of the
respect to that of the Fe layer covered with 1 ML Cu would Fe film an increase of the magnetization of the Fe film cov-
result from a kinematical analysis of the observed inwarcered with 2 ML Cu of the order of 40% with respect to that
shift of about 2 eV. A dynamic LEED model calculation covered with 1 ML Cu can be estimated from the data in Fig.
leads to a similar number. Such energy shifts have been o We cannot rule out the possibility of a spectroscopical
served for other Fe thicknesses as WeMe conclude that €nhancement as observed in the overlayers of Au on
there are only minor structural differences in the Fe laye/Co(000) (Ref. 64 and Au/F¢00).°
covered with 1 ML or covered with 2 ML Cu. There is no reason to assume only a uniform change of
There are definite strong structural changes of the Fe filnihe whole Fe layer upon Cu coverage. In fact, in several
when covered with 1-ML Cu compared to the uncovered FePublications on Cu/Fe/GQ01) multilayers a two-phase
film: Depending on the thickness axdL, 5x1, and 2<1  model is assumed:>' The EXAFS study of Ref. 57 found a
(Refs. 6, 12, and J3superstructure is observed for the un- Strong correlation between the Fe-Fe bond length and the
covered Fe films which we could not detect after coveringMagnetic moment of the Fe. The transition from phase | to
the film with Cu. However, these superstructures disappedthase Il of thellélgcovered film has been discussed in this
already on small Cu coverages and never reappear again fBicture recenth?®® It could be shown that the simultaneous

thicker Cu cover layers. presence of these two p_hasgs is resppnsible for_ the strong
increase of the coercive field in the region of coexistence. A
IV. DISCUSSION similar but weaker effect on the coercive field is present

upon coverage with small amounts of Gaee Fig. 4 which
A similar behavior of the MOKE signal upon Cu cover- may point to the presence of two magnetic phases for Cu
age was already observed by Swartzendrebei® on low-  coverages below 1 ML. However, no such strong increase in
temperature-grown 6-ML Fe film on @@01). For these low- the coercive field is observed for larger Cu coverages.
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The Massbauer study of Ref. 55 on a Cu/6.5-ML Fe/Cupendent of the Fe thickness. Delocalized quantum well states
multilayer measuring only the two interior Fe layers of thein the Cu overlayer as mentioned by Ref. 63 are probably
Fe film found a low as well as a high spin phase when cooldess important for the observed effect since we did not see
ing below 150 K. The quadrupole splitting indicated a smallany further oscillations at larger Cu thickness.
interlayer compression in agreement with the findings for the The variations in the magnetic moment in the theoretical
uncovered Fe layers in phase®IThere is still some unre- calculation by Ref. 48 are rather small. A reduction of the
solved question about the magnetic anisotropy: While in Refmagnetic anisotropy would also cause a decreadg-inin
55 an in-plane easy axis was found in our present investiggact, according to the Mermin-Wagner theorem in absence of
tions we found a perpendicular magnetization componentany anisotropy long-range ordering could not persist at any
However, we also found that small differences in the prepafinite temperature in this two-dimensional system of ultrathin
ration of the sample may lead to an in-plane component aferromagnetic films. It is only the presence of a magnetic
larger Cu thickness. anisotropy, which, leads to a finite Curie temperafiirtn

To summarize the above discussion it is shown that Cdact, the(uniaxia) magnetic anisotropy is quite large for Fe
coverage causes a change in the magnetic moment as well iilsns on Cy100) and amounts to about 120eV/atom for a
in the structure of the Fe film. There is some evidence tha8-ML Fe film at room temperatu®.Nevertheless, a change
this may be described by a magnetovolume effect. Howevef the surface by covering with a cap layer usually strongly
the local maximum in the Curie temperature at 2 ML Cuchange the magnetic surface anisotropy and a change of
coverage seems not to be accompanied by strong structuredn be expected. According to Ref. 6z depends only
changes. In the following we want to stress the point thatogarithmically on the magnetocrystalline anisotropy. Sig-
there may be magnetic changes present beyond the magnsficant changes of - solely due to the change of the anisot-
tovolume effect: A theoretical investigation by Fu andropy can be expected only if the anisotropy nearly vanishes.
Freemanfirevealed that the surface of a Fe film on(CQd)
has an enhanced magnetic moment of 285The coverage V. CONCLUSIONS
of Cu decreases the magnetic moment of the Fe at the Fe/Cu

interface by 0.2h5. A more recent spin-polarized relativis- of fcc Fe films when covered by 1 ML Cu for the entire

tic Korringa-Kohn-Rostoker calculation by Szunyogh, . : -
Ujfalussy, and Weinberger showed that the magnetic mo- thickness range of the fct/fcc phase. '!'h|s droﬁms partly
rﬁaverted fo a 2 ML Cu coverage while for all thicker Cu

ment of the surface Fe layer is indeed reduced by more tha | T h tant | lue. Th
20% upon coverage with gmfinitely thick) Cu layer. How- Cover layersic reaches a constant fower value. 1he cover-

ever, a complete redistribution of the magnetic moment ovef9¢ of the Fe layer with 1 ML Cu is accompanied by struc-
the film thickness occurs and generally an increase of thIeural changes of the Fe layer. However,_ no further strong
averaged magnetic moment results. In this publication aﬁtructural changes are observed f_or an mcrease_d Cu cover
antiferromagnetic ordering of the individual Fe layers in thela_\yer thlckness..There.fore we are inclined to the idea of as-
Fe film was assumed which is the ground state for a film'9NNY the maximum i¢ "’.“ a Cu coverage O.f about 2 ML .
thickness larger than 2 ML according to their calculation. Infoa Cha.”ge O.f the electronic structure along, l.e., a change in
an earlier publication the same group presented calculatior}ge hybridization of Fe and Cu states at 'ghe interface, and not
for the ferromagnetic aligned layers as wélFor the mag- o a magnetovolume_z effecf[. This view is supported by the
netic moment per unit cell for a 3-ML Fe film they got observed fa_ct that this ma>'<|mumTrt at 2-ML Cu coverage'
7.86up for the uncovered film, 7.58g for 1-ML Cu, 7.63ug was found In WhOIPT Fe thickness range from 2 T[O 10 ML.S
for 2 ML Cu, and 7.5Lg for an infinitely thick Cu over- despite the vastly different structural and magnetic properties
layer, i.e., aminimumof the magnetic moment for 1 ML and of phase '<be'°_W 4 MU and phase Ilabove 4 ML) (.)f the

a maximumfor 2 ML Cu coverage very similar to behavior uncovered Fe f|Im. Further st.ructural characterization of Cu/
of the MOKE data presented above. In this calculation thé: e/CU001) sandwiches for thin Cu overlayers are necessary

authors did not take any layer relaxation effects into accoung clarify the possible contribution of a magnetovolume ef-

The nonmonotonous change of the magnetic moment in th ct on the magnetic changes.
calculation with the Cu coverage is therefore entirely of elec-
tronic origin and no structural changes have to be invoked.

We believe that such an entirely electronic effect is We thank P. Ohresser for performing the IV-LEED model
mainly responsible for the maximum in the Curie tempera-alculations and B. Schmidt for assistance in the measure-
ture at 2 ML Cu coverage, since this is independent of thenents. One of ugM.S.) acknowledges financial support
structure of the Fe film. The same effect is observed indefrom the Deutsche Forschungsgemeinschaft.

We observed a strong decrease of the Curie temperature
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