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Magnetic moments and Curie temperatures of Ni and Co thin films and coupled trilayers
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We present x-ray magnetic circular dichroigkMCD) measurements on single layers, bilayers, and trilay-
ers consisting of Ni, Co, and Cu. Using XMCD sum rules, spin and orbital contributions to the total magnetic
moment were determined for 2.1 ML Co and 4 ML Ni single layers of0G1). In accordance with theory for
Co, both spin and orbital moments show an enhancement. In the case of Ni, both spin and orbital moments
were reduced. The total magnetic moment of the 4 ML Ni film reduces by a factor of 2 as compared to the Ni
bulk. The Curie temperature of both Ni and Co were found to reduce upon capping with Cu. In trilayers, the
shape of the Ni magnetization curves were found to be influenced through exchange coupling due to the
presence of Cd.S0163-182608)00433-(

I. INTRODUCTION resonance(FMR) measurements on a series of Co/Ru/Co
trilayer films have shown that the exchange field increases
The reduced symmetry and coordination number of low-with decreasing temperatut.Similarly, FMR measure-
dimensional magnetic systems leads to modifications in anents at low temperatures on Fe/Pd/Fe and Fe/Cu/Fe trilayer
variety of phenomena such as complex magnetic orderingstructures have reported that the exchange coupling strength
magnetocrystalline anisotropy, and localized electronicat 77 K is almost twice as large as the value at room
states. In the last decade many theoretical studies have bemmperaturé?
reported, especially involvingdBtransition-meta(TM) films The first part of the present paper describes the determi-
on magnetic and nonmagnetic substrdtésAlso, as the un-  nation of the spin 1) and orbital M, ) contributions to the
derstanding of the preparation of thick and thin films is in-tgta] magnetic moments of ultrathi2—4 ML) Co and Ni
creasing, many experimental studies dealing with the differfjms on Cy002) by using XMCD sum rules. The values of
ent phenomena mentioned above were repdeegl, Ref. 5. Mg andM, are compared with the ones calculated by fully
The x-ray magnetic circular dichroisiXMCD) has (gjativistic LMTO calculations. Therefore, in the second

proven to be a useful technique to obtain element and Siteﬁart the shape of the magnetization curiegT) of Ni and
specific information regarding magnetic moments, Curie~ . .

. ; Co measured individually by XMCD are reported for bilay-
temperature T¢) etc., in a broad range of magnetic systems.ers (viz. Ni and Co capped with Quand trilayers(viz. Ni
Moreover,.XMCD measurements using soft x rajg€0— capped with Cu and Co on tppThe influence of an ex-
1500 eV} give access to @ (for TM) and 4f (for rare-earth h i thel (T d the Curie tem-
states, which are responsible for most of the magnetic prop(E ange coupling on t f( ). curves an € Lurie tem
erties. Though many studies using XMCRefs. 6—-9 were perature is discussed in detail.
reported on thick, multilayer, and capped films on magnetic
and nonmagnetic substrates, there are still ifewitu studies
involving single ultrathin films%! Recent fully relativistic
linear muffin-tin orbital (LMTO) CalCUlationé inVOlVing All films were grown on a C(DO]_) substrate in u|trah|gh
both spin-orbit coupling and orbital magnetism have shownacuum conditions. Films were characterized by means of
that, as compared to the bulk values, the orbital moment ofy\y.energy electron diffraction. The thickness was calibrated
Fe, Co, and Ni deposited on (@01 is enhanced at the  sing a quartz microbalance and cross checked using the
surface. With the exception of Ni on 01), the spin mo- Ni, Co, and Cu L, edges jump ratios as discussed

ments also show the same trend. The enhanced orbital m@;. .\ heor@ The L, sedge spectra were recorded in the par-

;nxergrimgatalg}%/ﬁgevoel\)/er Tr?:orealzszgl t;(eagir::te dcsgr:?segf tial electron yield mode using circularly polarized light at the
P i § y P SX 700 monochromator beamlines at BESSY, the synchro-

spin and orbital moments of Co and Ni uncovered ultrathin

films on Cu001) have not been examined separately. Thetron facility in Berlin. The XMCD spectra were taken by

next obvious step in this direction would be to extract infor- <€€PINg the helicity of the incident light fixed and reversing
mation on the magnetic properties of bilayers and trilayers ifh€ direction of the remanent magnetization by means of a
the thickness range of ultrathin films. In the recent past, studPulse driven electromagnet. The spectra were first corrected
ies on bilayer, trilayer, or multilayer systems have shownfor the saturation effectsThe degree of circular polariza-
very interesting magnetic properties, and hence attracted #n (Pc=0.73) was determined by using a thick film of
great deal of attentioF—22For example, the exchange cou- Co(=~50 ML) on CU001), fixing Ms=1.55u5,” and apply-
pling across nonmagnetic layers periodically changes siging directly the sum rules. Th@-=0.73 agrees well with
with increasing thickness of a nonmagnetic ¢apa bilayey  the one (0.Z20.1) determined by optical considerations in
or spacer(in a trilayer or multilayey.}41517:18.20.2124-27.3031 " this energy range. The number @holes () was taken as
Also, interlayer exchange coupling has shown temperatur@.43 for this purpos The applicability of sum rules for
dependence in some trilayer structul® Ferromagnetic such a thick film is well proven.

Il. EXPERIMENTAL AND DATA ANALYSIS
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To determine the absolute valuesif andMg, a step T : T . . . T .
function with a step height ratib,:L, of 2:1 was fitted. For 400 [-a) T
both edges the inflection point was taken at the resonance
maxima. Thel , ; absorption spectra are sensitive to beth
and d electrons, which means that thes 4nagnetism cer-
tainly affects the XMCD spectra, but the calculation of the
sum rules, which include many-body effects, treat only the
2p—3d transitions. Therefore, the background XMCD sig-
nal between thé& ; andL, edges was subtracted to avoid the
contribution from the 4 electrons whose spin is oppositely
polarized to the @ electrons®*~®and to prevent some over-
lapping between thé; and L, contributions. Thereafter, 0
sum ruled***were used to determine values of orbiti ()
and spin M) moments. TheéM | is directly determined from
the integrated area, whereas for the determinatidvl f the
contribution of the spin magnetic dipole operatdr,) is
subtracted. This is important, as the contribution frépis
negligible only for atoms in cubic symmet(ye., “bulk™).

In the case of atoms in noncubic environments such as sur-
faces, interfacel® and low-dimensional system$;, can be
very large(0.01 and—0.03 for bulk surfaces of Ni and Co,
respectively. In our recent study, we have shown that at low
coverages €4 ML), the number ofl holes ) vary with
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the thickness of the film® Therefore, the change in the 760 780 800 820
hole count was taken into consideration while using a par- Photon Energy (eV)
ticular thickness. FIG. 1. (@ The normalized absorption spectrum for 2.1 ML

Co/Cu001). The remanent magnetization is paralldashed ling
or antiparallel(full line) to the photon spin. All data are normalized

1. RESULTS AND DISCUSSION to the same signal-to-background ratio, which is set to 100 arbitrary
L . . ) units. (b) The difference of the data df) as well as for 50 ML
A. Determination of spin and orbital moments: Co/CL001),

XMCD sum rules versus theory

Figures 1 and 2 show the normalized absorption spectr
and the normalized XMCD spectra of 2.1 ML Co and 4.0
ML Ni face-centered-tetragondict) (Ref. 37 thin films on
Cu (001, respectively. The remanent magnetizatiov , §
was found to be oriented parallel to the surface for bOthTa
films. These data were taken at 40 K for an incident photo g d 15%) with . ts. If
beam parallel to thE100] axis. From the normalized absorp- 0 1S 1n goo agrgemenﬁ ) with experiments. I we
tion spectra of Co and Niupper panels Figs. 1 and,Zhe compare the expfenmentally determined values for .2.1 ML of
ratio of the spin averaged signal, ie., taking the mean of th&© ©n CU00D) with the one for the Co bulk, we find that
absorption signals when the remanent magnetization was dPothMs andM are enhanced compared to the correspond-
most parallel(dotted and antiparalle(solid) at 20° grazing ng bulk values. An enhancement bf, is much more pro-
incidence to the photon spin, turns out to be 1.6. This numhounced(by a factor of 2 than the one oMg, confirming
ber (1.6) is quite close to the ratio of the number @holes ~ the outcome of our earlier stud§.However, previously?
(nﬁo/nw'w2_35/1,251 1.8) used for 2.1 ML of Co and 4.0 only the ratioM /Mg was determined to avoid the compli-
ML of Ni on Cu(001) in the present analysis. The lower cations arising through some parameters, eyg. Our recent
panels of Figs. 1 and 2 show the XMCD difference of thework®® enabled us to use much more realistic valuespf
two absorption spectra. As evident from the figures, the difand, hence, making the separate determinatioMpfand
ference spectra exhibit a flat base line, confirming the reliM 5 possible. The reasons for an enhancemem jnfor thin
ability of the data normalization. Thiel, andMg deduced films were discussed in detail in earlier studté8.The ex-
from the spectra using the sum rules are presented in Table perimentally obtained values &, , Mg, andM /Mg lie
The value ofMg was determined after subtracting the spinbetween the theoretical values for 2 and 1 ML Co on
magnetic dipole contributionT) (Ref. 1) and adding the Cu(001), in fact closer to 1 ML on C(®01). An inaccuracy
4s, 4p contributions to the spin mome(the contribution to  in the determination ofi,, P and the normalization factors
the orbital moment can be neglectédrhis correction(both  cannot be held responsible for this observationMagMg,

T, and addition of 4, 4p contribution$ in Mg was found which is independent of these parameters, also shows the
to be —1.8% for Co bulk,+5.5% for 2.1 ML Co on C(001) same trend. The possible explanation for this observation is
and —10% for 4 ML Ni on Cy{001).” Here, it has been the hybridization at the Co/Cu interface. This reduces the

assumed that for ultrathin films these contributions are localeffective thickness of the film, contributing to a ferromag-

ed mostly at the surface. Therefore theoretically predicted
values of bulk surfaces were used for 2.1 ML Co and 4 ML
Ni on Cu001).

We start with 2.1 ML Co on C@01). It is clear from

ble | that the theoretically calculated valueMf for bulk
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20— 11 obtained by extrapolating the data To=0 K by using the
3 S 44 temperature dependence of the XMCD differenta ¢ ML

L — 4y Ni film on Cu(001).%® The reproducibility of the values of

4 ML NifCu(001) M_ and Mg for both Ni films shows the reliability of our
150 F 4 data analysis. The calculated values for 1 ML Ni on(@i)

and the Ni bulk are also listed. The experimentally deter-
mined ratioM | /Mg for both films is enhanced by 45% and
decreased by 25%, as compared to the calculated values for
the Ni bulk and 1 ML Ni on C(001), respectively. Examin-

ing the values oM andM g separately reveals that both are
reduced in comparison to the bulk values. The total magnetic
moment M) of a 4 ML Ni film on Cu001) is reduced by
more than a factor of 2 in comparison to the Ni bulk. Such a
large reduction in the total magnetic moment cannot be due
to the existence of some magnetic dead layers, since a clear
0 ferromagnetic response has been found down to 1.6 ML Ni
on Cu001).%® Recently, XMCD and polarized neutron re-
flection studies on Cu/Ni/Cu/&l01) structures also reported
the M™®'<0.3ug for ~30 ML-thick Ni films, a reduction by
more than a factor of 2 as compared to the bulk Ni value. It
was attributed to strain in the Ni lattid@ A reduction of the

50

Norm. Absorption (arb. units)

10

Norm. XMCD difference (arb. units)
=
I
1

20 F s spin moment for 1 ML Ni on C(D01) as compared to the
. ) . . , . bulk has been predicted by theory due to dNiCud
840 860 880 900 hybridization? In the present analysis we do see an appre-
Photon Energy (eV) ciable reduction irM g as compared to the bulk, hence con-

FIG. 2. (@ The normalized absorption spectrum for 4.0 ML firming the theoretical prediction and clearly showing that,
Ni/Cu(001). The remanent magnetization is paralgshed linpor ~ even at 4 ML thickness, Ni does not behave bulklike. How-
antiparallel(full line) to the photon spin. All data are normalized to ever, contrary to the theoryy;, was also found to be re-
the same signal-to-background ratio, which is set to 100 arbitrarnduced. Experimental values &g and M, presented in the
units. (b) The difference of the data ¢#). table cannot be compared directly to the theoretical values of

1 ML Ni on Cu(001), as thicknesses of the films are different
netic response, and therefore one expects the values to Bethe two cases. However, our preliminary XMCD analysis
closer to the theoretically calculated ones of 1 ML Co onof even thinner £4 ML) Ni films shows a further reduc-
Cu(002). tion in M™. A reduction inM™* of Ni ultrathin films (4—6

Now, we turn our attention to Ni on @001). In Table I, ML) as compared to the bulk has also been observed by
magnetic moments determined by applying XMCD sumFMR measurements.
rules for 4 and 4.3 ML(spectra not showrsingle layers on ) L )

Cu(001) are presented. For the 4.3 ML Ni film, spectra were B. Magnetic response of Ni in bilayers and trilayers

recorded at 160 K. Th#1_ and Mg given in Table | were Figure 3 showaM (T) curves of 4.3 ML Ni and 1.9 ML

TABLE I. Experimentally determined and calculated valued$/af, M| and their ratio 1, /M) for Ni
and Co films on C(001). In the experimental section the valuesMd were corrected for magnetic dipole
(T2) ands, p contributions.

Mg M M ot

Experimental (m8) (mg) (m8) M. /Mg
Co(2.1 ML)/Cu(001) 1.77+0.1 0.24-0.05 2.02:0.15 0.136:0.03
Ni(4.0 ML)/Cu(001) 0.24+0.1 0.035-0.01 0.275:0.1 0.145-0.03
Ni(4.3 ML)/Cu(002) 0.25+0.1 0.036-0.01 0.29-0.1 0.144-0.03
Co(bulk)/Cu(002) 1.58 0.142+0.01 1.692:0.01 0.092-0.01
Theory

Co(1.0 ML)/Cu(001)° 1.85 0.261 2.11 0.141
Co(2.0 ML)/Cu(001)° 1.73 0.188 1.918 0.107
Co(bulk)® 1.63 0.123 1.753 0.075
Ni(1.0 ML)/Cu(001)P 0.45 0.087 0.54 0.193
Ni(bulk)® 0.58 0.058 0.638 0.100

8Reference 7.
bReference 4.
‘Reference 41.
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FIG. 3. (@) The M(T) curves for 4.3 ML Ni/C@001) and (b) 1.9 ML Co/CuU001) before and after capping with Cu. The temperature
where the XMCD difference vanishes can be used to determine the critical tempé&ratudeclear reduction ifT c can be seen on capping.
A power-law functionAt*, displayed in botHa) and(b), was used to improve the guide to the eye lines.

Co films capped with 2.8 ML and 6.8 ML Cu cap layers. Fornetic hyperfine field at the interface was analyzed on the
a better quantitative comparison, in contrast to previous pubbasis that thf - stays the same. However, the present study
lications, they axis has been calibrated in units @f. For  clearly demonstrates reduction B on capping.

this purpose all experimental data in thig(T) curves were Figure 4 showsM(T) curves of both Ni and Co for two
rescaled for 100% circular polarization. The absolute calibragifferent trilayers. One of therfshown in Fig. 4a)] is ob-

tion for ug was done by applying the sum rules. All curves tained by evaporating, consecutively, 2.0 ML Co on the bi-
were fitted with a power law of the typAt*, wheret |ayer shown in Fig. ). The element and site specificity of
=(Tc—T)/Tc. This appears to be a reasonable analyticathe XMCD technique allows us to treat Ni and Co indepen-
function in analogy to critical scaling. It can be seen fromdently in a trilayer. Once again, all curves were fitted by
Fig. 3 that in the presence of Cu cap layers, Theof both Ni  using a power law as described above. From Fig. 4 it is clear
(T¥) and Co [TEY) are lowered by 34 K and 117 K, respec- that (i) in both trilayers, we obtain two different,(T)
tively. The values of the prefactérand the critical exponent curves for Ni and Co, showing the vanishing of the magne-
x will be discussed in a separate paper. Here, we use thézation (within the noise levelat different temperaturesij)
power law only as a better replacement for the guide to théf one compares Figs.(8) and 4a), it is clear that for Ni, as
eye lines. The reason for the loweringTf has already been compared to the bilayer, the temperature at which magneti-
discussed and attributed to increasing overlap of spin-up angation vanishes is enhanced by approximately 40 K. The
spin-down states and hybridization of Co and dNistates second observation is also true for the other trilayer shown in
with Cu d and sp states® In an earlier investigatiof? on  Fig. 4(b), though the corresponding data for the bilayer are
capping the Ni111) with Cu, a strong reduction in the mag- not shown.

1.6 1
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-
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< v2.2 ML Co w2.0ML Co
g 3.4MLCu "y 04} | 28MLCu
S 43.6 ML Ni | [A43MLN T G0 =340K)
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FIG. 4. TheM,(T) curves of Ni and Co for the two trilayers. The trilayer showr{ahis obtained by evaporating consecutively 2.0 ML

Co on the bilayer shown in Fig(8. In both cases, two magnetization curves vanishing at different temperatures were obtained. An asterisk
() has been used for the temperature at which the magnetization of Ni vanishes to distinguish it from the true phase transition. A power-law

function At*, displayed in botia) and(b), was used to improve the guide to the eye lines.
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The first observation compels one to think if in the present - T T
trilayers, consisting of two ferromagnetic elemefis and 0.60 | 4
Co) separated by a nonmagnetic spacer, i.e., Cu, one realize~_ ] a ig mtgz
two distinct phase transitions. To find an explanation, we 2 245NN
first refer to another experimental study and consequent the§ 045 cufoon 1 7
oretical work. Experimental data on Feffn layers/CoF, (n
layer9 (Ref. 22 superlattices display either two or one mag-
netic transitions depending on the compositirom. To ex-
plain this experimental observation, it has been suggeste
theoretically® that increasing the thickness of each material 5 o015 2.8 ML Cu
will acquire response characteristics of its bulk form andE | '4;3“('?;)"'
therefore the superlattice will behave as a collection of two
bulk materials rather than a single new material. In this case 00 ——7T———F————7———7

. . ) X 0.2 0.4 0.6 0.8 1.0
th(_e material havmg a highér¢ WI|! show atrue phase tran- Reduced Temperature ( T/ T )
sition. However, in a narrow region of temperature near the . - C )
T of second materiali.e., the one with a loweflc) the FI_G. 5. TheM,(T) curves of Ni in the bilayer and trilayer as a

L function of reduced temperature. The data were taken down to 30 K.
structure exhibits a strongly enhanced response to an exter-
nal field resulting imear singularitiesin the thermodynami-
cal properties. But, one does not realize two phase trans
tions, only the material having the low@i: tends to order
spontaneously near if6.. Another theoretical study sug-
gested that in addition to the relative thicknesses of the co
ponents constituting a superlattice, weak or strong interfac
coupling leads to two or one transitions. With this back-
ground we try to understand our experimental results. In bot
trilayers, Ni films are thicker than Co films. However, the d
presence of Cu as a spacer limits the influence off@wing
a higher magnetic momenbn Ni, and the exchange cou-
pling due to the presence of Co affects only a few layers o
the Ni film. This interlayer exchange is only an interface . . -
effect?’ Therefore, one does see the tendency of Ni to Ordif)ccurs in the presence.of exchange coupling has a f!n|te ef-
near a particular temperature, e.g., around 308 K in the ca get even atr>Tc. This re_sults in the observed shift of
of the trilayer shown in Fig. @). However, as discussed transition to the nonmagnetic state.
earlier, this is not the true magnetic phase transition and,
hence, is shown a$%"' in the figures. The value of &M V. CONCLUSIONS
depends on the spad@u) thickness as it changes the nature  The present XMCD experiments show a clear enhance-
of coupling* The trueT, is the high-temperature transition ment in the orbital and spin moments of Co thin filif&s
corresponding td S° at approximately 340—360 Rhat cor- ML) on Cu(001), in accordance with the theoretical predic-
responds tago of 2.0—2.2 ML Co single layer on G001)] tions. Fo a 4 ML Ni film, compared to the bulk, both spin
in the two tri|ayer5_ At this temperature' Niis in a paramag-and orbital moments were found to be reduced. The total
netic disordered phase and does not contribute to the ferrénagnetic moment of the Ni film was found to decrease al-
magnetic response. We have mentioned in our earlier ffapermost by a factor of 2 as compared to the Ni bulk. The agree-
that for a Ni/Co bilayer, i.e., in the absence of the Cu spacernent between experiments and theory may be improved if
one indeed gets only orld,(T) curve. hybridization with the substrate can be taken into consider-

To see the influence of the exchange coupling on thétion in the sum rules. In bilayers, capping with Cu was
Shape of thd\ﬂr(T) curve more C|ear|y7 and also to under- found to reduce thé-c of both Ni and Co. We discussed the
stand the second observation, i.e., enhancemefi.inwe  Mmeasurement of two element-specific magnetization curves
measured théVl (T) curves for another trilayer to a much for Ni and Co and have shown the influence of exchange
lower temperaturg30 K). The M,(T) curves for Ni in a coupling on the shape of NM(T) in trilayers. The ex-
bilayer and in a trilayer are shown in Fig. 5. Once again, allchange coupling was found to be temperature dependent and
observationsi) and (i) described above can be seen in Fig_ItS presence was found to bg responsible for a shift of the
5. The T in the case of the bilayer was 275 K. On putting Mr(T) curves near th@c of Ni.

Co on top, the temperature at which magnetization vanishes
for Ni (T’éN') was found to be 312 K. Figures 4 and 5 sug-
gest that the shape of thel,(T) curve of Ni not only We are grateful to D. Arvanitis for the critical reading of
changes under the influence of exchange coupling, but alsthe manuscript and valuable discussions. We acknowledge
depends on the Co and spac@u) thicknesses. Also, the D. Mills for fruitful discussions. This work was supported by
data down to 30 K show that the difference between theGrant Nos. DFG SFB 290 and BMB@5625 KEA4. One
M,(T) curves of bilayers and trilayers are not the same abf us (P.S) is grateful to the Alexander von Humboldt
different temperatures. It has been found experimentally thatAvH) foundation for financial support.

Magnetic Mom
o
8
)
[ ]

the coupling strength can be significantly different between
Foom temperature and low temperat#é?For the Fe/Ta/Fe
system, it has been showrthat the transferred field has a

rofound influence on the temperature dependence of the
magnetization curve in the two-dimensional overlayer film.
Rlso, a zero-field Msshauer spectroscopy of (E&0)/
g(111) multilayer structures reported modifications of the
pin-wave spectrum showing the temperature dependence
ue to couplind® In the light of these experimental results,
we can qualitatively understand tihé,(T) curves shown in
Eig. 5. The increase in the transition temperature fic¢hto

N can be understood from the fact that the transition that
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