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The critical behavior of a ferromagnetic monolayer has been investigated experimentally for the case of the
thermodynamically stable pseudomorphic monolayer Fe~110! on W~110!. The nearly ideal monolayer samples
were composed of monolayer Fe~110! stripes, grown by step flow from the atomic steps of the W~110!
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
@11̄0# in the film plane. Magnetization tails aboveTc 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 magnetizationM and susceptibilityx, with critical exponentsb5~0.134
60.003! andg5~2.860.2!, corresponding to predictions of a two-dimensional anisotropic Heisenberg model.
@S0163-1829~96!03145-1#

I. INTRODUCTION

The magnetic phase transition in a two-dimensional~2D!
lattice is a playground for fundamental theoretical models of
phase transitions. Differences of the observable properties
borne out by these models are more pronounced in 2D than
in 3D systems, and both analytical and numerical treatment
is typically easier for reduced dimensionality. The situation
is the opposite in experiment. The preparation of a true fer-
romagnetic monolayer, which corresponds to those 2D mod-
els, is far more difficult and problematic than that of a 3D
crystal, and the measurement of its magnetic properties re-
quires advanced techniques of outstanding sensitivity. In the
present paper, we report on the critical behavior of the best
available experimental approach to the ferromagnetic mono-
layer, given by the pseudomorphic monolayer Fe~110! on
W~110!. The magnetic properties were measured by spin-
polarized low-energy electron diffraction~SPLEED!.

The nature of the 2D magnetic phase transition is gov-
erned by magnetic anisotropies. This is shown most clearly
by two limiting cases. In the limit of infinite uniaxial anisot-
ropy, represented by the 2D Ising model, the exact Onsager
solution1,2 shows a second-order phase transition with criti-
cal exponentsb51/8 andg57/4 for magnetization and sus-
ceptibility, respectively. In the isotropic limit instead, for the
case of the isotropic Heisenberg model with short-range in-
teractions, no phase transition to a long-range-ordered phase
is expected at all at finite temperatures.3 These limiting cases
gain a central role by the hypothesis of universality, formu-
lated by Griffiths,4 now widely accepted as a result of
renormalization-group theory,5 which states that the critical
exponents and amplitudes are universal in the sense that they
depend, for given dimensionalityd ~d52 in our case!, only
on the numbern of equivalent spin components and on the
range of the exchange interactions. 2D magnetic systems
with short-range exchange interactions then can be assigned,
with respect to their critical behavior, to three universality
classes. The casen52 is represented by the planar orXY
model, in which there is no conventional phase transition to
an ordered state, but a ‘‘Kosterlitz-Thouless’’ phase

transition6,7 to a state of infinite correlation length without
spontaneous long-range order. However, it has been shown
recently8 that finite-sizeXY systems, which are good models
for real film structures, show a rounded phase transition with
an effective exponentb50.23. Because of the absence of a
phase transition forn53 ~isotropic Heisenberg model!, one
then would expect, from these universality ideas, that 2D
systems should show either Ising-like~n51! or XY-like ~n
52! critical behavior.8 However, any real monolayer shows
finite anisotropies and therefore should rather be described
by anisotropic Heisenberg models.9,10

The phase transition in a real system becomes much more
complicated if long-range magnetostatic interactions play an
essential role. This is the case if the surface type crystalline
anisotropy has the film normal as an easy axis and therefore
competes with the magnetostatic interactions, which show up
as shape anisotropy supporting in-plane magnetization. For a
theoretical discussion of the rich variety of critical phenom-
ena in those perpendicularly magnetized films see Ref. 11
and references given there. Those complications in uniaxial
2D systems caused by competition of crystalline and shape
anisotropy are avoided if the easy axis is in-plane. This is the
case for our system Fe~110! on W~110!, which therefore
shows a much clearer relation to elementary models of 2D
magnetism than perpendicularly magnetized films.

Early attempts to experimentally realize 2D magnetic sys-
tems used layered crystals like K2NiF4 or related
compounds.12,13 In order to minimize 3D interactions be-
tween the 2D magnetically ordering sheets, the investiga-
tions were preferentially carried out for 2D antiferromagnets,
which are equivalent to the ferromagnets with respect to their
critical behavior. Even then, the experimentally determined
values ofb, for uniaxial systems, were typically>0.14, near
but definitely larger than the Ising value 0.125. Supposedly,
the difference was connected with residual 3D interactions.

To get rid of these 3D interactions, true single magnetic
monolayers are required. Ultrathin magnetic films in the
monolayer regime can now be prepared by modern epitaxial
techniques in UHV.14,15 However, true monolayers are rare.
As model systems with uniaxial anisotropy, it seemed inter-
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esting at first glance to investigate perpendicularly magne-
tized films, like Fe~100! films on Cu~100!,16 on Pd~100!,17

and on Ag~100!.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 % aboveTC . These tails were explained as finite-size
effects.17–20However, 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 Ag~111!
~Ref. 21!, and Ni on W~110!,22 where Ising-like values forb
have been reported for films consisting of 2–4 monolayers,
and the tails were reduced to the order of 1%.

For a true magnetic monolayer with an in-plane easy axis,
a unique candidate is given by Fe~110! on W~110!. Because
the surface energy of Fe is lower than that of W, the mono-
layer is thermodynamically stable.23 Because both metals are
bcc, and the misfit is moderate~f FeW529.4%!, the mono-
layer is pseudomorphic24 and therefore shows the 2D trans-
lational symmetry of the W~110! substrate. This is different
in films above the monolayer, e.g., in the films consisting of
roughly 1.4 ML which show a Curie temperature near RT
and therefore have been investigated recently in detail25–27

but provide a system of double layer islands on a monolayer
substrate rather than a true monolayer.28 Magnetism in the
Ag-covered monolayer W~110!/Fe~110!/Ag, which is mag-
netized in the plane, has been investigated previously by
Mössbauer spectroscopy29,30,23 and magnetometry.31,23 The
Ag-covered monolayer shows a uniaxial in-plane easy axis
along @11̄0# and a Curie temperature of 282 K. Like the
Ag-covered monolayer, the uncovered one shows an in-plane
easy axis@11̄0#, but combined with a lowered Curie tempera-
ture of 225 K.32

The present paper is concerned with the critical properties
of this uncovered monolayer of Fe~110! on W~110!. Both
out-of-plane and in-plane surface type magnetic anisotropies
of this monolayer are of the order of 0.3 mJ/m2.32 Corre-
sponding to anisotropy fields of several Tesla, these anisotro-
pies are strong in comparison with usual bulk magnetocrys-
talline anisotropies of Fe. Nevertheless, the anisotropy
energies per atom of 0.11 meV/atom5kB 2 K ~Ref. 32! are
small in comparison with exchange energies of the order
kBTC . The monolayer Fe~110! on W~110! therefore repre-
sents an anisotropic Heisenberg rather than an Ising model.
Nevertheless 2D Ising critical behavior can be expected in a
first approximation@a similar presentation of the double
layer Fe~100! on W~100!, which approaches 2DXY critical
behavior, has been given elsewhere33#. Both the remanent
magnetization and the susceptibility of the uncovered mono-
layer Fe~110! on W~110! were determined in the critical re-
gime, using SPLEED. Part of the data has been published
previously.32,34–36Because the transition in our samples is
rather sharp, with a width of the tails of the order of 0.3%
only, we previously analyzed the data using a single compo-
nent power law, interpreting the tails as finite-size features.9

This approximation is quite familiar in ultrathin film
work,17,18,25,37but it is not free from arbitrarities, in particu-
lar with respect to the determination of critical exponents. In

the present paper, we consider the fact that the films consist
of monolayer stripes, grown by step flow from the atomic
steps of the W substrate, with a distribution of stripe widths
about a mean value of typically 40 nm.32 By intentionally
changing the width of these monolayer stripes, we will show
that the magnetization tails are a result of convolution of the
critical power law with the stripe width distribution. This
correct interpretation of the tails enables a deconvolution of
them and unambiguous determination of critical exponents.
The aim of the present paper is a comprehensive presentation
of experiments in the critical regime of the uncovered mono-
layer Fe~110! on W~110!, including data on the nature of the
magnetization tails and the corresponding evaluation of
them. It will be shown that the critical exponents determined
along those lines are independent of the width of the distri-
bution and therefore can be taken as intrinsic properties of
the ideal 2D limiting case.

II. EXPERIMENTAL

Fe was deposited on atomically clean W~110! surfaces at
pressures below 10210 Torr. The first monolayer grows in
registry with the W~110! substrate, forming what is called a
pseudomorphic monolayer, showing the 2D translational
symmetry of the substrate.24 For preparation, we used sub-
strate temperatures ofTp5660 K in this study, for which the
monolayer grows by step flow from the atomic steps of the
substrate, as has been shown previously using scanning tun-
neling microscopy.32 The film therefore is composed of
monolayer stripes attached to the W terrace edges which
were oriented arbitrarily on the surface. The average width
W of terraces between atomic steps was of the order of 40
nm, as a rule, their length is virtually infinite.

SPLEED was performed by specular reflexion of spin-
polarized electrons in a geometry as shown in Fig. 1. A
GaAs photocathode is irradiated by circularly polarized light
from a laser diode, resulting in a longitudinally spin-
polarized electron beam with a polarizationP0 of the order
of 20%. After a 90° electrostatic deflection, the electron
beam becomes transversally polarized. This transversally po-
larized beam is reflected in the~11̄0! scattering plane of the

FIG. 1. Geometry of the SPLEED experiment.
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W~110!/Fe~110! target. The polarization axis of the electron
spin coincides with the normal of the scattering plane which
in turn coincides with the easy axis@11̄0# of the monolayer
magnetization. An external magnetic fieldH up to 200 Oe
can be applied along this axis. It is generated by a direct
currentI s through the stripe-shaped W substrate. Because the
field is constrained to the surroundings of the sample, the
deflecting action on the reflected electrons is minimized, and
SPLEED is possible using this technique in fields up to 2
Oe.34

Using a Faraday cup, we measure the specularly reflected
intensitiesI s for both signss561 of P0. By conveniently
modulatings by optical methods, we measure the scattering
asymmetries

P0A5~ I12I2!/~ I11I2!. ~1!

Being uniaxial ultrathin films, our samples show in zero
field, for givenT,TC , two degenerate single domain ground
states with opposite signm561 of the magnetization. Our
experimental method then is based on preparing those two
single domain states, and to measure scattering asymmetries

P0A
m5~ I1

m 2I2
m !/~ I1

m 1I2
m ! ~2!

for both signsm. The problem is that with the low magnetic
fields available we can switch between the two states only in
a range of someK belowTC , see Fig. 4, below, because the
coercive field rapidly increases beyond our available fields
with decreasing temperatures. In a typical run, the samples
therefore were cooled down to 115 K in periodically re-
peated field pulses of 200 G of given signm. They thus were
fed in the critical regime into the single domain statem, in
which they remained at lower temperatures.P0A

m was then
measured, during slowly warming up~1 K/min! in zero field,
as a function of temperatureT, as shown, for example, in
Fig. 2~a!. The asymmetries were then decomposed as usual
into a spin-orbit asymmetry

P0Aso5P0~A
11A2!/2, ~3!

which is independent of the magnetization, and an exchange
asymmetry

P0Aex5P0~A
12A2!/2, ~4!

which changes its sign withm. The exchange asymmetry
P0Aex is our magnetic signal. As shown in Fig. 2~b!, it van-
ishes atTC , whereasAso is continuous.

Note that because our measurements are restricted to low
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.
For the critical regime however, the equivalence of remanent
and spontaneous magnetization, which is the only feature of
interest for the present work, is confirmed by the susceptibil-
ity data discussed in Sec. III C, below, in particular by Fig. 9.

All experiments of this work were done with kinetic en-
ergies of 49 eV, for whichP0Aso shows a minimum. A scat-
tering angle ofu532° was used for whichP0Aso shows a
minimum, see Fig. 3~a! P0Aex there shows a maximum, see
Fig. 3~b!. As seen in Fig. 3~b!, the shape ofP0Aex versusu is
independent ofT. This justifies our use ofP0Aex as a mea-

sure of magnetic order, proportional to the magnetizationM ,
at least in the critical regime.38

Different modes of data acquisition were used for magne-
tization and susceptibility, respectively. For measuring the
~remanent! magnetizationM , we used the fact thatAso can
be considered as constant, in the critical regime, see Fig.
2~b!, and therefore can be taken from the regimeT.TC .
Because the residual laboratory field was negative
~H lab5240 mOe!, we measured as a ruleP0A

2(T) only, in
this residual field, with drifting temperatures after cooling
down in pulsed~negative! fields, and took

P0Aex52P0A
21P0Aso/2 ~5!

as a measure forM . The measuring mode for the suscepti-
bility was discussed in detail elsewhere.34 In short, we again
first created a single domain statem by pulsed field cooling
to 115 K. During warming up, we then measured asymme-
triesA(H) in magnetic fields of constant magnitudeH, with
periodically changing sign. The result is shown in Fig. 4 for
an example withH561.72 Oe. ForT,220 K, both A~
11.72 Oe! andA~21.72 Oe! equalA2 ~cooling in negative
fields!, because the coercive field is larger thanH in

FIG. 2. Scattering asymmetriesA versus temperatureT for a
film with coverageQ50.58, prepared at 550 K. Because the
electron-beam polarizationP0 is only roughly known~about 20%!,
the productP0A is given which directly comes out of the measure-
ment. ~a! AsymmetriesP0A

1 andP0A
2 for positive and negative

signm of the magnetization, respectively.~b! Exchange asymmetry
P0Aex5P0(A

12A2)/2 and spin-orbit asymmetry
P0Aso5P0(A

11A2)/2, respectively.
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this temperature range.A~11.72 Oe! andA~21.72 Oe! are
shifted by a constant value which is caused by the deflection
of the electrons byH. Near 220 K, the coercive field de-
creases to 1.72 Oe, andA~11.72 Oe! switches toA1 for
T.220 K. Only in this temperature range, it then becomes

possible to determineAex(H,T) using Eq.~4!, to be analyzed
in terms of susceptibility as discussed below.

III. RESULTS

Our analysis of the monolayer is based on samples with
incomplete monolayer coverageQ50.8, which turned out as
an optimum approximation of the true monolayer. This
choice is explained in Sec. III A. Data on magnetization and
susceptibility are presented in Secs. III B and III C, respec-
tively.

A. The choice ofQ50.8

In order to explain the choice ofQ50.8, we present in
Figs. 5~a! and 5~b! experimental data onP0Aex versusT for
different coverages between 0.12 and 1.50 monolayers~ML !.
Data were taken usually in a residual field of20.04 Oe after
field cooling in 2200 Oe pulses as described on Sec. II,
above. The results for 0.12<Q<0.81, presented in Fig. 5~a!,
are reasonable. As discussed in detail elsewhere,32 the data
represent the magnetization in monolayer stripes of variable
~mean! widthw5QW, whereW540 nm is the~mean! width
of the W~110! terraces. The Curie temperatureTC(w) fol-
lows a scaling law

FIG. 3. Rocking curves of~a! P0Aso and~b! P0Aex versus scat-
tering angleQ. The data in~b! were taken in zero field, with slowly
rising temperatures, between 115 and 240 K, with a temperature
increase of roughly 10 K during one run and further 10 K between
two runs.

FIG. 4. AsymmetriesP0A(H) versus temperatureT, taken in
periodically switched fieldsH561.72 Oe during warming up after
field cooling in2200 Oe. The shift of the curves below 220 and
above 225 K is caused by minor deflections of the electron beam in
the magnetic field.

FIG. 5. ~a! Exchange asymmetryP0Aex versus temperatureT
for partial monolayers with coverageQ<0.81, prepared at 660 K.
~b! As ~a!, but for Q>0.81. Because the magnetization state is
nonuniform in this regime,P0Aex52P0A~20.04 Oe!1P0Aso/2 is
not a true exchange asymmetry in the sense of Eq.~4!.
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@TC~ML !2TC~w!#/TC~ML !5w0 /w ~6!

with w050.8 nm andTC~ML !5230 K, the latter being the
Curie temperature of the extended monolayer, the stripe of
infinite width. We observe in Fig. 5~a! that the transition is
quite sharp forQ50.81, but becomes wider for decreasing
Q. This is reasonable if some distribution is considered for
the terrace widthW of the W substrate. If we assume that Fe
atoms condense on the terraces on which they stick, a distri-
bution ofW results in a similar distribution ofw. This in turn
induces some distribution ofTC which widens with decreas-
ing Q because of the increasing slopedTC/dw @see Eq.~6!#.
We can even make this idea quantitative in assuming a
Gaussian distribution for W, with a standard deviationDW.
The distribution of the stripe width then has a standard de-
viation

Dw5~DW/W!w. ~7!

By Eq. ~6!, this results in a Gaussian distribution forTC with
a standard deviation

DTC5~DW/W!~w0 /w!TC~w!. ~8!

The observed profileAex(T) is then calculated by convolu-
tion of this TC distribution with a power law
Aex5const[TC2T] b. Figure 6 shows a simulation of the
critical regimes along these lines for different values ofQ,
using common valuesDW/W5Dw/w510% and b51/8.
The quite different slopes of the transitions for four different
values ofQ are reproduced quite well.

The data forQ.0.8, shown in Fig. 5~b!, do not fit in this
bare monolayer scheme. Surprisingly, bothTC~Q! and the
saturation value ofAex now decrease with increasingQ. We
guess that this is an indication of something like an antifer-
romagnetic coupling between different components, related
to the frustration phenomena which we observed in films
with 1.2,Q,1.5, prepared at 300 K.28 Of particular interest
is the caseQ50.92 and the cusp ofA just belowTC . It looks
like the result of some partial antiferromagnetic compensa-
tion, below the cusp, which is overcome by the residual ex-
ternal field immediately belowTC . These explanations of the
anomalies of course are highly speculative and definitely de-
serve further work. Independently of the true explanation
which hopefully will come out from this forthcoming work,
those anomalies prevent the use of films withQ.0.85 and
justify our choice ofQ50.8 for monolayer investigation.
Note that those stripes withQ50.8 consist of roughly 200
atomic chains, with virtually infinite length. This is perhaps
not a bad approximation to the ideal extended monolayer.

B. Magnetization

The discussion of the last section shows that the experi-
mental data in the critical regime depend on the width of the
distribution of terrace widths in the W~110! substrate, hence
of stripe width and Curie temperature. For a high-resolution
and high precision analysis of the critical behavior of the
monolayer magnetization, we used two samples, both with
Q50.8, but with different widths of the distribution. Sample
I was prepared on the same standard W-substrate area as the

FIG. 6. Exchange asymmetryP0Aex versus temperatureT in the critical range, for partial monolayers of different coverageQ. Simula-
tions as discussed in the main text, based on relative standard deviationsDw/w0 of the monolayer stripe width distribution, as indicated.

15 228 54ELMERS, HAUSCHILD, AND GRADMANN



samples of Fig. 5, with a mean step distance of 40 nm, re-
sulting inDTC50.5 K. Sample II was prepared on a different
W substrate with enhanced step distance which was available
only for part of the study, withDTC50.17 K. It will be
shown that the critical exponentb of the magnetization is the
same for both samples, in the error limits.

Results for sample I are shown in Figs. 7~a! and 7~b!, for
sample II in Fig. 7~c!, respectively. Figure 7~a! showsP0Aex
versusT for sample I in the whole range ofT which was
used for measurement. The Onsager solution of the 2D Ising
model ~broken line! and the corresponding power law with
b51/8 ~full line! are given for comparison. Qualitatively
speaking, we note a quite sharp transition. We note further
thatP0Aex roughly follows the Onsager solution in a critical
range only of about 10%. The fit to the power law is a bit
better, as observed in other films in the monolayer regime,
too.21,39 The deviations for lower temperatures may in part

be caused by deviations between the temperature depen-
dences ofAex andM , respectively, or they may indicate a
true upwards deviation ofM (T) from the Ising solution, as a
result of finiteness of the anisotropies. The very critical re-
gime of sample I is shown in detail in Fig. 7~b!. The usual
magnetization tail is now clearly seen. It forms the standard
problem for evaluation of data in the critical regime. We
used two evaluation schemes. As scheme~A! we used a
method which is widely used in experimental work on criti-
cal behavior of ultrathin films and has been formulated most
clearly by Dürr et al.39 in a paper on Fe films on Au~100!.
Modifying a recipe given by Suter and Hohenemser,40 they
decided to fit the data by a single power law and to deter-
mine the Curie temperature,TC8 in our case, by maximizing
the range of ln(12T/TC8 ) over which the data points in a lnM
vs ln(12T/TC8 ) representation form a straight line. The result
is shown by the broken line in Fig. 7~b!. Data in the tail

FIG. 7. Exchange asymmetryP0Aex versus temperatureT for two samples with monolayer coverageQ50.8. ~a! Extended temperature
range for sample I; Ising-type power lawP0Aex5const(TC2T)1/8 ~full line! and Onsager solution of the Ising model~broken line! for
comparison.~b! Critical range for sample I. Simulation scheme~A! ~singleTC! by broken line; simulation scheme~B! ~TC distribution! by
full line. TemperatureT in absolute units and normalized toTC , the mean Curie temperature of scheme~B!. TC8 is the Curie temperature of
scheme~A!. ~c! as~b!, but for sample II. The widths of the distribution, from simulation scheme~B!, are given byDTC50.55 and 0.17 K,
the critical exponents byb5~0.13360.002! and ~0.13560.003!, for samples I and II, respectively.
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aboveTC8 are discarded for the fit in this scheme. Using a
fitting range 0.90<T/TC8 <0.996, this scheme formally re-
sults in high precision valuesTC8 5(222.160.1) K and
b850.12460.001, the latter being in suggestive agreement
with the Ising valueb51/8. However, the choice ofTC8 and
the fitting range remain arbitrary. By varying these fitting
parameters, the values ofb could be varied roughly between
0.12 and 0.14. To our knowledge, a theoretical foundation of
scheme~A! is missing.

However, a quite natural alternative scheme~B! is sug-
gested by Sec. III A, above. Because the sample is composed
of a distribution of stripes of variable width and variable
values ofTC , we fitted the data alternatively as a convolu-
tion of a power law with unique value forb with a Gaussian
distribution of Curie temperatures with a mean valueTC and
a standard deviationDTC . @A similar scheme was used
previously in part of the literature on layered compounds,41

and for Gd films on W~110! ~Ref. 42!#. A fit for T/TC.0.9,
shown in Fig. 7~b! by the full line, results in nonarbitrary
parameters TC5~222.3860.01! K, DTC50.5 K, and
b5~0.13360.002!. Within the statistical error limits, these
results are independent of a variation of the only free param-
eter left, given by the lower limitT1 of the fitting range,
between 0.90 and 0.95TC . b switches to even higher values
for T1.0.95TC . We conclude that the deviation of the criti-
cal exponentb from the Ising valueb51/8 is significant.
The fitting parameterDTC is in excellent agreement with its
estimation from the data of Fig. 7 and Eq.~8!, DTC50.55 K.
This confirms our interpretation of the tail as a result of aTC
distribution rather than as a finite-size effect. Scheme~B!
therefore has a quite natural foundation in the real structure
of our samples, and it avoids the arbitrarities of scheme~A!.
It contains virtually no arbitrarily parameters of real impor-
tance. We conclude that only scheme~B! provides a correct
description of our samples and therefore results in the true
values for the critical parameters.

The same type of analysis is shown for sample II in Fig.
7~c!. The transition is clearly sharper than for sample I@note
the differentT ranges in Figs. 7~b! and 7~c!, respectively#.
Apparently, sample II was prepared on a W substrate with
exceedingly wide terraces, resulting in a reduced width
DTC50.17 K of the distribution. The enhanced value of
TC5223.87 K is in accordance with Eq.~6!. The resulting
value of b5~0.13560.003! agrees with the value from
sample I 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 valueb5~0.13460.003!,
determined from two samples with strongly different step
distances in theW substrate, is a well established value of
our ferromagnetic monolayer. Its upward deviation from the
Ising valueb50.125 is significant.

C. Susceptibility

For determining the susceptibility, we used measurements
as shown in Fig. 4, for films prepared on the standard sub-
strate of sample I of the last section. Figure 8 shows data for
DA(H)/DH5[A(1H)2A(2H)]/2H versusT for a series
with various magnetic fieldsH. As seen from Fig. 4, the data
can be interpreted in terms ofDAex(H)/DH above their
maxima only. ForT.223 K,DA(H)/DH is independent of

H and therefore represents a paramagnetic susceptibility,
aboveTC . In order to determine a susceptibility in the vicin-
ity of TC , we replot the data of Fig. 8 in Fig. 9 as isothermal
magnetization curves,P0Aex(H), for fixed T nearTC ~only

FIG. 8. DA(H)/DH versusT, for different fieldsH as param-
eter, for a partial monolayerQ50.8. The data are taken from mea-
surements like in Fig. 4,DA(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
regime is connected with the direct currentI S through the sample
~see Fig. 1! which creates the magnetic field and induces a slight
change in kinetic energies of the reflected electrons.

FIG. 9. Exchange asymmetryP0Aex versus magnetic fieldH,
for different temperaturesT as parameter, for a partial monolayer
Q50.8. Data for finite fields were determined from Fig. 8, remanent
values forH50 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.
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data above the maxima in Fig. 8 were used, for which
DA52Aex!. The remanent valueAex~0!, which was mea-
sured independently, is included. The figure shows what re-
mains in the critical regime of the square loops, which are
expected for lower temperatures:Aex(H) depends linearily
on H, with Aex~0! being equal to the value obtained by ex-
trapolation from finite fields. Obviously,Aex~0! represents a
spontaneous magnetization, which is identical with the rem-
anent magnetization presented in Sec. III B. The slope rep-
resents the susceptibilityx. Accordingly,P0Aex(H,T), in the
critical regime, can be represented by a spontaneous asym-
metry Aex,s5Aex(0,T), which is proportional to the sponta-
neous magnetizationMs , and in a susceptibilityx(T). The
latter is given in Fig. 10 in a linear representation. Remanent
valuesP0Aex~0,T! from Fig. 7~b! are included for compari-
son. Note thatx shows its maximum slightly aboveTC . This
is qualitatively explained from the general observation that
the magnetization aboveTC reacts more sensitively on the
field than belowTC . @For the monolayer case, this phe-
nomenon can be seen most clearly in the magnetometric data
of the Ag-covered monolayer W~110!/1Fe~110!/Ag, shown
in Ref. 31, Fig. 2!. Stated in terms of critical power laws
x15C1t

2g1 for t5(T2TC)/TC.0 andx25C2(2t)2g2

for t,0, respectively, this meansC1@C2 @the 2D Ising
model predictsC1/C2537 ~Ref. 43!#. For the present dis-
tribution of Curie temperatures, this asymmetry of the am-
plitudesCi obviously results in an upwards shift of the maxi-
mum of x. Whereas the data forT,TC were not sufficient
for a power-law fit, such a fit was possible forT.TC . We
fitted x1(T) by a single power law, using forTC the mean
value of the distribution from Sec. III B,TC5222.38 K. The
fit is shown in Fig. 10 in a linear and in Fig. 11 in a loga-
rithmic presentation. Full symbols only were used for the fit,
open symbols not. A singleTC instead of the Gaussian dis-
tribution was used in order to avoid integration over the sin-
gularities ofx. This does not influence the resulting value of

g because the distance of the usedT range fromTC is larger
than 4DTC , as has been checked numerically using truncated
Gaussian distributions which did not overlap with theT
range used. The fit results ing5~2.860.2! ~we omit the in-
dex1 in g for brevity!.

IV. DISCUSSION

The present experimental approach to critical behavior of
a ferromagnetic monolayer based on the thermodynamically
stable monolayer Fe~110! on W~110! differs from most pre-
vious work by several aspects:~a! It is based on a true stable
monolayer structure.~b! It is based on quantitative data of
the magnetic anisotropies.~c! It is based on a uniaxial
sample with an in-plane easy axis, thus avoiding the compe-
tition between crystalline and shape anisotropy, which is
typical for perpendicularly magnetized films and determines
critical parameters.~d! It includes a determination of both
the susceptibility and the spontaneous~remanent! magnetiza-
tion, in the critical regime.~e! Different from our own pre-
vious work on the same system, the present work is based on
a straightforward model for the magnetization tails, which
are explained as a result of distributions in monolayer stripe
width, whence ofTC . This interpretation of the tails allowed
us to unambiguously determine critical parameters.

The most important result is given by the critical expo-
nentsb5~0.13460.003! andg5~2.860.2! which clearly are
different from the predictions of the 2D Ising model,
bIsing50.125 andgIsing51.75, respectively. It is important to
note that the same numerical value forb has been obtained
for samples I and II@Figs. 7~b! and 7~c!#, which differ in the
width of the tail by a factor of 3. We conclude that the
critical exponents determined above can be taken as indepen-
dent of the tail width and therefore as properties of the zero
tail limiting case as well, that means as properties of the
ideal monolayer.

A hint for understanding the enlarged value ofg is con-
tained in a paper of Binder and Landau9 on the anisotropic
Heisenberg model. A key parameter for the critical behavior

FIG. 10. Magnetic susceptibilityx ~triangles! versusT in a lin-
ear presentation, in the critical regime, for a partial monolayer
Q50.8. Full triangles only are used for the power-law fit for
T.TC . Exchange asymmetryP0Aex from Fig. 7~b! for comparison
~full circles!.

FIG. 11. As Fig. 10, logarithmic presentation of the power-law
fit.
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is given by the ratio between anisotropy and exchange ener-
gies,D. The Monte Carlo simulations of Binder and Landau
show nearD50.02 a crossover fromg51.75 forD.0.02 to
higher effective values forD,0.02. ForD50.01, an effec-
tive value ofgeff52.2 is reported. Note that these effective
exponents are not meant as true critical exponents in the
sense of the asymptotic approach toTC , but rather reflect the
crossover regime. Our monolayer Fe~110! on W~110! shows
uniaxial in-plane anisotropy energies per atom of the order
110meV. They are strong in the sense that they are large in
comparison with bulk anisotropy energies which are of the
order of 4meV only. However, they are weak in comparison
with the exchange energies, which for bulk Fe are given by
kBTC590 meV. Hence,D is of the order 0.001 and the en-
hanced value of the effective exponentg is reasonably ex-
plained as a result of the finiteness of the uniaxial anisotropy.
However, this explanation does not hold forb, which turns
out to be quite insensitive on a reduction ofD, in the simu-
lations. In our opinion the enlarged value ofb rather is re-
lated to similar observations in bulk metallic ferromagnets.
For example, it has been shown recently in a careful experi-
mental analysis of asymptotic critical behavior of bulk Ni,44

that the experimental valuebexp5~0.4060.01! is definitely
larger than the best renormalization-group estimates,
bRG5~0.36560.003!. Like in our monolayer case, this is an
enhancement of the order of 10%, taken there as indicative
of long-range interactions. It is argued in Ref. 44 that the
effect cannot be explained by the bare magnetostatic interac-
tions, but indicates the presence of long-range exchange in-
teractions in bulk metallic Ni. It remains to be discussed
whether in our 2D case magnetostatic interactions are suffi-
cient as an explanation for the enhanced value ofb or
whether long-range exchange interactions are indicated, too.

In view of the deviation of our critical exponents from the
Ising values it is puzzling that Backet al.27 observed just the
2D Ising exponents with high precision in Fe~110! films on
W~110!, prepared at 300 K, which show a Curie temperature
slightly above 300 K and consist of roughly 1.5 monolayers.
Films with this value ofTC , between the Curie temperatures

TC ~ML !5230 K of the monolayer andTC ~DL!5450 K
~Ref. 28! of the double layer, have been shown to consist of
weakly coupled single-domain ferromagnetic double-layer
islands on a monolayer substrate.28 The films of Backet al.27

therefore are definitely not true monolayer structures. In our
opinion, the agreement with the 2D Ising model must be
interpreted in terms of supermagnetism45 as follows. The 2D
Ising model is concerned with a regular 2D arrangement of
coupled entities with infinite uniaxial anisotropy. We guess
that those entities are the double-layer islands of Back’s
sample. Having areas of the order of some 100 nm2, they
consist of roughly 10 000 atoms, and their total anisotropy is
enhanced from the atomic anisotropy energy of the order of
1023 kBTC to an island value of 10kBTC , roughly. Appar-
ently, it is this strong anisotropy only, irrespective of a regu-
larity of size or of arrangement of the entities, which is re-
sponsible forb51/8. It is a challenge for theory to show
whether this Ising exponent is actually a property of such a
2D arrangement of coupled uniaxial islands with virtually
infinite anisotropy, independent of whether they are arranged
in a regular or in an irregular manner.

In conclusion, we have experimentally investigated the
critical behavior of the thermodynamically stable pseudo-
morphic monolayer Fe~110! on W~110!, which shows
uniaxial magnetic anisotropy with the easy axis in the plane.
The critical behavior can be interpreted in terms of a 2D
anisotropic Heisenberg model. We found small but definite
deviations of critical exponentsb5~0.13460.003! and
g5~2.860.2! from their 2D Ising valuesb50.125 and
g51.75, respectively. The enhanced value ofg can be ex-
plained from the fact that the anisotropy energies per atom
are small in comparison with exchange coupling energies.
The enhanced value ofb is indicative of long-range interac-
tions.
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