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Two-dimensional Ising transition of epitaxial Fe films grown on Ag(100)
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Fe(100) films and wedges between 2 and 4 monolayers thick were grown onto a Ag(100) single-crystal
substrate. High- and low-energy electron-diffraction observations con6rm the epitaxy. The magnetic
phase transition near the Curie temperature T& was investigated in situ by means of the surface
magneto-optic Kerr effect. The temperature dependence of the magnetization follows a universal power

law of M(T) ~(1—T/Tc} ' with an effective value of P, =1/8(0. 12420.002},which indicates that the
phase transition is two-dimensional Ising class. This and the observed perpendicular easy axes are attri-
buted to the surface magnetic anisotropy.

I. INTRODUCTION

The magnetic phase transition at the Curie tempera-
ture (Tc) in a two-dimensional (2D) system is a topic of
recent experimental and theoretical interest. It is well
known from the Mermin-Wagner theorem' that a 2D iso-
tropic Heisenberg system does not have long-range mag-
netic order at finite temperature. However, the surface
magnetic anisotropy can stabilize long-range order at a
finite Tc value. The uniaxial surface magnetic anisotro-

py originates from the broken translational symmetry
along the normal direction of the film. The surface an-
isotropy usually consists of two terms: one is perpendicu-
lar and the other is parallel to the plane of the film.
Based on a symmetry analysis, it is easy to show that the
in-plane term vanishes if the surface has a more than a
twofold rotational axis. The next higher-order term in
the magnetic anisotropy is quadratic in the Cartesian
components of the spin vector and is usually identified
with the volume anisotropy. Therefore, magnetic thin
films with cubic symmetry can be classified as follows:

Case I: There exists a uniaxial anisotropy, either per-
pendicular or parallel to the film plane;

Case II: There is no uniaxial surface anisotropy, so
that the magnetization is in the film plane.

Obviously, case I can be described by a 2D Heisenberg
model plus uniaxial anisotropy, while case II can be de-
scribed by a 2D XFmodel plus a volume-anisotropy con-
tribution. For case I, Bander and Mills showed that the
uniaxial anisotropy will make the magnetic phase transi-
tion Ising-like. For case II, however, Jose et al. showed
that the quadratic anisotropy wi11 result in a nonuniversa1
character for the phase transition.

Experimental investigations of this subject usually in-
volve temperature-dependent studies of the magnetiza-
tion to determine the critical exponent P, from the power
law M(T) ~(1—T/Tc} '. Examples of systems studied
include Fe/Au(100), Fe/Pd(100), Fe/Ag(111),
Co/Cu(111}, Ni/Cu(100), Ni/Cu(111), Ni/W(110), '

Tb/W(110), " etc. The P values determined for various
systems usually fall into one of two groupings: one has P
close to the Ising value of —,', and the other has a P value

close to —,'. Almost all of the films with P= —,
' have either

a perpendicular easy axis or an in-plane easy axis with
in-plane uniaxial anisotropy. Therefore, they are
representative of case I above. There are a few excep-
tions, of which Ni(111)/W(110) is an example.
Ni(ill)/W(110) has in-plane easy axes; but the Ni(111)
surface has sixfold rotational symmetry, so the in-plane
surface anisotropy should vanish. However, the W(110)
substrate has only twofold rotational symmetry. We anti-
cipate that the Ni(111) overlayer should be strained in
one direction to destroy the sixfold rotational symmetry
and result in in-plane uniaxial anisotropy. On the other
hand, the films with P= —,

' belong to case II without ex-

ception, according to our knowledge. Although case-II
films appear to exhibit universal behavior, the underlying
character of their phase transition is still not well under-
stood. Recent theoretical work on a finite-size XFmodel
suggests the existence of a finite Tc value and a critical
exponent P= 3m /128 =0.23. ' However, the role of the
volume anisotropy in an XFsystem was not considered in
Ref. 12. A fundamental issue that needs to be clarified is:
what is the origin of the finite T~ value in this case?
Does it come from the finite-size effect or from the
volume anisotropy? Obviously, more experimental data
relating to all cases are needed in order to understand
more clearly the nature of 2D magnetic phase transitions.

In this paper, we study the magnetic phase transition
in the Fe/Ag(100) system, which has perpendicular easy
magnetization axes in the ultrathin regime. ' This is a
follow-up study to our recent investigation of the spin-
reorientation transition for the Fe/Ag(100) system. ' We
chose this system also because the 3d electrons of Fe hy-
bridize very little with the sp electrons of Ag, so the Fe
film should form a nearly ideal 2D system.

II. EXPERIMENT

A. Growth and characterization

The Ag(100} substrate surface was prepared by vibrato-
ry mechanical polishing (A1203 powder) down to
O.OS —pm finish, followed by chemica1 polishing with a
solution of saturated chromic acid and —1 fo hydrochlor-
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ular (polar) or parallel (longitudinal) to the film plane. '

The laser beam is focused to a spot size of -0.2 mm di-

ameter on the sample. Thus, the probed thickness varia-
tion due to the wedge shape is only -0.04 ML within the
laser spot; so the thickness probed can be virtually uni-

form. The temperature of the sample is measured by a
thermocouple placed at the edge of the substrate a few
mm from the laser spot. The temperature stability is con-
trolled within +0.2 K.
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FIG. 1. RHEED intensity as a function of Fe deposition
time. The strong oscillations imply a layer-by-layer-like growth
of the Fe on Ag(100).

B. SMQKK measurements

ic acid. The chemical polish was applied with a cotton
swab (saturated with the solution) and immediately fol-
lowed by a water rinse. In this way of the order of
100-200 A of Ag was removed to eliminate the scratches
produced by the mechanical polish. Then the substrate
was ultrasonically cleaned in methanol before its intro-
duction into the ultrahigh-vacuum chamber. Cycles of
2-keV Ar+ sputtering followed by annealings at -700'C
were undertaken then for the final cleaning of the surface.
After these procedures a well-defined and clean Ag(100)
surface was formed, as indicated by Auger-electron spec-
troscopy and reAection high- and low-energy electron
diffraction (RHEED and LEED). The Fe film was grown
onto the Ag(100) substrate at room temperature. The
evaporation rate was monitored by a quartz thickness

monitor and was typically -0.6 A/min. The RHEED
and LEED patterns of Fe on Ag(100) have been reported
previously. ' The growth of Fe on Ag(100) also was stud-

ied by monitoring the RHEED intensity. Strong oscilla-
tions in the RHEED intensity were observed during the
growth (Fig. 1), implying a "layer-by-layer-like" growth
character. However, a recent STM study suggests that
the existence of RHEED oscillations is not a suScient
condition for rigorous identification of ideal layer-by-
layer growth. ' After these growth-characterization
studies, the film utilized for our magnetic studies was ac-
tually grown with a wedge shape to facilitate a continu-
ous change of thickness. The slope of the wedge was
-0.2 ML/mm. The advantages of using wedge-shaped
films have been demonstrated in a variety of magnetic
thin-film studies recently. '

III. RESULTS AND ANALYSIS

We first confirmed that the easy axes of magnetization
at room temperature for films less than -7 ML of Fe are
perpendicular to the film plane, as indicated by polar
Kerr hysteresis loops with fu11 remanence. The reorien-
tation of the easy axis from perpendicular to in plane and
the associated phase diagram for this system were investi-

gated previously. ' Here we will concentrate solely on
the magnetic phase transition in the vicinity of Tc.

Polar hysteresis loops for a 2.5-ML film at different
temperatures are shown in Fig. 2. Note that the polar
signal results from the magnetization component perpen-
dicular to the film plane. At low temperature, the loop is
relatively square in shape and has almost full remanence,
indicative of a well-established spontaneous magnetiza-
tion perpendicular to the film plane. As the temperature
increases, the remanence decreases and finally vanishes.
We operationally define the temperature Tz at which the
magnetic remanence vanishes as the Curie temperature.
The relation between T& and Fe film thickness then is
determined by scanning the laser beam across the wedge
at different temperatures to find out at what thickness the
magnetic remanence vanishes. The result is shown in

Fig. 3. As expected, Tc increases with increasing Fe
thickness.

To study the magnetic phase transition in the vicinity
of T& we recorded the magnetic remanence for two Fe

T=336K

T=330K

T=324K

T=313K g

The magnetic properties of the films were investigated
in situ by means of surface magneto-optic Kerr-effect
(SMOKE) measurements. To generate a SMOKE hys-
teresis loop, a beam of p-polarized He-Ne laser light

0
(A. =6328 A) is refiected by the sample surface; the resul-
tant beam intensity is recorded (after it is passed through
a polarizer set —1' from extinction) as a function of
external magnetic field, which is applied either perpendic-
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FIG. 2. Polar hysteresis loops for a 2.5-ML Fe film at
different temperatures.
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FIG. 3. Thickness dependence of T~ as a function of Fe film

thickness.

films (2.5 and 2.7 ML) at different temperatures. The re-
sults are plotted in Fig. 4. It is obvious that the magneti-
zation undergoes a second-order phase transition. Since
the Kerr intensity is proportional to the magnetization M
we can fit our data to the power law

M(T)cc(1—T/Tc) in the vicinity of T&TC, with Tc
and P, as fitting parameters. The results are shown as the
solid lines in Fig. 4. As can be seen from Fig. 4, the
power law fits the data except for the tail that is observed
above Tc. The existence of a tail above T& is found fre-
quently in magnetic thin-film studies and is attributed to
finite-size effects. ' The finite size of the film limits the
divergence of the correlation length and broadens the
transition. The tail occupies a region (Tc-Tc)/Tc —a/I,
where a is the lattice parameter and 1 is the length scale
of the coherent regions of the film. The 3—5% tails
above Tc imply a finite size of 1 —100 A. This value for 1

coincides with the typical terrace width of a metallic
single-crystal surface. In addition, the fact that the value
of 1 is much greater than the Fe film thickness ensures the
two-dimensionality of the system.

To characterize the power law further, we constructed
a log-log plot of the remanent magnetization vs reduced
temperature (Fig. 5). The straight line in Fig. 5 depicts
the power law and the slope yields an effective critical ex-
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FIG. 4. Magnetic remanence of 2.5- and 2.7-ML Fe films as a
function of temperature. The solid lines depict the theoretical
power law M(T) ~(l —T/Tc) ', where Tc and P, are fitting
par axneters.

FIG. 5. Log-log plot of the magnetic remanence of the 2.5-
and 2.7-ML Fe films from Fig. 4 as a function of reduced tem-
perature. The straight solid line represents the power law. The
slope of the line gives the value for the effective critical ex-
ponent of 0. 124+0.002, which is remarkably close to the Ising
value of 0.125.

ponent P=0. 124+0.002, in remarkable agreement with
the Ising value of —,'. Regardless of the significant change
in the Tc value between the 2.5- and 2.7-ML Fe films,
M(T) for the two films lies on the same straight line in
the log-log plot. This is due to the universal character of
the phase transition. It should be mentioned that the
linear fitting in the log-log plot was performed by using
data within 10% of Tc. This implicitly would suggest
that critical fluctuations doininate M( T) even 10% away
from Tc. By using smaller temperature ranges for the
fittings we obtain P=0. 123+0.003 within 5% of Tc and
P=0. 114+0.008 within 2% of Tc. For intervals less
than 2% of Tc, we do not have enough confidence to
continue the procedure because there are so few data
points and the systematic errors increase significantly.

IV. DISCUSSiON

The methodology to determine P is worthy of discus-
sion. There are two difficulties in the power-law fitting
procedure. First, there is the problem that Tz itself is a
fitting parameter, though a constrained one, due to the
tail in M( T). A small change in the assignment of the Tc
value will, in general, affect the value of P. Recently,
Farle, Lewis, and Baberschke determined the Tc value
independently for a thick Gd film with an accuracy of
+0. 1 K using the measured divergence in the magnetic
susceptibility. ' Then they fitted their Gd data to the
power law with P as the only free parameter. Their result
agrees very well with the 3D Heisenberg value for P, as
anticipated. Unfortunately, their method is not very
practical for ultrathin films because effects like the di-
amagnetism of the substrate tend to produce a back-
ground that limits the applicability of the method.

Another problem with the fitting methodology is that
the power law should be valid only within a certain criti-
cal region hT below Tc. However, while the critical ex-
ponent P, is a universal parameter, b, T is not. Thus, the
criterion adopted to fix a value for hT introduces uncer-
tainties in the final analysis. In general, ET is expected
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from theory to be larger for a system with a shorter
correlation length. For example, in a conventional su-

perconductor, the large physical size of the Cooper pairs
yields a hT( & 1 mK) that is vanishingly small. That is

why superconducting critical phenomena have not been
studied until the advent of the new short-correlation-
length ceramic oxides. But it is not clear what the pre-
cise range of AT should be for a 2D magnetic thin film.

Qualitatively, since the exchange interaction acts over
(short) nearest-neighbor distances, b, T should be "large. "
But, to attempt to quantify hT, either empirical guide-
lines are adopted, as in the analysis embodied in Fig. 5, or
a realistic calculation needs to be performed to get at AT.
Such a calculation would provide a welcome guide to ex-
perimentalists confronted with data-analysis tasks.

Kohlhepp et al. recently used a clever approach to
obtain insight into the problem. They used the full solu-
tion of the 2D Ising model that described M(T) over its
entire temperature range to determine the interval 5T
over which the power-law representation rigorously de-

scribes M(T) near Tc. But the physical principle under-

lying this approach needs clarification. Recall that near

Tc these epitaxial overlayer systems of interest (case I)
have phase transitions that are of the 2D Ising universali-

ty class. But, the systems themselves are not 2D Ising
systems; they are relatively ideal realizations of 2D
Heisenberg systems with anisotropy. Thus, the litera1 use
of a 2D Ising model to extract AT naturally has its limi-

tations. For example, for T &&Tc, while the 2D Ising
solution gives an exponential form for M(T), spin-wave
excitations in 20 magnetic thin films usually give a quasi-
linear M(T) But, ope. rationally, it is interesting to see
where the approach of Kohlhepp et al. leads. They find

that, for example, over the intervals 5 T/Tc = 10%, 5%,
and 2%o, a force fit to the power-law expression can be
used to extract an efFective p value (p,s) from the full Is-

ing model M(T) curve The re.sults are that p, tr&p„but
p,a~p, as the fitting interval 6T /Tc is reduced.

P,tr=0. 115, 0.120, and 0.122 for 10%, 5%, and 2% inter-

vals, respectively, while the ideal value of P„ofcourse, is

0.125. This would suggest that the effective p value that
we obtain in the present study of 0.124+0.002 is closer to
the Ising value of 0.125 than might otherwise be expect-
ed. It might be more proper for us to compare our deter-
minations to the "effective" values quoted above, in

which case the agreement remains quite good. But, more
importantly, we can still conclude that our Fe/Ag(100)
phase transition belongs to the 2D Ising universality class.

The exercise outlined by Kohlhepp et al. i11ustrates
that the value of hT/T& —10% is beyond the rigorous
confines of the critical region of the Ising model. But this
is a formal exercise in the properties of mathematical
functions. The physics that presents itself in our system
includes a 3—5% tail in the vicinity of Tc. This makes

Tc itself somewhat indeterminate in that the critical Auc-

tuations cannot diverge macroscopically; they are bound-

ed by finite-size effects. Thus, rather than use the ideal

Ising model, it might make more sense to follow the
above methodology using a finite-size Ising model. For
this purpose we can use Landau's simulations of finite-

size 2D Ising models. ' For the intervals within 2—10%
of Tc the effective "finite-size" P values (PFs) deviate

from the ideal Ising value such that pFs) p, . We believe

that for the purposes of interpreting our data, the finite-

size consideration that leads to pFs & p, should outweigh

the argument of Kohlhepp et al. that led to the con-
clusion that, p,s &p, . These opposing inequalities might

help to explain the remarkable agreement of our experi-
mental data with the ideal Ising value of p, . It is obvious

from this discussion that the subject of the width of the
critical region hT would benefit from further investiga-
tions.

V. SUMMARY

Fe(100) films and wedges were grown onto a Ag(100)
substrate at room temperature. RHEED and LEED pat-
terns and RHEED intensity oscillations confirm the epi-
taxial nature of the growth. The SMOKE technique was

applied to study the magnetic phase transition near the
Curie temperature of the system. We found that Tc in-

creases approximately hnearly with Fe thickness in the
limited region between -2.2 and 3.4 ML Fe from a value
near room temperature to just under 500 K. The temper-
ature dependence of the magnetization near Tc follows a

universal power law, M( T) ~ (1—T/Tc ) ', with an

effective exponent 0.124+0.002 obtained within 10% of
Tc, in agreement with the 2D Ising value of —,'.
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