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Critical behavior of the uniaxial ferromagnetic monolayer Fe(110 on W(110
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The critical behavior of a ferromagnetic monolayer has been investigated experimentally for the case of the
thermodynamically stable pseudomorphic monolayd€l @ on W(110. The nearly ideal monolayer samples
were composed of monolayer @40 stripes, grown by step flow from the atomic steps of th¢1V0)
substrate, with a distribution of stripe widths around a mean value of 40 nm, and virtually infinite length. The
magnetic properties were measured by spin-polarized low-energy electron diffraction, which could be done in
weak magnetic fields up to 2 Oe. The monolayer samples show uniaxial magnetic anisotropy with the easy axis
[110] in the film plane. Magnetization tails aboWe were shown to be a result of convolution of the critical
power law with the monolayer stripe width distribution. Using an appropriate deconvolution, critical power
laws could be established for both magnetizatidnand susceptibilityy, with critical exponents3=(0.134
+0.003 and y=(2.8+0.2), corresponding to predictions of a two-dimensional anisotropic Heisenberg model.
[S0163-182696)03145-1

[. INTRODUCTION transitior?”” to a state of infinite correlation length without
spontaneous long-range order. However, it has been shown
The magnetic phase transition in a two-dimensid2al) recently’ that finite-sizeXY systems, which are good models
lattice is a playground for fundamental theoretical models offor real film structures, show a rounded phase transition with
phase transitions. Differences of the observable propertiesn effective exponen8=0.23. Because of the absence of a
borne out by these models are more pronounced in 2D thaphase transition fon=3 (isotropic Heisenberg modelone
in 3D systems, and both analytical and numerical treatmerthen would expect, from these universality ideas, that 2D
is typically easier for reduced dimensionality. The situationsystems should show either Ising-like=1) or XY-like (n
is the opposite in experiment. The preparation of a true fer=2) critical behavio® However, any real monolayer shows
romagnetic monolayer, which corresponds to those 2D modfinite anisotropies and therefore should rather be described
els, is far more difficult and problematic than that of a 3D by anisotropic Heisenberg modélt’
crystal, and the measurement of its magnetic properties re- The phase transition in a real system becomes much more
quires advanced techniques of outstanding sensitivity. In theomplicated if long-range magnetostatic interactions play an
present paper, we report on the critical behavior of the bestssential role. This is the case if the surface type crystalline
available experimental approach to the ferromagnetic monaanisotropy has the film normal as an easy axis and therefore
layer, given by the pseudomorphic monolayer1A€) on  competes with the magnetostatic interactions, which show up
W(110. The magnetic properties were measured by spinas shape anisotropy supporting in-plane magnetization. For a
polarized low-energy electron diffractidiSPLEED. theoretical discussion of the rich variety of critical phenom-
The nature of the 2D magnetic phase transition is govena in those perpendicularly magnetized films see Ref. 11
erned by magnetic anisotropies. This is shown most clearlgnd references given there. Those complications in uniaxial
by two limiting cases. In the limit of infinite uniaxial anisot- 2D systems caused by competition of crystalline and shape
ropy, represented by the 2D Ising model, the exact Onsagemisotropy are avoided if the easy axis is in-plane. This is the
solutiont*? shows a second-order phase transition with criti-case for our system EELO) on W(110), which therefore
cal exponent®3=1/8 andy=7/4 for magnetization and sus- shows a much clearer relation to elementary models of 2D
ceptibility, respectively. In the isotropic limit instead, for the magnetism than perpendicularly magnetized films.
case of the isotropic Heisenberg model with short-range in- Early attempts to experimentally realize 2D magnetic sys-
teractions, no phase transition to a long-range-ordered phasems used layered crystals like ,iiF, or related
is expected at all at finite temperatureBhese limiting cases compounds?®® In order to minimize 3D interactions be-
gain a central role by the hypothesis of universality, formu-tween the 2D magnetically ordering sheets, the investiga-
lated by Griffiths? now widely accepted as a result of tions were preferentially carried out for 2D antiferromagnets,
renormalization-group theorRywhich states that the critical which are equivalent to the ferromagnets with respect to their
exponents and amplitudes are universal in the sense that thegitical behavior. Even then, the experimentally determined
depend, for given dimensionality (d=2 in our casg only  values ofg, for uniaxial systems, were typicall0.14, near
on the numben of equivalent spin components and on thebut definitely larger than the Ising value 0.125. Supposedly,
range of the exchange interactions. 2D magnetic systenthe difference was connected with residual 3D interactions.
with short-range exchange interactions then can be assigned, To get rid of these 3D interactions, true single magnetic
with respect to their critical behavior, to three universality monolayers are required. Ultrathin magnetic films in the
classes. The case=2 is represented by the planar ¥  monolayer regime can now be prepared by modern epitaxial
model, in which there is no conventional phase transition tdechniques in UH\A*1® However, true monolayers are rare.
an ordered state, but a “Kosterlitz-Thouless” phaseAs model systems with uniaxial anisotropy, it seemed inter-
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esting at first glance to investigate perpendicularly magne-
tized films, like F€100 films on CY100),* on Pd100),"

and on Ad100).18 The critical behavior of the magnetization
was measured and Ising-like exponents have been reported
for those systems. Their evaluation however was severely
complicated by magnetization tails which extended over
3-5% aboveT. These tails were explained as finite-size
effects!’~?’However, deviations from layer-by-layer-growth
and the competition between perpendicular crystalline and
easy-plane shape anisotropy may have contributed to the
tails in these perpendicularly magnetized films, too. The
competition of surface and shape anisotropy is avoided in
films with in-plane uniaxial anisotropy like Fe on AdLl)

[{ GaAs Cathode

i S > s Fe(110) - Film
(Ref. 21), and Ni on W110),%? where Ising-like values foB 0\
have been reported for films consisting of 2—4 monolayers, M SN_
and the tails were reduced to the order of 1%. \\\ +
For a true magnetic monolayer with an in-plane easy axis, AN
a unigue candidate is given by @40 on W(110). Because
the surface energy of Fe is lower than that of W, the mono- FIG. 1. Geometry of the SPLEED experiment.

layer is thermodynamically stabfé Because both metals are
bce, and the misfit is moderatér.,,—=—9.4%), the mono- the present paper, we consider the fact that the films consist
layer is pseudomorpHi¢ and therefore shows the 2D trans- of monolayer stripes, grown by step flow from the atomic
lational symmetry of the WL10) substrate. This is different steps of the W substrate, with a distribution of stripe widths
in films above the monolayer, e.g., in the films consisting ofabout a mean value of typically 40 rithBy intentionally
roughly 1.4 ML which show a Curie temperature near RTchanging the width of these monolayer stripes, we will show
and therefore have been investigated recently in d&tafl that the magnetization tails are a result of convolution of the
but provide a system of double layer islands on a monolayecritical power law with the stripe width distribution. This
substrate rather than a true monola$feMagnetism in the correct interpretation of the tails enables a deconvolution of
Ag-covered monolayer W 10/Fe(110/Ag, which is mag- them and unambiguous determination of critical exponents.
netized in the plane, has been investigated previously by¥he aim of the present paper is a comprehensive presentation
Mossbauer spectroscaiy®?® and magnetometry?® The  of experiments in the critical regime of the uncovered mono-
Ag-covered monolayer shows a uniaxial in-plane easy axifayer F&€110 on W(110), including data on the nature of the
along [110] and a Curie temperature of 282 K. Like the magnetization tails and the corresponding evaluation of
Ag-covered monolayer, the uncovered one shows an in-plardem. It will be shown that the critical exponents determined
easy axi§110], but combined with a lowered Curie tempera- along those lines are independent of the width of the distri-
ture of 225 K32 bution and therefore can be taken as intrinsic properties of
The present paper is concerned with the critical propertiethe ideal 2D limiting case.
of this uncovered monolayer of B0 on W(110. Both
out-of-plane and in-plane surface type magnetic anisotropies
of this monolayer are of the order of 0.3 mif# Corre-
sponding to anisotropy fields of several Tesla, these anisotro- Fe was deposited on atomically clear(30) surfaces at
pies are strong in comparison with usual bulk magnetocryspressures below 18° Torr. The first monolayer grows in
talline anisotropies of Fe. Nevertheless, the anisotropyegistry with the W110 substrate, forming what is called a
energies per atom of 0.11 meV/aterkg 2 K (Ref. 39 are  pseudomorphic monolayer, showing the 2D translational
small in comparison with exchange energies of the ordesymmetry of the substraté.For preparation, we used sub-
kgTc. The monolayer RdE10 on W(110 therefore repre- strate temperatures @f,=660 K in this study, for which the
sents an anisotropic Heisenberg rather than an Ising modehonolayer grows by step flow from the atomic steps of the
Nevertheless 2D lIsing critical behavior can be expected in aubstrate, as has been shown previously using scanning tun-
first approximation[a similar presentation of the double neling microscopy? The film therefore is composed of
layer F€100 on W(100), which approaches 2IXY critical  monolayer stripes attached to the W terrace edges which
behavior, has been given elsewhéleBoth the remanent were oriented arbitrarily on the surface. The average width
magnetization and the susceptibility of the uncovered monoW of terraces between atomic steps was of the order of 40
layer F€110) on W(110 were determined in the critical re- nm, as a rule, their length is virtually infinite.
gime, using SPLEED. Part of the data has been published SPLEED was performed by specular reflexion of spin-
previously®*4-%6 Because the transition in our samples ispolarized electrons in a geometry as shown in Fig. 1. A
rather sharp, with a width of the tails of the order of 0.3% GaAs photocathode is irradiated by circularly polarized light
only, we previously analyzed the data using a single compofrom a laser diode, resulting in a longitudinally spin-
nent power law, interpreting the tails as finite-size feattres.polarized electron beam with a polarizati®y of the order
This approximation is quite familiar in ultrathin film of 20%. After a 90° electrostatic deflection, the electron
work 182537yt it is not free from arbitrarities, in particu- beam becomes transversally polarized. This transversally po-
lar with respect to the determination of critical exponents. Inlarized beam is reflected in tH&10) scattering plane of the

II. EXPERIMENTAL
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W(110/Fe&(110 target. The polarization axis of the electron (2) .
spin coincides with the normal of the scattering plane which

in turn coincides with the easy axi¢10] of the monolayer 0
magnetization. An external magnetic figttl up to 200 Oe

can be applied along this axis. It is generated by a direct
currentl s through the stripe-shaped W substrate. Because the &

field is constrained to the surroundings of the sample, the * -1+t
deflecting action on the reflected electrons is minimized, and <o
SP%FED is possible using this technique in fields up to 2 -
Oe: -
Using a Faraday cup, we measure the specularly reflected 2+
intensitiesl , for both signse==*1 of P,. By conveniently
modulatingo by optical methods, we measure the scattering .
asymmetries (b)

PoA= (I —1_)/(1,+1_). @) il

Being uniaxial ultrathin films, our samples show in zero
field, for givenT<T, two degenerate single domain ground
states with opposite sign==*1 of the magnetization. Our
experimental method then is based on preparing those two
single domain states, and to measure scattering asymmetries

Py A(%)
[an)

PoAR= (14 —1#)/(1# +1#) ?) af ‘ ]
P, A

S0
1

for both signsw. The problem is that with the low magnetic e e
fields available we can switch between the two states only in 100 150 200 250
a range of som& below T, see Fig. 4, below, because the T(K)

coercive field rapidly increases beyond our available fields

with decreasing temperatures. In a typical run, the samples gig 2. Scattering asymmetriel versus temperaturg for a
therefore were cooled down to 115 K in periodically re- fim with coverage ®=0.58, prepared at 550 K. Because the
peated field pulses of 200 G of given signThey thus were  electron-beam polarizatioR, is only roughly known(about 20%,
fed in the critical regime into the single domain staiein  the productPyA is given which directly comes out of the measure-
which they remained at lower temperaturBgA* was then  ment.(a) AsymmetriesP,A* and P,A~ for positive and negative
measured, during slowly warming W K/min) in zero field,  sign u of the magnetization, respectiveljn) Exchange asymmetry
as a function of temperaturg, as shown, for example, in  PyA,=Po(A*—A7)/2 and spin-orbit asymmetry
Fig. 2@). The asymmetries were then decomposed as usu@lpAs;=Po(A" +A7)/2, respectively.

into a spin-orbit asymmetry

sure of magnetic order, proportional to the magnetizaliign

PoAss=Po(AT +A7)/2, (3 atleast in the critical regim®.
which is independent of the magnetization, and an exchange Different modes of data acquisition were used for magne-
asymmetry tization and susceptibility, respectively. For measuring the
(remanent magnetizationM, we used the fact thak,, can
PoAex=Po(AT—A7)/2, (4)  be considered as constant, in the critical regime, see Fig.

_ o _ 2(b), and therefore can be taken from the regife T.
which changes its sign with.. The exchange asymmetry Because the residual laboratory field was negative
PoAex is our magnetic signal. As shown in Fig(h2, it van-  (H,,,=—40 mOse, we measured as a ruR,A™(T) only, in

ishes afT, whereasA, is continuous. this residual field, with drifting temperatures after cooling
Note that because our measurements are restricted to logown in pulsednegative fields, and took

fields and(slowly) drifting temperatures, we are not able to

measure the square loops which undoubtedly would be ob- _

served in sufficiently strong fields at constant temperatures. PoAex=~PoA™ + PoAsd2 ®)

For the critical regime however, the equivalence of remanent

and spontaneous magnetization, which is the only feature afs a measure fdvl. The measuring mode for the suscepti-

interest for the present work, is confirmed by the susceptibilbility was discussed in detail elsewhéfdn short, we again

ity data discussed in Sec. Il C, below, in particular by Fig. 9.first created a single domain stagteby pulsed field cooling
All experiments of this work were done with kinetic en- to 115 K. During warming up, we then measured asymme-

ergies of 49 eV, for whiclP A, shows a minimum. A scat- triesA(H) in magnetic fields of constant magnitublie with

tering angle of§=32° was used for whiclP A, shows a  periodically changing sign. The result is shown in Fig. 4 for

minimum, see Fig. @ PyA,, there shows a maximum, see an example withH=*1.72 Oe. ForT<220 K, both A(

Fig. 3(b). As seen in Fig. @), the shape oPyA,, versusfis  +1.72 Og andA(—1.72 O¢ equalA~ (cooling in negative

independent off. This justifies our use oPyA., as a mea- fields), because the coercive field is larger th&h in
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FIG. 3. Rocking curves ofa) PyAg, and(b) PyA,, versus scat- FIG. 5. (a) Exchange asymmetr,A,, versus temperatur@

tering angle®. The data in(b) were taken in zero field, with slowly ~for partial monolayers with coverage<0.81, prepared at 660 K.
rising temperatures, between 115 and 240 K, with a temperature®) As (a), but for =0.81. Because the magnetization state is
increase of roughly 10 K during one run and further 10 K betweennonuniform in this regimePA¢,=—PoA(—0.04 O8+PAs 2 is
two runs. not a true exchange asymmetry in the sense of(&xq.

this temperature rangé\(+1.72 Og and A(—1.72 Og are  possible to determind,,(H, T) using Eq.(4), to be analyzed
shifted by a constant value which is caused by the deflectioih terms of susceptibility as discussed below.
of the electrons byH. Near 220 K, the coercive field de-
creases to 1.72 Oe, amdl(+1.72 O@ switches toA™ for
T>220 K. Only in this temperature range, it then becomes . RESULTS
Our analysis of the monolayer is based on samples with
0 — incomplete monolayer coverag®e=0.8, which turned out as
\‘ an optimum approximation of the true monolayer. This
". 1 choice is explained in Sec. Ill A. Data on magnetization and
— susceptibility are presented in Secs. Il B and Il C, respec-
tively.

'
—_
T
1

£
A(H=+1.72 Oe) N

A. The choice of ®=0.8

PoAH) (%)

0
T
1

A= -17200) :.j . In order to explain the choice d»=0.8, we present in
/ : Figs. 5a) and 8b) experimental data oRyA,, versusT for
different coverages between 0.12 and 1.50 monolaéks.

00 210 20 30 Data were taken usually in a residual field-60.04 Oe after

T (K) field cooling in —200 Oe pulses as described on Sec. I,

above. The results for 0.£9=<0.81, presented in Fig.(8),

FIG. 4. AsymmetriesP,A(H) versus temperatur®, taken in ~ are reasonable. As discussed in detail elsewffetiee data

periodically switched field$1 = +1.72 Oe during warming up after represent the magnetization in monolayer stripes of variable

field cooling in —200 Oe. The shift of the curves below 220 and (mean width w=®W, whereW=40 nm is the(mean width

above 225 K is caused by minor deflections of the electron beam i®f the W(110) terraces. The Curie temperatufg(w) fol-
the magnetic field. lows a scaling law

-3
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FIG. 6. Exchange asymmetBA., versus temperatur€ in the critical range, for partial monolayers of different coverégeSimula-
tions as discussed in the main text, based on relative standard deviatidmg, of the monolayer stripe width distribution, as indicated.

[Te(ML)—Te(W) ]/ Te(ML) =wq/w (6) The data for®@>0.8, shown in Fig. &), do not fit in this

bare monolayer scheme. Surprisingly, bdth(®) and the

with wy=0.8 nm andT(ML)=230 K, the latter being the saturation value oA, now decrease with increasir@ We
Curie temperature of the extended monolayer, the stripe qjuess that this is an indication of something like an antifer-
infinite width. We observe in Fig.(8) that the transition is  romagnetic coupling between different components, related
quite sharp for®=0.81, but becomes wider for decreasingtg the frustration phenomena which we observed in films

0. This is reasonable if some distribution is considered for;ip, 1.2<®<1.5, prepared at 300 & Of particular interest
the terrace widthV of the W substrate. If we assume that Fe g {he cas®=0.92 and the cusp o just belowT . It looks

atoms condense on the terraces on which they stick, a distffy s the result of some partial antiferromagnetic compensa-
ﬁ\lghoclgf:g%eesgliftrliglii?)lrr?g?r S\;ﬁfgﬁ%&gggﬁms dlcra]ctruer:s- tion, bglow.the cusp, which is overcome by the.residual ex-
ing ® because of the increascing slop@./dw [see Eq(6)] ternal field immediately beloW . These explanations of the

C : anomalies of course are highly speculative and definitely de-

We can even make this idea quantitative in assuming a .
: . : - erve further work. Independently of the true explanation
Gaussian distribution for W, with a standard deviatibw. which hopefully will come out from this forthcoming work,

Jir;(taiodnlstrlbutlon of the stripe width then has a standard defhose anomalies prevent the use of films w@-0.85 and

justify our choice of®=0.8 for monolayer investigation.
Note that those stripes wit®=0.8 consist of roughly 200
atomic chains, with virtually infinite length. This is perhaps
not a bad approximation to the ideal extended monolayer.

Aw=(AW/W)w. (7)

By Eq. (6), this results in a Gaussian distribution fbg with
a standard deviation
AT o= (AWIW)(Wo /W) To(W). ) B. Magnetization
The discussion of the last section shows that the experi-
The observed profild (T) is then calculated by convolu- mental data in the critical regime depend on the width of the
tion of this T, distribution with a power law distribution of terrace widths in the W10 substrate, hence
Ag=const[Tc—T]”. Figure 6 shows a simulation of the of stripe width and Curie temperature. For a high-resolution
critical regimes along these lines for different valueségf and high precision analysis of the critical behavior of the
using common valueAW/W=Aw/w=10% and 8=1/8.  monolayer magnetization, we used two samples, both with
The quite different slopes of the transitions for four different®=0.8, but with different widths of the distribution. Sample
values of® are reproduced quite well. | was prepared on the same standard W-substrate area as the
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FIG. 7. Exchange asymmetBjpA., versus temperaturE for two samples with monolayer covera@e=0.8. (a) Extended temperature
range for sample I; Ising-type power laRpAg=const(Tc—T)8 (full line) and Onsager solution of the Ising moderoken ling for
comparison(b) Critical range for sample I. Simulation scheri#®e) (singleT¢) by broken line; simulation scheniB) (T distribution) by
full line. Temperaturel in absolute units and normalized 1@, the mean Curie temperature of sche{Bg T¢. is the Curie temperature of
schemgA). (c) as(b), but for sample Il. The widths of the distribution, from simulation schéBie are given byAT-=0.55 and 0.17 K,
the critical exponents by=(0.133+0.002 and(0.135+0.003, for samples | and I, respectively.

samples of Fig. 5, with a mean step distance of 40 nm, rebe caused by deviations between the temperature depen-
sulting inAT-=0.5 K. Sample Il was prepared on a different dences ofA,, and M, respectively, or they may indicate a
W substrate with enhanced step distance which was availabfeue upwards deviation d# (T) from the Ising solution, as a
only for part of the study, withAT-=0.17 K. It will be  result of finiteness of the anisotropies. The very critical re-
shown that the critical exponeptof the magnetization is the gime of sample | is shown in detail in Fig(ly. The usual
same for both samples, in the error limits. magnetization tail is now clearly seen. It forms the standard
Results for sample | are shown in Figgajzand 7b), for problem for evalu_ation of data in the critical regime. We
sample Il in Fig. Tc), respectively. Figure (@) showsPyA,,  used two evaluation schemes. As schefA¢ we used a
versusT for Samp'e | in the Wh0|e range df Wh|Ch was method which is W|de|y used in experlmental work on criti-
used for measurement. The Onsager solution of the 2D Ising@l behavior of ultrathin films and has been formulated most
model (broken ling and the corresponding power law with clearly by Dir et al* in a paper on Fe films on A00.
B=1/8 (full line) are given for comparison. Qualitatively Modifying a recipe given by Suter and HohenenfSethey
speaking, we note a quite sharp transition. We note furthefecided to fit the data by a single power law and to deter-
that PyA,, roughly follows the Onsager solution in a critical mine the Curie temperatur@c in our case, by maximizing
range only of about 10%. The fit to the power law is a bitthe range of In(+ T/T¢) over which the data points in aMh
better, as observed in other films in the monolayer regimeys In(1-T/T¢) representation form a straight line. The result
too?13° The deviations for lower temperatures may in partis shown by the broken line in Fig.(5). Data in the tail
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aboveT( are discarded for the fit in this scheme. Using a
fitting range 0.96T/T(=<0.996, this scheme formally re-
sults in high precision value§:=(222.1+0.1) K and

B'=0.124+0.001, the latter being in suggestive agreement

with the Ising valugB=1/8. However, the choice of; and
the fitting range remain arbitrary. By varying these fitting
parameters, the values @fcould be varied roughly between
0.12 and 0.14. To our knowledge, a theoretical foundation o
scheme(A) is missing.

However, a quite natural alternative schef® is sug-

gested by Sec. Il A, above. Because the sample is composed

of a distribution of stripes of variable width and variable
values of T, we fitted the data alternatively as a convolu-
tion of a power law with unique value fg@8 with a Gaussian
distribution of Curie temperatures with a mean valyeand

a standard deviatiodT.. [A similar scheme was used
previously in part of the literature on layered compoufids,
and for Gd films on W110) (Ref. 42]. A fit for T/T->0.9,
shown in Fig. Tb) by the full line, results in nonarbitrary
parameters T-=(222.38:0.0) K, AT =0.5 K, and
£=(0.133+0.002. Within the statistical error limits, these
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FIG. 8. AA(H)/AH versusT, for different fieldsH as param-
eter, for a partial monolayeg®=0.8. The data are taken from mea-
surements like in Fig. AA(H) being the difference of both curves
after subtracting the constant shift above 225 K, which is caused by
beam deflection. The slightly shifted zero level in the ferromagnetic

results are independent of a variation of the only free paramregime is connected with the direct currdatthrough the sample

eter left, given by the lower limifT; of the fitting range,
between 0.90 and 0.95; . B switches to even higher values
for T;>0.95T-. We conclude that the deviation of the criti-
cal exponentB from the Ising valueB=1/8 is significant.
The fitting parameteA T is in excellent agreement with its
estimation from the data of Fig. 7 and E§), AT-=0.55 K.
This confirms our interpretation of the tail as a result dfa
distribution rather than as a finite-size effect. Sche(@g
therefore has a quite natural foundation in the real structur
of our samples, and it avoids the arbitrarities of schée

It contains virtually no arbitrarily parameters of real impor-
tance. We conclude that only scheii® provides a correct
description of our samples and therefore results in the tru
values for the critical parameters.

The same type of analysis is shown for sample Il in Fig.
7(c). The transition is clearly sharper than for sampladte
the differentT ranges in Figs. (b) and 7c), respectively.
Apparently, sample Il was prepared @ W substrate with

exceedingly wide terraces, resulting in a reduced width

AT-=0.17 K of the distribution. The enhanced value of
T-=223.87 K is in accordance with E¢6). The resulting
value of 8=(0.135-0.003 agrees with the value from

sample | in the error limits. We take this independence on
the width of the tail as a clear confirmation of our scheme

(B). We conclude that the mean valye=(0.134+0.003,
determined from two samples with strongly different step
distances in th&V substrate, is a well established value of

our ferromagnetic monolayer. Its upward deviation from the

Ising valueB=0.125 is significant.

C. Susceptibility

(see Fig. 1 which creates the magnetic field and induces a slight
change in kinetic energies of the reflected electrons.

H and therefore represents a paramagnetic susceptibility,
aboveT.. In order to determine a susceptibility in the vicin-
ity of T, we replot the data of Fig. 8 in Fig. 9 as isothermal
magnetization curve A H), for fixed T nearT (only

e

e

PoA,., (%)

2234

223.8
2242

224.61

1 1.5 2
H (Oe)

For determining the susceptibility, we used measurements g\, 9. Exchange asymmetyAe, versus magnetic fieltH,

as shown in Fig. 4, for films pre_pared_ on the standard subror gifferent temperatured as parameter, for a partial monolayer
strate of sample | of the last section. Figure 8 shows data fop=0.8. Data for finite fields were determined from Fig. 8, remanent

AA(H)/AH=[A(+H)—A(—H)]/2H versusT for a series
with various magnetic fieldsl. As seen from Fig. 4, the data
can be interpreted in terms A, (H)/AH above their
maxima only. ForT>223 K, AA(H)/AH is independent of

values forH=0 by separate measurement. Note that the remanent
values agree with the linear extrapolation of the finite field values,
thus confirming the equivalence of spontaneous and remanent mag-
netization.



54 CRITICAL BEHAVIOR OF THE UNIAXIAL ... 15231

/T, 0 :
0.97 0.98 0.99 1 1.01
T T T T 1 T T T
11
0518 _
) 2 1t 4
O.5€~ 2
8
= 1.5 4
0 2r 1
s s L L | s L L
215 220 225
TK) — 22238 log g ()
FIG. 10. Magnetic susceptibility (triangles versusT in a lin- FIG. 11. As Fig. 10, logarithmic presentation of the power-law

ear presentation, in the critical regime, for a partial monolayerfit.
0=0.8. Full triangles only are used for the power-law fit for
T>Tc . Exchange asymmetiiyA,, from Fig. 7(b) for comparison

(full circles) v because the distance of the uSedange fromT is larger

than AT, as has been checked numerically using truncated
Gaussian distributions which did not overlap with the
range used. The fit results p=(2.8=0.2) (we omit the in-
data above the maxima in Fig. 8 were used, for whichdex + in y for brevity).
AA=2A,). The remanent valué(0), which was mea-
sured independently, is included. The figure shows what re-
mains in the critical regime of the square loops, which are IV. DISCUSSION
expected for lower temperatures,,(H) depends linearily ) . )
on H, with A.(0) being equal to the value obtained by ex- The presen.t experimental approach to critical behawpr of
trapolation from finite fields. ObviouslyA,(0) represents a & ferromagnetic monolayer based on the thermodynamically
spontaneous magnetization, which is identical with the remstable monolayer k&10) on W(110) differs from most pre-
anent magnetization presented in Sec. Ill B. The slope reptious work by several aspectg) It is based on a true stable
resents the susceptibility. Accordingly,PoA(H,T), inthe  monolayer structure(b) It is based on quantitative data of
critical regime, can be represented by a spontaneous asyrif®e magnetic anisotropiegc) It is based on a uniaxial
metry A s=Ae(0,T), which is proportional to the sponta- sample with an in-plane easy axis, thus avoiding the compe-
neous magnetizatioM, and in a susceptibility(T). The tition between crystalline and shape anisotropy, which is
latter is given in Fig. 10 in a linear representation. Remanentypical for perpendicularly magnetized films and determines
valuesPyA.,(0,T) from Fig. 7b) are included for compari- critical parameters(d) It includes a determination of both
son. Note thaj shows its maximum slightly abovE. . This  the susceptibility and the spontanedremanentmagnetiza-
is qualitatively explained from the general observation thation, in the critical regime(e) Different from our own pre-
the magnetization abovE; reacts more sensitively on the vious work on the same system, the present work is based on
field than belowT.. [For the monolayer case, this phe- a straightforward model for the magnetization tails, which
nomenon can be seen most clearly in the magnetometric datae explained as a result of distributions in monolayer stripe
of the Ag-covered monolayer W10/1Fg110/Ag, shown  width, whence off .. This interpretation of the tails allowed
in Ref. 31, Fig. 2. Stated in terms of critical power laws us to unambiguously determine critical parameters.
X+=C,t77" for t=(T—T)/Tc>0 andy_=C_(—t)" 7~ The most important result is given by the critical expo-
for t<0, respectively, this meanS, >C_ [the 2D Ising nentsB=(0.134-0.003 and y=(2.8+0.2) which clearly are
model predictsC,/C_=37 (Ref. 43]. For the present dis- different from the predictions of the 2D Ising model,
tribution of Curie temperatures, this asymmetry of the am-Bi4,g=0.125 andyg,g=1.75, respectively. It is important to
plitudesC; obviously results in an upwards shift of the maxi- note that the same numerical value f®thas been obtained
mum of y. Whereas the data fof<T. were not sufficient for samples | and I[Figs. 7b) and 7c)], which differ in the
for a power-law fit, such a fit was possible for>T.. We  width of the tail by a factor of 3. We conclude that the
fitted x,(T) by a single power law, using fof- the mean critical exponents determined above can be taken as indepen-
value of the distribution from Sec. Ill B[=222.38 K. The dent of the tail width and therefore as properties of the zero
fit is shown in Fig. 10 in a linear and in Fig. 11 in a loga- tail limiting case as well, that means as properties of the
rithmic presentation. Full symbols only were used for the fit,ideal monolayer.
open symbols not. A singl&. instead of the Gaussian dis- A hint for understanding the enlarged value pfs con-
tribution was used in order to avoid integration over the sin-tained in a paper of Binder and Landaon the anisotropic
gularities ofy. This does not influence the resulting value of Heisenberg model. A key parameter for the critical behavior
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is given by the ratio between anisotropy and exchange enei-- (ML)=230 K of the monolayer and: (DL)=450 K
gies,A. The Monte Carlo simulations of Binder and Landau (Ref. 28 of the double layer, have been shown to consist of
show nearA=0.02 a crossover frony=1.75 forA>0.02 to  weakly coupled single-domain ferromagnetic double-layer
higher effective values foA<0.02. ForA=0.01, an effec- islands on a monolayer substrafelhe films of Backet al*’
tive value of y,4=2.2 is reported. Note that these effective the_zrgfore are definitely not true monolayer structures. In our
exponents are not meant as true critical exponents in th@Pinion, the agreement with the 2D Ising model must be
sense of the asymptotic approactTto, but rather reflect the interpreted in terms of supermagnetfSras follows. The 2D
crossover regime. Our monolayer(E&0) on W(110) shows  SINg model is concerned with a regular 2D arrangement of
uniaxial in-plane anisotropy energies per atom of the ordefoupled entities with infinite uniaxial anisotropy. We guess

110 ueV. They are strong in the sense that they are large iII]hat those entities are the double-layer islands of Back’s

comparison with bulk anisotropy energies which are of thesample. Having areas of the order of some 100, nthey

order of 4ueV only. However, they are weak in comparison consist of roughly 10 000 atoms, and their total anisotropy is

: ; : ; hanced from the atomic anisotropy energy of the order of
with the exchange energies, which for bulk Fe are given bfn, :
kgTc=90 meV. HenceA is of the order 0.001 and the en- 10°° k.B.TC to an island yalue of mBT.C' roughlly. Appar-
hanced value of the effective exponepnis reasonably ex- en.tly, I 'S.th'S strong anisotropy only, Irrespective O.f aregu-
plained as a result of the finiteness of the uniaxial anisotrop arity of size or of arrangement of the entities, which is re-

However, this explanation does not hold {8y which turns sponsible forB_:1/8. It is a (_:hallenge for theory to show
out to be quite insensitive on a reduction&fin the simu- whether this Ising exponent is actually a property of such a

lations. In our opinion the enlarged value Bfrather is re- 2D arrangement of coupled uniaxial islands with virtually

lated to similar observations in bulk metallic ferromagnets.!nfinite anisotropy, independent of whether they are arranged

For example, it has been shown recently in a careful experi'—n a regular or in an irregular manner.

mental analysis of asymptotic critical behavior of bulk“Rii, _I_n conclu3|_on, we have expenmen_tally investigated the
that the experimental valug,,=(0.40+0.01) is definitely critical behavior of the thermodynamically stable pseudo-

larger than the best renormalization-group estimatesumn?;’:(?;f mrggrqglszy;isgi‘régy \(/)vlglth \t/x(elizg’syv;t](:gr;n fr?gvp\)llsa ne
Prs=(0.365-0.003. Like in our monolayer case, this is an ghe critical behavior can be interpreted in terms of a 2D

enhancement of the order of 10%, taken there as indicative . . . =
of long-range interactions. It is argued in Ref. 44 that thednisotropic Heisenberg model. We found small but definite

effect cannot be explained by the bare magnetostatic interag—evIatlons of critical exponents3=(0.134:0.003 and

: o . y=(2.8+0.2) from their 2D Ising valuesB=0.125 and
tions, but indicates the presence of long-range exchange |r7—_( .
teractions in bulk metallic Ni. It remains to be discussedy_1'75' respectively. The enhanced valueyoan be ex-

whether in our 2D case magnetostatic interactions are Suﬁplamed fro.m the fact_ that the anisotropy energies per at.om
cient as an explanation for the enhanced valueBobr are small in comparison \.N'th e>_(change coupllng_energles.
whether long-range exchange interactions are indicated, to%-.he enhanced value ¢ is indicative of long-range interac-

In view of the deviation of our critical exponents from the 1ons.
Ising values it is puzzling that Baak al?’ observed just the ACKNOWLEDGMENTS
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