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Growth and magnetic properties of CqNi;_, and FegNi;_, ultrathin films on Cu (100
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We have grown ultrathin CiNi; _, and FgNi,_, films on CY{100 with varying stochiometri. We find
that these alloy films grow in a fcc phase on(@R0). With the surface magneto-optic Kerr effect we measured
the variation of the Curie temperatufig. as a function of the film thickness in monolayers. Fitting an
empiricalscaling curve to our results we are able to extrapolate the Vgd(ile= ) for samples with different
stochiometry. We use this framework in order to determiigén=<) for Fe,Ni,_, alloy films, in particular
for concentrations close to 65% Fe content. BulkdNe 35 shows a collapse of magnetic long-range order and
a fce-to-bec structural transition, which is the so-called Invar effect. In ultrathigNtes films, we observe a
“quenching” of the Invar effect, because growth on a(0R0) substrate forces the film to adopt the Cu lattice
spacing thereby suppressing the structural relaxaf®163-1827)00129-X

INTRODUCTION theoretical calculation¥® The work of Abrikosovet al!®
deals with fcc FgNi;_, alloys for all concentrations in
Molecular-beam epitaxyMBE) has offered the possibil- which the lattice remains fcc but the lattice constant is al-
ity of stabilizing materials as thin films in new metastablelowed to vary and adopts a value which gives the minimum
phases, e.g., fcc Co/C100) and fcc Fe/C(.00).17° In this  of the total energy. They show that a collapse of the mag-
paper we will show how we extended MBE techniques fornetic moment occurs again, but at the higher Fe content of
growing metastable alloy films of Gdli,_, and FgNi,_,  75%. At this concentration they find a lattice contraction of
on CU100 in a very controlled way. The motivation arises ~3%. Due to the epitaxy on CLOO) this relaxation is sup-
from two considerations. Firstly we want to test @ampiri-  pressed and we are able to show a modified phase diagram
cal scaling concept for CNi ; _, films introduced in an ear- for Fe,Ni;_, which reflects more the magnetic instabilities
lier publication® Secondly using these scaling results weof this system.
want to address the Invar problem in /8,_,. Since we

will refer to I_:e/CL{100) in this publication we recall some EXPERIMENT
results for this system.
The possibility of stabilizing fcc Fe on CLO0) resulted The experiments were performed in an UHV apparatus

in numerous studies which investigated the structure, growttpreviously describétf® with a base pressure ofx110 °
and magnetic properties, * sometimes reporting different mbar, which was better than>410 '° mbar during alloy
or even contradictory resultd:}*The driving force for these growth. The C@100) crystal was mechanically polished and
studies were first-principles calculations, which showed thasubsequently electropolished before inserting into the
fcc Fe can have several magnetic stafeBepending on the vacuum system. A few cycles of Ar sputtering(500 e\
lattice constant (or atomic volumg antiferromagnetic and annealing to 750 K resulted in a sharfllx1) low-
(AFM), nonmagnetidNM) or ferromagnetic with high-spin energy electron-diffraction (LEED) pattern and a
(HS)/low-spin (LS) phases are stable. At the Cu lattice con-contamination-free sample within the detection limit of the
stant these phases are very close in energy. This manifestasiger spectrometer. The growth rate of the Co, Fe, and Ni
itself in structural and magnetic instabilities in these Fe filmssources were controlled by separate quartz crystal monitors
which has been studied in detail by ‘Mar et al® and ac- (QCM), which were calibrated via reflection high-energy
counts for the different experimental results reported. electron-diffraction (RHEED) oscillations of Co/C(100),
This behavior can be described in simple terms as the FEe/Cy(100), and Ni/Cy{100.
atoms trying to adopt the bulk bcc atomic volume, while at The alloy films were grown near room temperature in
the same time fulfilling the constraints imposed by the Cuorder to avoid Cu segregation. We also observed RHEED
substrate. A related phenomenon is the Invar effect iroscillations during the growth of the alloy films which indi-
Fe,Ni;_, bulk alloys. At a Fe concentration of 65% the cates good layer-by-layer growth, discussed below. The
magnetic moment deviates strongly from the Slater-Paulinghickness determined by the calibrated QCM and by the
curve, dropping quickly to zero as does the Curie tem-RHEED oscillations of the alloy films agree to within 3%.
perature, at which point, a structural transition from fcc intoThis confirms our ability to control the thickness and the
bcc is observed®!” In the ultrathin film limit  stochiometry very accurately.
Fe,Ni;_,/Cu(100 grows pseudomorphically as we will The magnetic properties were investigated with the sur-
show below. This enables us to “clamp” Fidi;_, into the  face magneto optical Kerr effe¢cSEMOKE). Our SMOKE
fcc phase for Fe concentration beyond 65% and a fixed latapparatus can be operated in the polar and longitudinal ge-
tice constant imposed by the Cu substrate. Both points aremetry without sample movemehiThe applied field was
relevant if we want to make a connection to very recentaligned along th¢100] direction for in-plane measurements.
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FIG. 2. Variation of the specular RHEED intensity during
FIG. 1. Sketch of the RHEED experiment. The peak separatiorFeyNi ,, growth, beam energy 3 kV.
is proportional to the momentum transfer.
peratures~400 K for Fe/C¢100) and Co/Ci100),1%2*

Co,Ni;_, alloy films were found to be magnetized in-plane, Which is also true for FeNi, _, alloys as our Auger spectra

the same is true for F@li,_, alloys with x<0.5. Show. The fact that good epitaxial growth for, e.g., Co/
FeNi;_, films with x=0.5-0.75 were found to exhibit a Cu(100 is observed is only possible because ultrathin films

small perpendicular component for thicknesses below A€ in a metastable state.
ML.2! However upon increasing the sample temperature the Work on CoNi,_, and FgNi, _, bulk alloys has shown
perpendicular component vanishes below the Curie temperdDat in the first case surface segregation can be igrioréd,
ture. In summary the Curie temperature for both alloy sysWhereas FeNi,_ alloys exhibit Ni segregation as Wandelt
tems was determined by the vanishing of the remanence iand Ertl show?’ Their results indicate a Ni segregation of the
the |ongitudina| geometry_ O_I’der N?%.28 Although this would not affect our conclu-
We measured the remanence as function of temperatufons conceming the Invar effect we have performed an
thereby determining the Curie temperatdig for a given  analysis of Auger spectra. Using the integral electron gun of
thickness and alloy concentration. In the early stages of th1®8 CMA and a second gun which excited Auger electrons
experiment the RHEED intensity of the specular beam wagnder grazing incidence~(15°) we investigated-10 ML
measured with a photodiode. Very recently we adapted #ick alloy films=™ Comparing the intensity ratios for Ké7
CCD camera based data acquisition system to the apparat@8d 650 eY and Ni(60 and 848 ey we found that we also
which allows us to do spatially resolved RHEED experi_detect a small amount of Ni segregation which was less than
ments similar to those reported by Fassbeneteal?> We 5% for concentrations near the Invar concentration. Results
can determine intensities, full-width at half maximum for Ni-rich films showed a slightly higher Ni enrichment
(FWHM) of diffracted beams and the separation of diffractedconsistent with the findings of Wandelt and EftWe there-
beams in real time, see Fig. 1. The peak separation is pr(jore con_clude that due to the small effect, surface segregation
portional to the in-plane momentum transfer and thereforé&an be ignored.
proportional to the inverse of the in-plane lattice constant.
This means an increase of the peak separation is the result of RESULTS AND DISCUSSION
a decrease of this lattice constant. Due to the grazing inci-
dence of the electrons, RHEED essentially probes the top
layer, therefore we are particularly sensitive to any changes The first goal in our investigation was to ensure good
of the lattice constant of this surface layer during growth.growth of CoNi;_, and FgNi;_, alloys in the fcc phase. It
The angle of incidence was generally chosen to be around da8 known that the lattice constant for bulk fcc (Mi;
anti-Bragg condition. An important aspect of the alloy varies almost linearly with concentrationbetween the val-
growth is the question to what extent surface segregationes of the pure elements in the fcc phase. Ni has a lattice
plays a role. Using simple thermodynamic arguments wemismatch of 2.6% and Co has 1.7% when compared with
would expect little segregation to take place for,80,_,  Cu>° Similarly the bulk lattice constants of fcc BMdi;_,
and FgNi,_, alloys. Segregation is determined by threevaries between 3.55 and 3.59 A for concentrations

A. Growth and structure

contributions to the free enerdy: 0.7>x>0.2%° This gives only a very small lattice mismatch
(i) difference in the surface free energy of the two ele-(0.6—1.6 % with Cu, in particular close to the Invar region.

ments, The above lattice matching argument encourages growth of
(ii) heat of solution, these alloys on a G@00) surface. Furthermore “clamping”
(iii) difference in the atomic volume. Fe,Ni;_, films on CY100 should extend the concentration

It turns out that for the alloy systems investigated here thegange for which the fcc structure prevails, which is the key
first term is important. However, the surface free energy ofooint for our discussion of the Invar effect.
Cu is significantly smaller than for Fe, Co, and Ni. Rather We have observed RHEED oscillations for $b,_, and
than segregation of one of the alloy elements we have tée,Ni;_, grown on C100) which are more pronounced in
expect segregation of Cu. This is actually observed at temthe case of FgNi,_, alloys. In Figs. 2 and 3 we show the
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Te(n) 1

;g 1.0 Fe Ni /Cu(100) Te(®)  1H[(n—n")ing] 7" 1)
": 02 The thickness of a film is given by the number of monolayers
2 0.8 n, consequentlyf -(n) denotes the Curie temperature at this
S 0.7 thickness. Heren’ is an empirical constant approximately
- equal to 1.1)n, is another empirical constant, which has a
" 0.6 value of approximately 3.4. This follows from our previous
B s work on Ni/Cu100.5** Although we originally used the
’é known bulk valueTs(n=~) for Ni, we found that treating
2 04 Tc(n=) as an independent fit parameter gave identical re-

0 200 400 600 800 1000 sults. Leaving onlyTc(n=<) and vy as independent fit pa-

time (sec) rameters Eq(1) serves as a tool for determinirig.(n= o)
if a direct measurement is not possible. At this point we want
FIG. 3. Variation of the specular RHEED intensity during to make few comments about the above formula. We notice
Fe,sNi,3 growth, beam energy 3 kV. that in the limitn—«~ Eq. (1) reduces to the well-known
finite-size scaling formula if we set equal toy:*?
RHEED intensity during the growth of two ENi,_, alloy
films with concentrations 60 and 77 % Fe. We can clearly Te()=Te(n) [ n|™*
observe RHEED oscillations, which indicate layer-by-layer Te(®) n_0
growth. Fe agglomeration in the early stages similar to that
observed for Fe/Ql00) seems to be absent, since a pro-In this contextA is related to the critical exponent of the
nounced drop in intensity at the position of the first mono-pair-correlation function. This concept is strictly valid only
layer is missing. From this point of view the Fi g alloy  for thick films, the threshold being given by the dimension-
films are qualitatively identical with the RHEED data for ality crossover from three dimensions to two dimensions
FeNi,_, films below 65%. However we observe that the (3D)—(2D), which has been found to be around 5 M5 As
intensity of the first maximum for the FeNi 55 alloy is more ~ We will show below the thickness regime covered in this
strongly reduced as compared withggdi 4o alloy. We come ~ Work is mainly below this limit, therefore the use of EQ)
back to this point in our discussion below. However it isis not warranted. Furthermore there is clear evidence that a
important to note that there is no sudden transformation inté"inimum coverage is required before long-range order at a
the bce phase, which would also be accompanied by a drofinite temperature is establish&d’*>~**The exact coverage
in the RHEED intensity like for Fe/Q@00).1*?* This is in  depends on the early stages of the growth, but there is con-
contrast to bulk Fe,Ni 3 which has transformed into the bcc Sensus that around a thickness of 1 ML ferromagnetism oc-
phase. This observation is important because it confirms th&urs. A recent paper stated that submonolayer magnetism for
our idea of C|amping F)a\“ 1-x 0N CL(].OO) extends the con- the Fe/V\(llO) System |$ pOSS|bIé3. This dqu not (.:OntradICt
centration range for which the fcc structure prevails. We willthe above statement, since the observation required growth at
show below results of the spatially resolved RHEED experi-€levated temperatures which resulted_ in a decoration of step
ments, which confirm this statement. Using this setup we ar@dges. We come then to the conclusion that we have to in-
able to monitor the specular and diffraction streaks simultairoduce a “boundary” condition, which allows long-range
neously. A change of the structure would change the positioffder to exist only if a minimum coverage is exceeded. This
of the diffraction streaks dramatically, which we do not ob-is the justification for the introduction of the parameterin
serve. The observation p{1x 1) LEED patterns confirmed this work and we will use the value 1.1 as mentioned
epitaxial growth for both alloy systems, however the sharp2bove:™ . . _
ness of the spots deteriorated slightly with increasing thick-__Interestingly the analysis of the data for NifQ00) with
ness. Pseudomorphic growth of &, ,/Cu(100) has also  Eds- (1) and (2) gives similar result$**° Identifying y~*
been reported by Dresselhaesal*! After establishing our With v our empirical scaling yieldsv =0.80 as compared
ability to grow CaNi;_, and FgNi;_, in a stable fcc with v=0.705, Schulzt al. actually fixv to the value of the
phase we investigated the magnetic properties. We want t3P Heisenberg system. Another reasonable agreement exists

discuss the Cg\“]_—x System first’ which is in bulk well- in their value 0fC0:52 which in our notation equa|S 32,
behaved both structurally and magnetically. and we found to be 3.4 as stated above. We should point out

that we used all data points for Ni/Cil00) whereas Schulz
et al. used coverages larger than 5 ML. This observation
encouraged us to develop a concept which allows us to de-
The thickness dependence of the Curie temperature in tHermine T for infinite thickness. Obviously it would be de-
limit of large thicknesses is well known both theoretically sirable to measur&c for very thick alloy films. This would
and experimentally also known as finite-size scaffhitf  give us directlyTc(n=) which we could compare with
However theoretically little is known hoW. evolves with  T(bulk), but the experimental window is limited since at
thickness in the monolayer regime. In our previous stwdy 400 K Cu segregation is noticeable for the,Re, _, alloys
have shown that the variation of the Curie temperatureas Auger spectra show. Furthermore it has been shown that a
Tc(n) with film thicknessn in ML’s can be described with Cu layer causes Fe/CLO0O films to reordef*® Since struc-
an empirical scaling formula: ture and magnetic properties are intimately related, we have

@

B. Magnetism of Co,Ni,_, films
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FIG. 4. Thickness dependenceTy for Ni/Cu(100) films, solid FIG. 5. Concentration dependenceTaf(n=c) for Co,Ni;_
cure is fit to theempirical finite-size scaling formula. films between 0 and 65 % Co content. The errors show variation of

Tc(n==) on fit parameters and accuracy of composition. The solid
to avoid Cu segregation. This is particularly important forline are the bulk values fof¢ . Inset shows the overall concentra-
Fe,Ni,_, alloys, where we expect structural instabilities as-tion dependence of c(n=c) and T¢(bulk).
sociated with the Invar effect. Although the concept of our
empirical scaling in these pseudomorphic layers has beeparametery to be 1.25 for Ni which varies between 1.04 and
discussed by us in an earlier publicatfowe want to discuss  1.50 for Co concentrations up to 40%. As observed béfore
in more detail its accuracy in determiniif(n=2). Ni/  there is no clear concentration dependenceyfoin fact we
Cu(100 is particularly well suited, because of the relatively found the value more affected by the choicendfand the
low Curie temperature and the thermal stability of these filmsyidth of the temperature interval covered by the actual ex-
up to 500 K*'“® As a result we have a large set of dataperiment; however this did not change the value of
points available and we can compaflez(n=%) with  T.(n=) significantly. For FgNi,_, alloys the parameter
Tc(bulk), which we have shown to give very good y varies between 0.59 and 0.92, this is smaller than for
agreement,see Fig. 4. If we want to use the scaling formula Co,Ni, _, alloys. This we associate with the reduced avail-
(1) as a tool to determingc(n=) for Fe,Ni,_, films we  able temperature intervétompared with CgNi,_,) which
need to know the validity and accuracy of this concept. An-is limited by the onset of Cu surface segregation. In conclu-
other test is the omission of the four data points with thesion the parametey scatters significantly and only in the
highestT ¢ of the Ni/Cu100) data set. Surprisingly the result limit of very large thicknesse$e.g., Ni/C{100] can we

for Tc(n=2) has changed by only a few K. The choice of make a connection to a theoretical prediction as discussed
removing the last four data points of the Ni data was notbefore.

arbitrary. The highesT. of the reduced data set is 425 K

and this value is more or less the maximum temperature to ) . i

which the FgNi,_, films have been exposed. This means if C. Magnetism of FeNi;_ films

Tc(n=x) is determined to be below 635 K, this value = We can now proceed and use formula for Fe,Ni,_,

should be rather accurate as judged from the Ni1O0 alloy films and compare the results with the bulk behavior. In
case, see Fig. 4.

To further test the validity of formul@l) we have mea-
sured T as function of thickness for different GNi;_
alloy films. We have determineti-(n=) and compared it
with the bulk values, see Fig. 5. The vertical error bars reflect 800
the variation of the determination dfc(n=0o°) on the fit
parameters, whereas the horizontal error bars indicate the g 700

=~

900

variation of the concentration during the deposition. For up

to 32% Co contenfT(n=) and T(bulk) agrees reason- © 600 Y

ably, at this point we havé -(bulk)~950 K. At higher Co 500 "._
concentrations we see a systematic deviation and for the pure \

Co films we extrapolatd c(n=2)~2100 K, which is more 400 \ '+_

than 700 K too high. This trend of overestimating is obvi-
ously related to the fact that the available range of thick-
nesses is reduced ifc(bulk) becomes larger. While the
available temperature window remains the same, the limiting . 6. Comparison between bulk Curie temperatuRes. 16
factor is the onset of Cu surface segregation. Summarizingyashed curveand Tc(n==) (solid point$ of the ultrathin film
the results for CoNi; _, films, we can state that we are able data. Error bars show variation @ (n=c) on fit parameters and
to determineTc(n=%) accurately as long as the “real” accuracy of composition. The solid line is guide for the eye. Solid
value does not exceed 950 K. The accuracy is given by errasquare isTo(n=%) for the Fe,Ni 5 alloy for higher thicknesses,
bar of the fit parameters, which gives50 K. We find the see text and Fig. 7.

0 10 20 30 40 50 60 70 80
Fe content (%)
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magnetic transition. Visual inspection of Figs. 4 and 7 shows

“magnetic live surface layer”(Ref. 21 as, for example,
seen by Thomasseet al1*

340 : o that theT¢(n) of the FexgNi s alloy increases faster with
724 K ,I _.,—-" thickness as Ni/Cl00) for coverages up to-4 ML. Be-
300 i S < yond this thickness th&(n) curve of the FesNi s alloy
- p I drops quickly below the Ni curve. At this point it should be
X 260 i : 430 K mentioned that the variation of the Kerr intensity with thick-
© - ! ness for all FgNi,_, alloys did not show indications of a
= |
|
I
1
[

180 : If we associate this behavior with a change of the mag-

5 Qz i 3 5 30 netic moment, then we observe a tran;ition from a high-spin
Thickness (ML) (HS) state to a low-spiriLS) state. We identify this with an

Invar-like transition at an increased Fe concentration of

FIG. 7. Thickness dependence g for a FeNis alloy (solid ~ ~ 79% when compared with the bulk. Interestingly the con-

symbol3 in the thin-film limit. The solid line is fit to thempirical ~ Centration agrees very well with the calculation of Abrikosov
scaling law(Refs. 6 and 5F the dashed line is a guide for the eye. €t al; they find a moment collapse at 75% ¥e.
The squarestriangles are data for FgNi 55 (FegoNi 40), their scal-

ing curves are very close to the one for the,d’é ,5 alloy. ) ) )
2 D. RHEED experiments on FgNi,_, films

Fig. 6 we show the comparison ®f(n=) and published with spatial resolution

values forTc(bulk).!® The first thing to notice is that the ~ We want now to make a connection to the theoretical
highest value folTc(n=) is 908 K for Fe:Ni,s. Refer-  work of Abrikosovet al® In their work they avoid the struc-
ring to the preceding paragraph we are still within the tem-tural complications associated with the transition from the
perature range for which we expect oampirical scaling fcc phase into the bcc phase by assuming a fcc lattice
formula to work. If we limit ourselves to Fe concentrations throughout the whole concentration range. They find that the
up to 30% only, we find good agreement betweenmagnetic moment collapses as in the “real” bulk system,
Tc(n=) and T¢(bulk). For these small Fe concentrations but at a higher Fe concentration of 75%. At this point the
Fe,Ni;_, is well within the regime where it is well system undergoes a change of the fcc lattice constant, which
behaved? i.e., the magnetic moment follows the Slater-is reduced by~3%. We should point out that Abrikosov
Pauling curve. This is another test of the validity of formulaet al. do not include an antiferromagneti§FM) phase in
(1), which we will use as a tool for F&i;_, films with  their calculation for the FeNi,_, alloy, which is certainly
higher Fe concentrations. Coming back to Fig. 6, we see thamportant in the limit of pure fcc F&° Antiferromagnetic
for Fe concentrations up to 50% the bulk values and thinphases in Fe/Gt00) have been observed by utilizing e
film data agree, at higher concentratiohgbulk) falls rap-  bauer spectroscopy:>?
idly, but the value forTo(n=x) stays almost constant at First we see that we have good agreement about the Fe
around 720-770 K. At this point we would like to refer to concentration where a transition occurs, the value is signifi-
the work of Dumpichet al*® They investigated thick200  cantly larger than what is experimentally observed in the
nm) fcc FeNi;_, films, in particular FgsNigs. They find  bulk.!® But, in contrast, we do not observe a collapse of the
that the as-grown film has a Curie temperaturélgf~700  magnetic moment, sinc€: remains finite for the FgNi 55
K, which agrees well with our scaling result, see Fig. 6. Thisalloy film. This would indicate that beside their high-spin
again shows that it is justified to use thenpirical scaling  (HS)/nonmagnetidNM) solution the possibility of the exis-
formula (1) as a tool. tence of a low-spinfLS) solution or coexistence of different
Also important is that the alloy films are all ferromagnetic phases> However we still would expect a reduction of the
even beyond the bulk Invar concentration which is in con-lattice constant if the deviation df: from the scaling curve
trast to the bulk behavior. In this sense we have “quenched’is caused by a reduction of the magnetic moment. This fol-
the Invar effect in the ultrathin limit. In Fig. 7 we show the lows immediately from the dependence of the magnetic mo-
thickness dependence for several concentrations near thmeent on the lattice constant for a fzBli 55 alloy as plotted
bulk Invar concentration of 65% Fe. We see in the ultrathinby Abrikosovet al8 If the lattice constant is varied continu-
limit almost identical behavior. Extending the measurementsusly between the values for the high-sfit§)/nonmagnetic
for a FessNi 55 alloy film up to 10 ML thickness reveals a (NM) phase they show a monotonic variation.
strong deviation from the scaling law, see Fig. 7.-A4 ML, In order to address this point we have employed the
Tc has dropped when compared wit the scaling curve an@RHEED apparatus which allows us to do spatially resolved
increases only slowly with further deposition. This is in con-experiments. We then can determine the peak separation of
trast to the FggNi 4o and Fe;sNi 55 alloys, which do not show the(1,0) and (—1,0) RHEED streaks which is inversely pro-
this. In order to quantify this deviation more clearly we haveportional to the in-plane lattice constant, see Fig. 1.
scaled the value of -(n=9.7 ML) with the scaling curve of In Fig. 8 we show evolution of the intensity of tti@,0)
Ni/Cu(100 at this thickness. This allows us to determine abeam and the peak separation between ¢h&) and
secondT(n==) for the FesNi »5 alloy, this has been in- (—1,0) diffraction peaks for a RgNi 34 alloy film. This con-
cluded in Fig. 6. As indicated in Fig. 7, the values are 724centration is at the bulk Invar concentration, but below the
and 430 K, respectively. But even without the results of thefcc Invar concentration of Abrikosoet al*® We see oscilla-
scaling curve it is apparent that we observe some sort dfons of the peak separation of the value at the minima are
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taxial growth and the main difference between thegNe
a4 and FegNi 5 alloy films is the thickness dependence of
the peak separation.

It should be pointed out that the oscillation period for the
intensity and the peak separation for the;’é 54 alloy are
not identical. In fact the period for the peak separation is
only 85% of the intensity period. In the picture of Fassbender
et al. this points towards some change of the island morphol-
ogy during the growth. It is interesting to note that for con-
centrations below 66% Fe the period of the intensity and
peak separation is identical. It appears that upon approaching
the Invar concentration the morphology is affected by the
magnetic instability. We also observe that in the early stages
of the growth of Fe;Ni ,3 and FeNi 5o the first maximum in
the intensity is reduced, see Figs. 3 and 9. This behavior is
commonly associated with some amount of bilayer growth.

1.1

Fe N1, /Cu(100)

0.6

(%) uvoneredas >ead ‘[ax

Int (00) beam (arb. units)

0 500 1000 1500 2000 2500
time (sec)

FIG. 8. Variation of the RHEED intensity of tH®,0) beam and
peak separation for a ggNi 3, alloy, beam energy 4.5 kV.

close to the initial value. In a simple picture one would not

expect oscillations of the peak separation at all. The origin of- ¢ esemblance with the RHEED intensity ofzéi 53 and
p o P para ' 9 0/CU100) together with scanning tunneling microscope re-
these oscillations are due to a relaxation of the edge atoms

Qits on Co/C(L00) would indicate onl Il t of
. > i 2 y a small amount o
islands in the top layer as discussed by Fassbeetlar. bilayer growth of the order 109%. We therefore conclude
This means the amplitude of the oscillation should not b

. . . s hat the structural differences are more important than small
mistaken as an uniform contraction of the top layer; it is th

e L.
Lt deviations from perfect layer-by-layer growth.
average of edge atoms and atoms within islands SamplquThere are now two points which need to be discussed

over the electron-beam diameter. ; . ,
I here. First the thickness dependenceTgffor a Fe;sNi
AIthqugh we probe only the top layer, it IS clear that the alloy film shown in Fig. 7 SEOWS a rat%er sharpe73evizzsition
underlying layers must also adopt the Cu lattice spacing. Thﬁom the scaling curve at 3 ML. The peak separation of the

important result is now that RgNig, alloy film is still . 2 .
. ) FeggNiyo has significantly increased at around 1.7 ML. It
clamped to the Q00 substrate lattice, since the peak sepa pears that the length scales do not quite agree. It might be

P a
ration is the same as th_at of the clean supstrate. we r‘O\ll‘gated to the fact that we compare slightly different alloy
compare these results with the data for g, alloy. In . .
Fig. 9 we plot the intensity of théd,0) beam and the peak concentrations. We would expect the gjdi 5o alloy to be

9. 9 we p Y ' X ) P more “unstable” and trying to adopt the low-spin phase at
separation between th@,0 and (—1,0) diffraction peaks lower coverages
during the growth of the alloy. In contrast to Fig. 8 we do not Secondly our .Iattice contraction is 0.7—1 % as compared
see a regular pattern for the peak separation. The first mono- '

. the 3% calculated by Abrikosoet al. This discrepancy
layer seems to be clamped to the(D00) substrate, since the might be due to the fact that we compare experimentally a

peak separation goes back to its original value. HoweveL|S phase with a LS phase, sinGe remains finite. Their
going to higher coverages the peak separation gradually in- ' '

creases, which means the in-plane lattice constant is reduces Iculation does not include a LS solution, however we ex-
' : P . pect a smaller lattice contraction between a HS phase and LS
Compared to the Cu lattice constant we observe a reductiof

between 0.7 and 1 % at 4 ML ggNi »o. For both alloys(66 phase as discussed before. From this point of view we con-

and 80 % Fe contentve are also able to observe oscillations clude that the deviation from the scaling curve in the case of
in the intensity and FWHM of thé1.0) and (~ 1,0) beams. the FexsNi 55 alloy is caused by a reduction of the magnetic

This also does not support an explanation of Tagn) be- moment, which in turn manifests itself in a small in-plane
: support P . lattice contraction. Preliminary LEED-V results based on
havior of the FegNi,5 alloy in terms of different growth

: . o . Bragg-peak analysi8 of the (0,00 beam indicate that be-
regimes like Fe/C1100.™ In both cases we have good epi- tween 2 and 6 ML a contraction of the perpendicular lattice
constant takes place This further confirms the view that we
have observed a moment-atomic volume instability.

As a test of our instrument we have performed a similar
RHEED experiment for the pure Fe/(u00 system. In Fig.

10 we see that at the beginning the peak separation decreases
first. This means in real space that the lattice constant is
increased. The Fe atoms try to adopt the bulk atomic volume,
but experience the constraint of the Cu substrate. This also
manifests itself in the rather complicated surface reconstruc-
tions known for this system!*24At around 3.9 ML we see
. a dramatic reduction of the peak separation after which os-
08555500 750" 1000 1250 1500 cillations set in. It is now important to refer to the work of
time (sec) Mdiller et al® In their careful LEEDI-V analysis they find an
increase of the atomic volume of the surface layer, this is

FIG. 9. Variation of the RHEED intensity of tH®,0) beam and  exactly what we probe with the RHEED experiments. The

peak separation for a gg\i,g alloy, beam energy 4.5 kV. thickness also coincides with the observation of a magnetic

Fe Ni, /Cu(100)
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FegoNi 5 alloy indicates that the mechanism of the moment
0.2 instability is more subtle than for the system Fe(T0).
Fe/Cu(100)

SUMMARY

We have shown that Cdli;_, and FgNi_, films can
be stabilized in the fcc phase when grown as ultrathin films
on CuU100. Since CgNi;_, alloys are well behaved both
magnetically and structurally in the bulk we have used
Co,Ni;_,/Cu(100 as a test system for our scaling formula
(1). By adjusting only two parameters we are able to extrapo-
late values foiT -(n= ), which are in good agreement with
t1i01(1)10e (155eoco) 2000 2500 bulk values as long a§c(n=«) does not exceed- 900 K.
This allows us to determine the concentration dependence of
FIG. 10. Variation of the peak separation for a FeIDQ), T_C(n=00) for FeXNi_l—X/CU(_loo) films, which we compare
beam energy 4.5 kV. with Tc(bulk). We find again that for Fe conc_entratlons be-
low 30% Fe the results derived from the scaling formda

T 14 L and the bulk values agree reasonably. Using this scaling for-
live” layer by Thomasseret al.* At this thickness only the mula for FeNi,_, alloys near 65% Fe content, we observe

top layer is magnetic. The driving force is the attempt by the ) . o
Fe atoms to adopt the bulk atomic volume while beingthat the moment collapse is suppressed in the ultrathin limit

grown on C@100. However, we should point out that in since Te(n =) _ha'rdly varies near the Invar concentration.
contrast to the work of Miler et al® who report an increase Htl)wevte:h? I?newa“onl frron: :P:]ensdcf:al\l;lrlig cur\?e fgr @kél e
of the interlayer distance, we have determined an increase 5’1I oy a tc iSSGS a gZIJrO E;O/ in-ol OCCL; ?t u .

the in-plane lattice constant. This makes the observation of gXpenments show a sm -/ 70 In-plane latlice spacing
magnetic live layer even more plausibfeThe increased in- contraction for a FQ’N'Z.O alloy. We therefore cqnclude th_at
plane lattice constant together with the increased layer sepg- structural relaxation is respo_nS|bIe for the different thick-
ration found by Miler et al. means that the Fe top layer is N€SS dependence ot for FezsNi 2'5/0!"(100)' In other yvords
“decoupled” from the underlying layers. It should be the structural change results in a different magnetic phase.

pointed out that LEED-V studies usually do not consider a The concentration for which we observe a deviation from

layer dependence of the in-plane lattice constiftherefore Lhe Scalt'n? (f:_ug/(ihagrees W'tth thﬁ’ conctenttral;uon IwhereSAbn-
our observation of an increase of the in-plane lattice con: osovet al. fin € moment coflapse 10 take place. since

stant of the top layer does not contradict the findings ofTC remains finite n ourwprk we conclude th‘.'"t an addmonal
Miiller et al® low-spin phase exists. This would also explain the difference

First we see that our instrument is capable of detectin% the magnitude of the lattice contraction between our ex-

in-plane lattice constant changes of the order of 1%. We als eriments and the calculation of Abrikosetal.
see the differences between Fe(@i0 and
Fe,Ni;_,/Cu(100. Fe/Cy100 is structurally more un-
stable, hence the changes in the magnetic properties are moreThis work was funded via NSF Grant No. DMR-95-
clearly visible. The lack of such a clear signal for the 21126.

rel. peak separation (%)
=
'y

-0.8{ 39 ML——»
500
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