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Magnetisation reorientation in ultra-thin Fe 2. Experiment

films on Cu(100) upon deposition of Co For this work we used X-ray Magnetic Circular Dichroism
(XMCD) over the FelLs» edges to probe the magnetic response
from three Fe/Cu(100) preparations before, and after, deposition
of half an atomic layer of Co. In each case an ultra thin film of

a S - b Fe was prepared and characterised for its magnetic properties be-

é%%%?%g#grgﬁa Rll[llgnl\’/l é:teDrl]?SItO”nA:,rvamtls’ fore adding the sub monolayer coverages of Co. The thickness of
the films was accurately calibrated using their ‘edge jump’ ratio

aStanford Synchrotron Radiation Laboratory, Stanford Linear ~ (Hunter Dunnet al, 1996). The present set of samples were 2.7,

Accelerator Center, Stanford Universi[M Stanford, CA 94309, 3.0and 3.9 AL. All these samples yielded similar results. Film sur-

USA, and ® Department of Physics, University of Uppsala, face order was monitored by means of LEED which showed pat-
Box 530, S-751 21 Uppsala, Sweden. E-mail: terns that compared favorably with those in the literature for this
hdunn@slac.stanford.edu thickness range (Mller et al,, 1995). In our previous work (Hunter

Dunn et al. 1996), usingLs, edge absorption spectra, sum rules
(Carraet al, 1993) were applied to determine magnetic moments
for both the ultra thin fct, and thicker bcc films. For the bcc films

Ultra thin films of Fe deposited on the (100) surface of a Cu singl¥/€ found & spin moment of 2.2, in excellent agreement with
crystal exhibit a net perpendicular magnetic anisotropy. The addieory: The.hlgh spin phas.e. of Fe Showeq a significant increase in
tion of very low coverages of Co results in the easy magnetic dired2€ Magnetic response, giving moments in excess of ggper
tion reorienting into the film plane. This behavior is in contrast t&0M-
the addition of similar amounts of Fe, whereupon the ferromagnetic The present set of experiments were performed at beamline 5.2
response vanishes. This result is discussed in terms of the anisotr@yhe Stanford Synchrotron Radiation Laboratory, California. The
energies derived from the spectroscopic data. energy resolution of the photon beam was better than 1.5 eV at the
Keywords: Ultrathin films ; Magnetic anisotropy energy ; FeLs, edges. To ensure the .higheSt possil_)Ie quality all samples
XMCD. were prepa}red and mea_sunedsltu, in a ultra hlgh vacuum system
custom built for magnetic measurements. This includes a pair of
coils for magnetising the samples and a circular channelplate de-
tector on the axis of the chamber and sample rotation. The coils
and channelplate assembly may be rotated through &&filitat-
1. Introduction ing any combination of applied field and sample relative to the
The continued interest in the magnetic properties of ultra thin films'nCldent x-ray light wﬂhogt altering the detectlop .geometry. The
is due to the novel structural and magnetic behavior they exhibit.Sarnples were measu_red In remamnence. In adc_iltlon to the channel
The demands of the magnetic data storage industry provide sul?—late’ Fhe sample drain current was measured S|multanequsly. Both
stantial motivation for the investigation of such systems with adetgctlon chan_nels agreed extremely well wheq approprlately hor-
view to exploiting the magnetic phenomena they manifest in hig alised. The films were prepfired by evaporation, using electron
- . - . bombardment heating of purified bulk Fe and Co. Apart from the
capacity, compact storage devices. In particular, ultra thin trans'l_)rief annealing after deposition, the Cu(100) substrate was main-
tion metal films combine macroscopic remnant magnetism Wiﬂ{ ined bel 1950 K th P h ttl,’l : ts. The chamb i
the possibility of stabilising alternative crystallographic structures amnea below iroughoutthe experlmt_ar; s. The chamber pres
when prepared on single crystal substrates. sure during evaporatlonnwa_s better thax 10 m_bar. D_L_mng the _
Fe grown on the (100) surface of Cu is a prime example of Sucrqneasurements contamination from adsorbed impurities remained
T . less than 0.2 % of a monolayer.
a system. In the ultra thin limit, below 4 atomic layers, the structure
is face centered tetragonal (fct) (fer et al. 1995) due to the crys-
tallographic mismatch between the two elements. This is accompady paclts
nied with a net perpendicular magnetic anisotropy and an increased
magnetic moment (Hunter Duret al,, 1996): the so called ‘high The result of the XMCD measurements are shown in Figures 1
spin’ state, as predicted by theoryoflind et al,, 1992). With  and 2. Before the addition of the Co, the ultra thin Fe film exhibits
increasing thickness, there follows a structural transformation ira perpendicular magnetisation direction relative to the film plane.
which the strain is relaxed. The system then adopts the bcc crystalFigure 1.) The magnitude of the magnetic contrast, evident in the
lographic structure and the easy magnetic direction is oriented ih edge resonance features, is substantial, reflecting the high spin
the film plane. A transition thickness just in excess of 4 atomic layphase of the sample. The addition of 0.5 AL of Co causes the easy
ers (AL), for films grown below 150 K, (Mller et al,, 1995) and 10 magnetisation direction to rotate into the film plane. This behavior
AL, for films grown at room temperature, is reported (Schmaitzl is in contrast to the addition of more Fe, whereupon the ferromag-
al., 1994). For well ordered growth a substrate temperature belowetic response vanishes completely before re-emerging in-plane for
150 K during evaporation minimises intermixing at the interface.films in excess of 4 AL. The size of the magnetic contrast is also re-
Shortly annealing to 300 K orders the layersulMr et al, 1995  duced. This is primarily due to a reduction in the magnetic moment
and Giergielet al, 1995). Repeated short annealing cycles wereper atom. See Table 1 below. The addition of more Co, to a total of
found to improve LEED patterns but tended to degrade the mag2.5 AL Co, rendered the Fe non-ferromagnetic while the Co exhib-
netic properties associated with the high spin phase (Platak, ited a small in-plane ferromagnetic response. While it is not known
1998). Similarly, annealing to temperatures above 350 K had an irwhy ultra-thin Fe films exhibit no ferromagnetic response in 4 AL
reversible impact on the magnetism (Sle¢al, 1995). These facts thickness range, theoretical work (M. Uéll al., 1994) suggests a
indicate the metastable nature of the system. spin spiral configuratioon in which the magnetic moment in each
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succesive layer is rotated by 9felative to the preceeding layer re- 4. Discussion

sulting in a average moment of zero. Spectra were taken over bot, e 1 pelow summarises the results of applying sum rules (Carra
the Fe and Co edges from which it is clear that the magnetisatiop; al, 1993) to the x-ray absorption spectra shown in Figures 1 and

of two elements couples ferromagnetically. (Figure 2.) No sizable, £rom these values the Magneto Crystalline Anisotropy (MCA)
change in the average height of the absorption peaks was foungnergy Emca, is derived by applying

suggesting that there is minimal charge transfer between the Fe

and Cod states. I3
Emca = Z_O(AML)’ 1)

where¢ is the spin orbit coupling constart; 68ueV, (Brunoet
al., 1989) andAM, = (M — M/'). M_ andM, are the orbital
moments inug perpendicular to and in the plane of the film re-
spectively. Due to the fact that this approach, based on perturba-
tion theory, is known to fail in the case of Fe where the exchange
splitting is similar in magnitude to thed®and width, a corrective
factor of 4 was suggested (Bruebal., 1989). Despite this, it was
found to overestimate the MCA energy in the case of ultra-thin
Fe films by a further factor of 5 (Hunter Duret al. 1996). The
denominator in Equation 1 contains these factors previously neces-
sary for quantitative agreement between application of Equations 1
100 — J and 2. As discussed below, for the present case, the error, and thus
0 the corresponding corrective factor, is smaller than those found be-
[ [ [ [ fore (Hunter Dunret al, 1996). For the dipolar contribution to the

700 720 740 760 total anisotropy energy per atopipoiar, We take,

Photon Energy (eV) M2
EDipolar = 7 &)

While valid for bulk analysis, it is known that the continuous ap-
Figure 1 proximation (Equation 2) breaks down along the surface normal
Fels, edge XMCD spectra from a 3.0 AL ultra thin Fe film stabilisedfor the ultra thin films, underestimating this contribution (Fate
on the (100) surface of Cu. The difference in thedge resonance inten- 5| 1988). However, itis still a reasonable approximation and holds
sity is a maximum when the x-rays are at normal incidence indicatingr 5 qualitative discussion of the results presented here.
t_hat the easy magnetisation direction is perpendicular to the plane of theIt is clear from Table 1 that certain qualitative information is
film. . . . . .

readily available. We will follow the convention that negative en-
ergies favor an in-plane magnetisation. The first row of the table
contains previous experimental results (Hunter Dahal., 1996)
where application of the sum rules to data from a bcc Fe film gave
results in excellent agreement with theory. We have taken this sam-
ple as a standard from which the in-plane orbital moment is used
in the application of Equation 1. In this case the MCA energy that
400 — would give a perpendicular component is virtually zero. (The fact

that it is non-zero arises from the distortion of the bcc film on the

300 — Cu surface.) This result is expected since the magnetisation direc-
tion in such sampless in the film plane.

With the orbital moment of the 3 AL Fe film we can now apply
Equation 1 (including the corrective factor) which yields a MCA
energy of 272ueV/atom. This is just larger than the dipolar contri-
bution of -242u.eV/atom correctly predicting a perpendicular mag-
netisation direction. It is quite possible that the distorted crystallo-
T [ T [ T [ T | graphic structure and less than perfect surface of the experimen-

720 760 800 840 f[al sample introduce lateral finit_e size effects that W_o_u!d similarly
Photon Energy (eV) |nf|ue_nce the mom_ent_s and anisotropy t_erms, ste_tblllsmg the_per-
pendicular magnetisation further. Following our sign convention,
the addition of the Co changes the sign of the experimental value
of the MCA energy. Again, using the value of the orbital moment
Figure 2 derived previously for a bcc Fe film, (Hunter Duet al,, 1996)
Grazing incidence XMCD spectra from the sample portrayed in Figurgre again apply Equation 1 but this time use the difference of the
1 after the addition of 0.5 AL of Co. The magnetic contrast in I.t@g two in_p|ane orbital moments and find an MCA energy of -136
edge resonance features is now a maximum when measuring at grazjpgy//atom. Together with the negative dipolar contribution this is

x-ray incidence indicating that the easy magnetisation direction rotatesqmicient to rotate the easy magnetisation direction into the film
into the film plane. In addition, the size of the XMCD response is re- . :
plane as is observed experimentally.

duced.

500 —
400 —
300 —
200 —

Intensity (Arb. Units)

200 —
100 —

Intensity (Arb. Units)
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Table 1
The experimental moments, obtained from the spectra shown in Figures 1 and 2 using sum rules, and the derived MCA energy and dipol:
contribution to the total anisotropy energyErom ref Hunter Dunret al., 1996.° From ref Hunter Dunret al, 1997.

Fe/Cu(100) Ewmca (veV/atom) AM( (us) Mo (u#8) Ms(us)  Epipolar (1€V/atom)
20 AL (bcc) <10 0.16(2)  2.26(2) 137

3 AL Fe 272 008 0242 3.00) 242

3 AL Fe +0.5 AL Co 136 004  0202) 208@2) 116

; Carra, P, Thole, B. T., Altarelli, M. & Wang, X. (1993Rhys. Rev. Lett.
5. Conclusion 70, 694-697.

In conclusion, we have presented experlmgntal results for thEarle, M., Berghaus, A. & Baberschke, K. (1988ys. Rev. B39, 4836-
Fe/Cu(100) system before and after the addition of low coverages  4g41

of Co. Commensurate with previous work, we find a perpendiculaGiergiel, J., Shen, J., Woltersdorf, J., Kirilyuk, A. & Kirschner, J. (1995).
magnetisation direction for the high spin Fe/Cu(100) system. Post Phys. Rev. B2, 8528-8534.

Co deposition we observe that the remnant magnetisation directidaunter Dunn, J., Arvanitis, D. & Mftensson, N. (1996)Phys. Rev. B.
reorients into the film plane and is accompanied with a reduction Rap. Comm54, 11157-11160.

in magnetic moment. Anisotropy energies derived from magneti¢iunter Dunn, J., Arvanitis, D. & Mftensson, N. (1997)J. Phys. IV
moments extracted from the spectroscopic data using sum rules FRANCE/, 383-387.

provide a qualitative picture of the observed reorientation. MuIISeCri, ??zzgiy;?t P., Kinne, A., Schmailz, P. & Heinz, K. (199%5urf.
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