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Critical slowing down in the two-dimensional Ising model measured using ferromagnetic
ultrathin films
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Power-law scaling of the relaxation timeassociated with critical slowing down has been experimentally
measured in the dynamics of the magnetization of a bilayer of iron grown on topV1 0 substrate using
the complex magnetic ac susceptibiligfT). The observed value of the critical exponent for the slowing down
above the Curie transition of this two-dimensional Ising ferromagnetic systemi2.09+0.06(95% confi-
dence, in agreement with most contemporary theories and simulations. Further analysis reveals that dynamical
effects cause(T) to deviate from power-law scaling as the temperature is decreased toWyamdsereas the
saturation of the correlation length due to finite-size efféots the order of 500 lattice spagegmits the
divergence ofr.
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I. INTRODUCTION and Halperin hierarchy of dynamic universality classes
Lacasseet all® gave an excellent survey of this work up to
The experimental verification of the critical exponents as-1993, and Nightingale and Bldt&listed additional results up
sociated with the dynamic universality classes has proven tto 1996. As simulations and theories became more sophisti-
be a continuing experimental challenge long after the theoeated, most current studies placed the value loétween 2.1
retical groundwork for the field was laid in the 19608l- and 2.25, with many theoretical results clustered near 2.13.
though a great deal of experimental and theoretical conser-hese values af conform to the prediction from expansions
sus has emerged for the static critical exponéitiés is not  aboutD=4 and other methods that the dynamic critical ex-
the case for the slowing-down exponentabout which im-  ponent has a lower bound of 2 in the Ising universality
portant discrepancies remain even in the three-dimensionalasses®-21
(3D) classes, which are relatively simple to realize in our The experimental investigations of dynamical scaling
three-dimensional world. Some recent examples include thBave been confined to a few studies of layered bulk antifer-
3D Heisenberg modél? the 3D Ising mode?,and the 3DXY  romagnetic materials which approach the 2D Ising model
model as applied to highi; superconductord.Even more because of the very small effective exchange between layers.
problematic are the two-dimensional2D) Heisenberg Slivkaet al.foundz=1.77+0.05 for KFef;?? and Keller and
model? where it is difficult to find a system without aniso- Savic found 1.29+0.09 for the same mateffahoth using
tropy, and the 2DXY model, for which the Kosterlitz- Mossbauer spectroscopy. Hutchings al. found 1.69+.05
Thouless transition plays a prominent rlelowever, it is  for Rb,CoF,,2* using neutron scattering. All of these results
perhaps surprising that fundamental inconsistencies betweete less than the theoretical minimum value, but the reasons
the experimental and theoretical determinationg eémain  behind this discrepancy are unclear.
in one of the conceptually simplest classes: the 2D Ising Ultrathin ferromagnetic films provide an alternate system
model. for the study of critical slowing down in two dimensions that
The dynamic behavior of the 2D Ising model has gainedmay have advantages over layered bulk antiferromagnetics.
prominence in recent years, due to the interest in the funddFirst, the extreme ratio between the film thickn¢ea the
mental properties and applications of ultrathin ferromagneti®rder of atomic layepsand the lateral film length allow for
films. It has been known for many years that it is possible tdhe design and fabrication of true two-dimensional struc-
fabricate high-quality ferromagnetic films of only a few tures, where the critical properties do not vary over the thick-
atomic layers and form true two-dimensional samples, imess of the film. Second, disturbances in the magnetization
contradiction to the Mermin-Wagner theorérithis occurs near the transition can be created by a small applied field,
due to the presence of magnetic anisotropies which transvhereas studies using antiferromagnets must wait for the
form the universality class of a ferromagnetic monolayer tomagnetic excitations to be spontaneously created and stabi-
the 2D Ising model close to the magnetic phase transiflon. lized on a time scale that diverges and becomes prohibitive
Experiments have confirmed 2D Ising static critical expo-in the important temperature range close to the transition.
nents using various surface magnetometry techniques such Eially, the relatively high critical temperaturgé,~ 450 K,
the Kerr effect and spin-polarized spectroscoptescouple  for thin ferromagnetic films makes it easier to achieve a
of examples are the critical exponent of the magnetizaflon small value of the reduced temperatdie-T;)/T..
(Refs. 12—1%#and of the susceptibilityy.*® This paper reports the measurements of both components
There have been many theoretical and computationadbf the complex ac magnetic susceptibility of a number of 2
studies of critical slowing down for the 2D Ising class mag- monolayer(ML) Fe/W(110 films, using the magneto-optic
netic system(which belongs to modeh in the Hohenberg Kerr effect. An unbiased statistical analysis gives the values
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of the static critical exponent;=1.76+0.06 and the dynamic bution is narrow for a good quality film, so the average value
critical exponentz=2.09+0.06,(both 95% confidence lim- will be sufficient for the measurement.
its) in agreement with the theory for the 2D Ising model. Experimental limitations prevent the power law diver-
gences in Egs(3) and (2) from being observed in experi-
Il. THEORY mental data at temperatures right upTo As a sample is
Critical slowing down occurs in systems that are under-cooled towardsT. from above the phase transition, the cor-
going a second-order phase transition. Fluctuations in thEelation length will saturate at some value that is dependent
order parametefwhich for a ferromagnet is the average On @ length scale, such as a sample or grain size, and the
magnetizationm) at temperatures close @, give rise to Measured susceptibility will no longer exhibit power-law
excitations denoted adm. For small deviations, the relax- Scaling. Similarly, the dynamical factor and frequency de-
ation of the order parameter at temperatiireill follow an ~ Pendence in Eq4) may limit the range of power-law scal-
exponential law given &y Ing.

-t
o —_— I1l. EXPERIMENT
om(t) exp[ T(T):| , (1)

The measurements of the ac magnetic susceptibility are
made from iron bilayers that are grown upon a bcc tungsten
single crystal that had been cut and polished to expose the
(110 face to within 0.2°. Scanning tunneling microscopy of
the substrate performezk situreveals long terraces of width
&T) |? B 500450 lattice spacings. The films are grown and studied in

= 1o(€7")7, (20 a UHV system with a base pressure on the order of

& 107! torr. They are manufactured using molecular beam ep-

wherev is the critical exponent associated with the divergingitaxy from a 99.995% pure iron wire source. The thermody-
correlation lengti{»=1.0 in the 2D Ising universality clays  namic stability of an Fe monolayer on (M.0)(Refs. 29 and

7, and &, are amplitudes, and is the reduced temperature 30) ensures that there is very little mixing at the interface of

wheret is time andr is the relaxation timer is dependent
upon the correlation length of the fluctuations in the sys-
tem. As such, it will diverge at, according to a power-law
equation given b3f

oT) = 7'o|:

given by[(T-T,)/T.] aboveT,.3%40 the film and substrate. It also provides a method to calibrate

The intrinsic magnetic susceptibility of a ferromagnetic the iron evaporator and film thickness. Since the first mono-
system follows a power-law relationship given by layer is very stable when annealed and the second monolayer

B forms islands when heated above 700 K, it is easy to identify

Xint(T) = Xo€ 7, 3) the completion of the first monolayer by a dramatic change

whereys, is the critical amplitude ang is the critical expo- N the magnitude of the Auger electron spectroscopizS)
nent of the static susceptibility. This formulation is for the Signal of the W substrate as a function of deposition
ideal case and does not include experimental complicationdme>**This calibration gives reproducible film thicknesses
such as finite-size or dynamical effects, which must be acWwithin +0.1 ML. _

counted for in an ac-susceptibility measurements. In the [N growing the samples, the substrate is kept at room tem-
presence of a small applied oscillatory magnetic field at freP€rature during deposition. Upon completion of the first
quencyw, the dynamic complex susceptibility in the relax- monolayer, the film is annealed to 500 K to ensure proper

ation approximation becomes wetting of the surface. The remaining iron is grown at room
. temperature and is not annealed afterwards, to avoid island-
(T) = 1-iodT) ) (4) ing of the second layer. The growth and structural properties
Xdyn 1+ 2T of Fe(110 have been well studied in the p&8€%33and it

forms an epitaxial and pseudomorphic film for at least 2 ML.

This expression is more complicated if the demagnetization, (19x 10) surface reconstruction begins to develop in the
factor of the system is significant. For the 2 ML Fe(140 thickness range of 3 to 4 ML. Both AES and low-energy

?lystem “;.ed cljn th|hs ﬁap;er, thﬁ exrt]reme aSpgct ratio of .thaectron diffraction(LEED) techniques are used at each step
lim, combined with the fact that the magnetic moment ISyt \he growth process to ensure that the films used in this

strongly_ orignted in the plane of the film, .ShOU|d giv.e a de'study conform to those in the previously published studies.
magnetization factor small enough that it can be 'gnoredAccording to previous scanning tunneling microscopy

This was found to be the case in a previous stdidyf the studies’*35 these growth procedures should produce films

static e>_<pqnenty. With a measurement of the compl_ex ac with very nearly complete second layers and a small amount
susceptibility, the value of can be derived from the ratio of of Fe in the third monolayer

the imaginary to the real component of the susceptilia The magnetic properties are measured using the surface

follows: magneto-optic Kerr effedtSMOKE) with a focussed HeNe
Im[x(T)] laser with a diameter of 0.7 mm. The susceptibility is mea-
m: 7(T). (5)  sured using a standard lock-in technigfuevhich simulta-

neously determines the re@h-phase and imaginary(out-
This method gives an average value of the relaxation tim@f-phas¢ components. The temperature is measured using a
over the whole of the systefflIt is assumed that this distri- W/W Re thermocouple inserted into the tungsten substrate,
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and the rate of temperature increase and decrease is on the 300
order of 0.2 K/minute, which is small enough to remove
thermal variations across the film. Heating is accomplished
by radiative emission from a small tungsten wire filament
located beneath the substrate. The current through the fila-
ment is 60 Hz line ac; the effect of any resulting field will be
removed by the lock-in detection. Since susceptibilities mea-
sured in heating and cooling with different filament currents
give indistinguishable results, the magnetic field created by
the heating filament is judged to be negligible compared to 50
the applied ac field.

_ .T_he size of the singsoidgl magnetic field used in suscep- 915; S 456 4S8 460 6o d61 466
tibility measurements is an important parameter, and one that (5 Temperature (K)

requires careful consideration. For this work, a small mag-
netic field is applied from a set of Helmholtz coils on the
sample holder. The size of the field had previously been cali- L 4
brated at the substrate surface using a Hall probe. The ap-
plied magnetic field should be infinitesimally small, which is 4
an experimental impossibility. For practical purposes, if the
field is too large, the finite field will saturatgq,(T) at a
higher temperature than does the correlation length, and criti-
cal scaling will not be observed. On the other hand, if the 2
field is too small, the signal-to-noise ratio of [Ix{T)] will %
be too small to allow meaningful analysis fe(T). For these -7 265 26 -55 -5 45

samples, a previously published stéflinvestigated the ef- 0 . L 1 . | .
fect field amplitude has on the maximum value and the full ) -2 -10 -1.5 -5 -2.5

width at half maximum(FWHM) of the susceptibility peak.

It was shown that the susceptibility data are unchanged when FIG. 1. (a) The real and imaginary components of the magnetic
measured in an ac magnetic field with an amplitude that iSusceptibility measured fro a 2 ML Fe/W110) film. The dashed
less than 1.0 Oe. For fields greater than 1 Oe, the susceptire shows the power-law fit for the real part used to extract the
bilty maximum was decreased and the FWHM was in-value for y and T.. The dotted line shows the position df
creased, clearly affecting the data. Since the data do nat453.03 K.(b) The real susceptibility in double-log space with the
change for applied fields less than 1 Oe, some other factdiited line. The inset figure shows a contour plot of the variance of
stops the divergence of the susceptibility. The data anéhe fit as a function off; and the cutoff value of If). The mini-
analysis presented in the Sec. IV show that this is in fact dnum(marked by the crogshows the best fit parameters, and the fit

dynamical effect. A field of 0.7 Oe was used to maximize theusing those parameters is what is shown by the solid liri)irThe
signal-to-noise ratio. solid contours are separated by the variance levels>o1@*.

It was not cleam priori that this field was small enough to 4t the film behaves according to the 2D Ising universality
allow the asymptotic critical region to be observed. How-¢|ass. Since the real and imaginary components9f(T)
ever, since previous resutsand the analysis that follows gre measured simultaneously, the same valug.ofan be
shows that this choice allows the robust extraction of the 2Qused in the subsequent analysis for

250

Susceptbility (SI)
ooom
3 B

g

6 T T T T T T

In(x)
=

Ising exponenty from xqyy, it is cleara posteriorithat the Figure Xa) shows a typical measurement of the complex
field is small enough. ac susceptibility for a 2.0+0.1 ML Fe/{10 film mea-
sured in an applied field of frequency 400 Hz. A objective
IV. DATA ANALYSIS AND RESULTS statistical fitting methodrelated in greater detail elsewhé&te

and similar to that performed by Arnold and Papiasimul-

In analyzing any data for critical exponents, the first es-taneously fits for the four parameters necessary for an objec-
sential step is to properly determiffg. This must be done tive analysis. These are the critical temperaffigethe criti-
using the susceptibility data. Otherwise, systematic errorsal amplitudey,, the critical exponeny, and the value of the
will arise from gradual changes ifi; due to residual gas reduced temperature,, where power-law scaling ends near
contamination, annealing of the film, and other causes. Sinc€.. A weighted linear least-squares fit fqg and y is per-
there is no qualitative universal marker fiyin the shape of formed in double-log space on the susceptibility data range
the susceptibility curve or the magnetization curve, it is nechetween the maximum temperature measuggg and the
essary to determine it by fitting. Even though the eventuatutoff €,, using the assumed values Bf and €,. The vari-
aim is to find the dynamic critical exponent, the analysisance(i.e., reduced statisticaf) of the fit as a function of the
begins by finding the static critical exponent from the realvalues ofT; ande, is shown in the contour plot inset in Fig.
susceptibility, because the relatively large signal permits d(b). The minimum of the variance gives the best values of
statistically significant analysis fof.. An additional benefit T. ande,. The best fit is shown in Figs.(d and Ib). The
of this approach is the determination gfwhich will ensure fitted values of the power law for this data set aye
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TABLE I. The fitted values for dynamic scaling from four sepa-
rate measurements of the complex susceptibility. The statistical er-
rors are lo.

To Esat

Film ® vy v (s (&)

1 2w(400 1.80+.06 2.09+.03 2.6+0:610% 730

ol | 1 2m(400 1.67+.10 201+.07 4.0+08107'° 720

T 2 27(150 1.75+.02 2.13+.04 1.7+0:810° 425

66 -64 -62 -6 1;15(-2) 56 34 52 -5 2 2m(150) 1.81+.06 2.04+.06 2.1+08107° 475
average 1.76+.02 2.09+.02

FIG. 2. A double-logarithmic graph of plotted against the re-
duced temperature A linear fit is shown over a small-temperature
range between the (g) values of —6.51 and —5.26. The apparent
oscillations in the data are artifacts of the low-frequency noise infanges of reduced temperature showing power-law scaling in
the data that is magnified on this double-logarithmic scale. the two curves are different proves thatyy,, and Int are

independent measurements which show power-law scaling
=1.80+0.06, x,=5.53+0.5<10° (SI unity, T, independently. Furthermore, it is clear that different mecha-
=453.03+0.02 K, and lI&,)=-5.71 (approximately 1.5 K nisms cause the two measurements to saturate cloke Ao
aboveT,). The error inT is found from the change in this quantitative calculation shows that the susceptibility stops
parameter required to increase the statistiéaby unity!>38  growing like a power law at=e¢, because of the dynamical

The value fory places it within an error of, the accepted factor in Eq.(4). Using the fitted values of, and zv from
value for the 2D lIsing classT, was found to be slightly Fi9- 2, the dynamical factofwr)“=0.01 ate,. This is con-
below the peak in the real susceptibility, in agreement withSistent with simple numerical modeling, which shows that

previous susceptibility measurements on F¢1gg)  departures from linearity on alog-log plot are clearly evident
films.12.15 to the eye when(w7r)?~0.05 in Eq.(4). The finding that

Continuing to the next step of the analysis for the relax-dynamical effects determine, is further confirmation that,
ation time, the ratio of the complex susceptibility is taken ash these measurements, the static scaling is not affected in an
in Eq. (5). The result is plotted as a function of reducedmportant way by the demagnetization factor nor by the use
temperature on a double-log graph to search for a linear se§f t00 large an ac field? _ _
ment that shows power-law scaling. Because the real and N contrast, the power-law behavior efcontinues closer
imaginary y(T) are measured simultaneously, the value oft0 Tc, because the dynamical factor cancels out in &4
the Curie temperature is precisely the same value as deterinally, ate, 7 saturates due to some combination of finite-
mined by the fit fory. Figure 2 shows that for values of ~ SIZ€ and finite-field effects. The following simple analysis
between Ifie)=-5.26 and the cutoff Ife,)=—6.51, there ex- allows an estimate to be made for the limiting correlation

ists a significant linear segment composed of 137 data pointéength’_gsat’ by assuming that it is entirely responsible for the
A weighted least-squares fit finds a critical exponent producfaturation ofr,

zv=2.09+.03 with an amplitude,=2.6+0.6x10%s. The
order of magnitude of the amplitud&nverse GHz is con-
sistent with the value of, expected from the ferromagnetic
resonancgFMR) frequencies. The reduceg of the fit is
2.69.

Among a number of susceptibility measurements made
from two different 2 ML Fe films, two from each film have a
large enough number of data points in the range betvegen
ande, to allow a meaningful analysis faw. The individual
fitting results are listed in Table I. The resulting average
value for y for these measurements is 1.76+0(96% con-
fidence, in agreement with the 2D Ising value éf The
average fozv is 2.09+.06(95% confidence Since it is well
known that the 2D lIsing value af is 1.0, the product ofv 5} SN R RN TR NN U WU R B
is in fact the value forz itself. This measurement affor a I e 0 '5'1?1(8)'5 9 = e
2D lIsing system confirms the current theoretical consensus
value within error and conforms to the boumg- 2. FIG. 3. The power-law scaling in the real susceptibilityand

The internal consistency of the analyses for the static anghe relaxation timer are compared by shifting the data fof4hup
dynamic critical exponents is illustrated in Fig. 3, which on a double-logarithmic plot. The cutoff for the linear behavior in
compares the fits to Igq, and In7. On a qualitative level, In(7) (lower curve lies significantly closer td, than the cutoffe,
the fact that the values @f, ande, are different and that the for the real susceptibilityupper curve

In(y) or In(T)

144406-4



CRITICAL SLOWING DOWN IN THE TWO-... PHYSICAL REVIEW B 71, 144406(2005

(€, €e>€ 7 ' !
5:{ ° ’ (6) [
Esat €<¢€;. ’8__ e j
. . -9_
An ansatz to interpolate between these two extremes is ot
£-10F
f_v ~ %
fz [gskat-l[(go _31 —, (7) 11»
[(fsad" + (&0 )] 12k s
wherex is a nonuniversal mixing factor that sets the range of L T N S o X

the reduced temperature over whi€élgoes from power-law In(€)

behavior to its saturated value. The size<as related to the
distribution of length scales that act to saturétdeq. (7) is
then substituted into Eq2) in order to fit ther data all the
way to T.. Using the previously fitted values afand 7, the
data fit quite well withk=2.7 andé.,/ £,=730, as shown in
Fig. 4. Assuming a value of, of a single-lattice spacing
(=3 A), the value foré&,, for the data in Fig. 1 is about
.22 um. The fitted values fokg, for each experiment are The authors wish to thank Martin Grant of McGill Uni-
collected in Table I. According to a scanning tunneling mi-versity and Malcolm Collins of McMaster University for
croscope(STM) survey of the substrate surface, the averageiseful discussions. The authors wish to acknowledge the
step terrace width is 50050 lattice spacings. The similaritymany technical contributions made by Marek Kiela. This
of these length scales suggests that the correlation length vgork was supported by the Natural Sciences and Engineer-

FIG. 4. A double-logarithmic plot of the relaxation tinge as a
function of the reduced temperature. The solid line shows the fit for
&sat Using a simple model which includes both power-law scaling
and saturation regimes.
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39An alternate formulation of dissipation uses the Landau-Lifshitz ~ The relationship between the two formulationsrisyes/\. We
(Ref. 40 damping parametel:dm/dt==NHgs=—N[(M/ xeff) use Eg.(1) to allow comparison to the majority of theoretical
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dence which is due to the divergence of the static susceptibility. (1935.
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