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Finite size scaling in the thin film limit

C. Waldfried, D. Welipitiya, T. McAvoy, and P. A. Dowben
Department of Physics & Astronomy and the Center for Materials Research and Analysis,
University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0111

E. Vescovo
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973

The thickness dependent spin-polarized electronic structure of strained thin and ultrathin films of Gd
is characterized by a distinct change in the critical expoRéntthe formalism of finite size scaling.

The reduced critical exponent in the ultrathin films can be correlated to the increased dominance of
the surface magnetic structure and the increasing paramagnetic-like behavior of the bll298©
American Institute of Physic§S0021-897@8)34111-(

With decreasing film thickness the surface may become The thickness dependent Curie temperature of strained
increasingly more important for the magnetic ordering ofGd, as determined from spin-polarized photoemission, ex-
ultrathin films. The surface and bulk electronic structure mayhibits a decrease with decreasing film thickness, characteris-
adopt the role of “actor” or “spectator” in a ferromagnetic tic of finite size scaling behavior. Figure 1 shows the reduced
thin film.! Electronic structure and its influence will depend Curie temperatur@T () — Tc(d)]/Te() as a function of
in any case, upon electron wave veétaind the film film thicknessd in a logarithmic plot. The data points dis-
thickness® played are for the strained Gd surfad®) [Tc(«)

The distinct magnetic properties of the surface as well as=370 K] and the strained Gd bull@) [T(e) =340 K].
the bulk will have significant effects on the finite size scalingEach data point has been determined from the temperature-
behavior of thin films and deviations from the expected finitedependent exchange splitting and spin polarization of the
size scaling behavior corresponding spin-polarized photoemission features. While

there is a wave vector dependence of the exchange splitting

Tc(o0) —Te(d) and spin polarizatioA the Curie temperatures have been de-

Tc() duced from the valence-band spectra with maximum ex-
. ) change splitting, which is at the Brillouin zone edgéhis
can be expectedlif surface magnetism has a prominent “ac- Byillouin zone point provides the best indicator B . For
tive” role in the magnetic ordering of ultrathin films it will comparison, the data for unstrained (G201 (@) [Tc(x)
influence the critical exponent. There have been a few 293 K] is shown, which has been extracted from magnetic
examples of deviations in the critical exponenin the thin  gsceptibility measurements by Farle and co-workers for
film limit to date® Gd/W(110.** In this logarithmic plot the slope of the dis-
We studied the finite size scaling behavior for increas-p|ayed data points marks the critical exponkrdf the finite

ingly thinner films of strained Gtf with spin-polarized pho-  sjze scaling description of the correlation length, as denoted
toemission as described elsewh&PeThe spin-polarized |, Eq. (1).

valence-band photoemission spectra of the strained Gd films
have distinct features attributable to the surface and the
bulk238 This permits one to characterize the magnetic be-

=C.d (1)

havior of the surface and the bulk separafehas has been 05 o
done for “unstrained” G@001).° Strained films of gado- ~

linium with an increased lattice constant of approximately = 1.0 i
4% have been obtained by growing Gd on a(®) sub- 5 -1.5 .
strate. The half filled & shell of gadolinium results in highly = 20 i
localized moments which couple viaRKKY-like” interac- 9)

tions through itinerant valence electron states. The magnetic ; -2.5 ]
structure of the system is strongly influenced by the intra- £ 30 .
atomic 4 —(5d,6s) wave function overlap and6s va- 35 i
lence electron itinerancy. The electronic valence-band ) L ! ! L L L

structure, hybridization, and electron itinerancy are all very 15 20 25 30 35 40

sensitive to the lattice configuration. Expansive strain of 4% Ind
within the hexagonal closed-packed system substantially al-
ters the electronic and magnetic valence-band struéttite. FIG. ﬁ-f_rhjhfeiucegdc_u”eltemPtT]fa‘_th(?)T;Tc;dt)]/Tc_(‘:)d"%sTf“”dc'

. . . . . 10N Of 1M thicknessd In a logarithmic piot. € data points displayea are
T_he strain Iresultslm mcreaszd r(]alec]Eron Ioc;]ahzatlo? oflthéfor the strained Gd surfad®) [ To(=)— 370 K], the strained Gd bulkal)
itinerant valence electrons and therefore enhances local MPr ()=340 k], and the unstrained G@®) [Tc()=293 K]. The latter
ment ferromagnetism. data are adapted from Ref. 11.
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T Y T M The exchange splitting of the bulk bands of the 4 ML
———— s thick strained Gd films is small throughout the surface Bril-
0.6~ T louin zone and exceeds the experimental resolution of 0.05
% 041 . eV only near the zone edge\(,~0.07 eV), indicative of
= o2k | minimal Stoner-like ferromagnetism, away from the vicinity
< 0.0 _m | of the zone edg®"”. There is also no significant polarization
’ (above backgroundn the region of the Gd bulk bands well
< away from the Fermi level for any wave vector. The bulk
$ 16—%\%_‘}_% . bands of the 4 ML thick Gd films exhibit the paramagnetic-
€ 1 4 like behavior expected with direct contact to a ferromagnet.
b s | For the 40 ML thick films, the magnetic ordering of the bulk
= | bands follows a distinct wave vector dependence with negli-
% 4 I i I I ] gible exchange splitting at the zone cenlfeand substantial
= 0*‘, T T TP exchange splitting of approximately 0.25 eV near the zone
0.0 0.5 ?-01 0.5 edgeM. The spin asymmetry behaves similarly with mini-
k, A" mal asymmetry at” and large polarization d#1. The wave

G2 Th A i dsoi boveback g vector dependent exchange splitting of the thicker strained
(botiom Ofetﬁgcsu??f&zzgz’?;mp)bi&aiﬂ";ﬁﬁ(’g:}ggtgn?ggl gasp%“;‘ljg_ Gd films suggests a change from paramagnetic-like behavior
bands as a function of wave vector. Data are showrafé ML thick (left) at the Brillouin zone center to Stoner-like magnetism at the
and a 40 ML thick(right) strained Gd film. The data points have been zone edge.

extracted from spin-polarized photoemission spectra. The magnetic ordering of the surface behaves differently
from that of the bulk. The exchange splitting of the surface
state of the 4 ML thick Gd films is of the order of 0.25 eV
§ith little variation for different wave vectors. The spin po-
larization in the region of the surface sensitive states ap-
proaches approximately 17% bove backgroundThe large

Clearly the thickness dependence of the reduced Curi
temperature for strained thin films of Gd does not follow the
expected fixed exponential. A variation of the critical expo-

nent with film th|ckness is indicated. For film th|ckn§§ses Ofspin asymmetry and relatively small exchange splitting is
more than approximately 15 monolaydidL ), the critical . . : . . X
indicative of predominantly rigid band magnetism with some

exponenth is comparable 1o the one of the unstrained GdStoner-like ferromagnetic contributions, largely independent
films, as determined by the similar slope. For the ultrathin 9 » argely P

. . . of wave vector. This is in contrast to the strong wave vector
films (d=<15 ML)’ the slope for s_tramed Gd is reo_lgced by adependence of the magnetic behavior of the thicker fi@s
factor of approximately 4, reflecting a reduced critical expo-

nent A and decreased sensitivity to finite size scaling. AML). The surface state exchange splitting is large at the Bril-

variation of the critical exponent similar to the one evidentlocliJln zonewgeg;er\z}exfrg.% ?\() and_att:]he Brllt:oum Zonl(.'}t
for strained Gd is possibly indicated for the unstrained Gfu9€ @ex~0.57 eV). The minimum in the exchange split-

films at thicknesses of less than approximately 8 Kmig. tlzg NOI) tlhoe \s/urLacebfeature _abt th; Brillouin zone mCtlerlor
1). The limited data points for the ultrathin filmsd ( (Ae~0.10 V) has been attributed to a wave vector depen-

<10 ML) that are presented in Ref. 11 make this postulatedent change from a surface stéene center and zone edge

. . 2 . .
however, rather weak. A deviation from the expected finitel0 @ surface resonancgone interioy.” This dip of the sur-

size scaling behavior is also apparent in Gd/W multilayerd@c€ exchange splitting is reflected in the spin asymmetry,
for Gd interlayer thickness of less than approximately 1swhich reduces to 4% in the Brillouin zone interior as com-
ML.22 A crossover from three- to two-dimensionality is pared to 10% at the zone center and 12% at the zone edge.
possible®!3 but generally dimensionality crossover should ~ With decreasing film thickness the region of the Bril-
result in an increase in the critical exporéatnot a de- louin zone in which the bulk bands are paramagnetic be-
crease as observed here. comes increasingly larger and the surface magnetic ordering
Concomitant with the variation of the critical exponent increasingly dominant, characterized by diminishing Stoner-
for decreasing film thicknesses, the bulk bands of thdike magnetism and strengthened rigid band magnetism. At
strained Gd films become paramagnetic-like over an increaghe same time the bandstructure of the strained Gd films
ingly larger volume ink-space® The dominance of the sur- changes significantly. The bulk bands of the thicker films are
face magnetic ordering in the ultrathin films is indicated indispersive with a bandwidtiv of approximately 1.6 eV, in
Fig. 2. Figure 2 plots the exchange splittifigp) and spin ~ contrast to the ultrathin films which appear nearly disper-
asymmetry (bottom) of surface (open symbols and bulk  sionless w=0.15eV). This has substantial consequences
(filled symbol$ spin subbands as a function of wave vectorfor the coherence length which can be estimated| as
for a 4 ML thick film (left) and a 40 ML thick film(right). ~ JW/kgTca.'® Considering that there is a change in the
While the magnitude of the measured exchange splitting i®andwidthw of a factor of approximately 10 with decreasing
an indirect indication of the & moment!® the polarization film thickness, the bulk electron coherence length in the ul-
(above backgroundprovides insight into the extent of the trathin films is expected to be much shorter as compared to
magnetic activity, Stoner-like magnetism and/or rigid bandthe thicker films. The surface state electrons of the strained
ferromagnetism. Gd films are considerably more localized as compared to
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those of the bulk bands, which is reflected in the narrowior. For strained Gd films, the short electron coherence
bandwidth ofw=0.2 eV, which is even smaller for the thin- length of theRKKY interaction is dominating the magnetic
ner film thicknesses. As a result, the magnetic structure obehavior of the ultrathin films, with the result of a substan-
the increasingly thinner strained Gd films are governed by atially reduced critical exponemt. There is no a priori reason
RKKY interaction that is of increasingly shorter electron co-why this behavior should be restricted to the strained Gd
herence length. Finite size effects may become less influerfilms grown on a M¢112) substrate. In fact a similar behav-
tial for decreased electron coherence lengths well away froror is anticipated in the “relatively unstrained” G@0021)

Tc. In any case, the surface state exchange splitting is largeltra-thin films grown on W110), although experimental
at the Brillouin zone center where the band structure is mostonfirmation does not as yet exist.

sensitive to long range order. Some bulk bands exhibit the )

smallest exchange splitting at zone center. This indicates that 1hiS Work was supported by NSF through Grant Nos.

the surface may increasingly dominate the thin film magnePMR-92-21655 and DMR-94-96131. The experiments were

tism. A deviation from finite size scaling in terms of a re- carried out at the National Synchrotron Light Source which

duced critical exponent is expected and consistent with oufs funded by the DOE.

th|Ckne$S dependent critical temperature dﬁ@ D. FC?I’ M. Donath, inElectronic Surface and Interface States on Metallic Sys-
the limit of 5d valence electrons that are highly localized, tems edited by E. Bertel and M. Donattworld Scientific, Singapore,
polarized only by the local # moments(which themselves 1999, p. 233 ff.

do not have to be aligned due to spin wave excitajioihe 2C. Waldfried, T. McAvoy, D. Welipitiya, P. A. Dowben, and E. Vescovo,
’ Phys. Rev. B(submitted.

_eleCtr(_)r_] coherence length b_ecomes negligible and_ a \_/aniSh"C. Waldfried, T. McAvoy, D. Welipitiya, E. Vescovo, and P. A. Dowben,
ing critical exponent X—0) is expected for the thin film  Europhys. Lett(submitted.
limit (d— 1), a change distinct from dimensionality effects. 2/'\('-/5- F'IShe_f ang '\C/'; Nh- B;rbefx Zh%S-BRf)V- '—Fﬁﬁ: 1331&(1973'\-/' Mt
e H . H . Aspelmeler, F. Gerharater, an . baberscnke, J. Magn. Magn. Mater.
The redu_ced critical exponent fgr the uItrathnj films is 132 22(1994: 3. T. Ou, F. Wang, and D. L. Lin, Phys. Rev 5B, 2805
consistent with the magnetic behavior observed in free Gd (1997
clusters by Douglasst al}”*® Gd clusters of different sizes °C. waldfried, D. N. Mcliroy, and P. A. Dowben, J. Phys.: Condens. Mat-
exhibit very similar magnetic moments per atdaithough 7fgr3\v/ 1|3f6_15d(1§9?\1- el 4P A Dowben. Phve. Revsa 16460
substantially reduced from that of the bulk gadolinium (1'99;‘, 52e957?;(1§97;: foy, and P. A. Dowben, Phys. Rev58,
valug. More importantly the Curie temperatures of these sc. waldfried, D. N. Mcliroy, D. Welipitiya, T. McAvoy, E. Vescovo, and
small Gq, clusters N=10-92) are even larger than that of 9P. A. Dowben, J. Appl. Phys33 (1998. _
bulk gadolinium. Clearly, finite size scaling behavior fails in BbvbltSeJﬁ T:ehegiogés'fls?i Bﬁ%@i—;(?gg% Mcllroy, C. Waldfried, and P. A.
the ph_ys_lca_l world of small clusters an_d a trend\ef: 0 @S 10y Nolting, T Dambeck, and G. Borstel, Z. Phys.98, 409 (1994,
N—1 is indicated. Indeed ferromagnetic monolayers at finite*m. Farle et al, Phys. Rev. BA7, 11571(1993.
temperature are known and routinely observed in the thir’gJ- S. Jiang and C. L. Chien, J. Appl. Phy8, 5615(1996.
: i [ ; HRRRE Yi Li and K. Baberschke, Phys. Rev. Le@8, 1208(1992.
film I|'m|t of uI_trat_hm films. Cluster ﬁtudleg |an!cate 'Fh;sllt the 14K Binder and P. C. Hohenberg, Phys. RevoE2194(1073; T. Kaney-
atomic coordlngtlon number may have significant influence oshi, Introduction to Surface Magnetist€RC, Boca Raton, FL, 1991
on the magnetic behavior, and are an example of a catdsr. J. Himpsel, J. Magn. Magn. Matet02, 261 (1991).
Strophic failure of finite size Sca”ng behavior. in Capellmann and V. Vieira, Solid State Comrr_um, 747(1982.
In the thin film limit, the apportionment of relative roles ?%%(?ggglass' J. P. Bucher, and L. A. Bloomfield, Phys. Rev. 68,
in the magnetic ordering of surface and bulk becomes verysp ¢ pouglass, A. J. Cox, J. P. Bucher, and L. A. Bloomfield, Phys. Rev.

important for the description of the finite size scaling behav- B 47, 12874(1992.
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