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Experimental confirmation of

universality for a phase
transition in two dimensions

C. H. Back, Ch, Wiirsch, A. Vaterlaus,
U. Ramsperger, U. Maler & D. Pescla

Laboratoriurh far Festkérperphysik der ETH Zarich,
CH-8093-Zilrich, Switzerland

WHEN a system is poised at a critical point between twe macro-
scopic phases, it exhibits dynamical structures on all available
spatial scales, even though the underlying microscopic interactions
tend to have a characteristic length scale. According to the univer-
sality hypothesis'?, diverse physical systems that share the same

" essential symmetry properties will exhibit the same physical behav-

iour close to their critical points'™™; if this is so, even highly
idealized models can be used to describe real systems accuratelyy

. Here we report experimental confirmation that the scaling behav-

jour of thermodynamic variables predicted by the universality

_ hypothesis holds over 18 orders of magnitude. We show that the

equation of state of a two-dimensional system (an atomic layer of
ferromagnetic iron deposited on a non-magnetic substrate) closely
follows the behaviour® of the two-dimensional Ising model’—the
first and most elementary statistical model of a macroscopic sys-
tem with short-range interactions’. )
We grow epitaxial Fe films at room temperature on top of
a non-magnetic single-crystal W{110} surface. Pressure in the
vacuum chamber during growth does not exceed 2 107'° mbar.
In the ferromagnetically ordered phase, the films have a uniaxial
easy magnetization axis along the in-plane [L10] direction. Along
this direction the magnetization M versus applied field # follows
a square hysteresis loop, that is, within cxperimental uncertainty
(< 1%) M at H =0 coincides with the value for M in an applied
magnetic ficld. Accordingly®, such films are in 2 single domain
state. M is measured by means of the magneto-optic Kerr effect®.
As revealed by our scanning tunnelling microscopy study of
the epitaxial growth, films between | and 2 atomic layers (AL)
consist of one complete AL of Fe followed by a two-dimensional
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(2D) nciwork of irregular patches, (Fig. 1}. Some third layer is

already visible. Low-energy electron diffraction shows, in this

thickness range, a sharp p(l x 1) pattern indicating growth in
registry with the substrate.

In the vicinity of the critical point [r={T/T.—1), H]=[0,0]
the critical exponents § and & for the zero-field magnetization
curve M(1, H =0}y (—1)" and for the critical isotherm M(H, 1=
0)zH'" are determined to be 0.13£0.02 and 1445 respec-
tively, (Fig. 2). The theoretical 2D Ising values are B=1/8
(exactly known'") and 5=15 (conjectured from numerical
calculations'' ).

The sharpness of the transition observed in Fig. 2 is consistent
with the” magnetic correlation length rcaching values of
~1.000 nm (ref. 9). Evidenily, the observed morphological
defects—such as monatomic steps arising from the imperfect
substrate (lypical separation, 50-200 nm in the present sample)
and the steps due to patches formation (Fig. 1) during growth—
arc not able to break the corrclation length, that is, the correla-
tions extend to much larger length than the spacing between
defects. The picture emerging by comparing Fig. 1 and Fig. 2is
one where locally the number of coexisting layers (that is, the
coordination number of Fe atoms) changes, thus causing local
fluctuations of the strength of the various magnetic interactions.
T.. however, turns out to be scnsflive to the average strength of
the magnetic interactions overJarge distances rather than to the
local fluctuations and thus is well defined. Notice that the lateral
correlation length growing much larger than the film thickness
is the key to observing a truly 21D phase transition.

Figure 3 shows a Af versus ¢ family of isochamps (curves with
constant magnetic field). This figure shows the familiar picture
M({r) curves separating out according to the strength of the
applied magnetic field. In agreement with the high value of the
exponent &, ficlds as small as 0.01 Oe (ref. 9) already introduce
& measurable tail in the A{s) curve. This strong response 1o
minute magnetic fields is characteristic of 2D systems, for which
& =15 (rel. 11), and is not found in three-dimensionat systems
for which &=5 (ref. 5),

The family of isochamps given in Fig. 3 collapses into just
one single curve—the scaling function (that is, the equation of

FIG. 1 STM topography of a 1.8+ 0.1 AL of Fe on W(110). The image
shows an area of 100 * 100 nm. The grey-scale range is 0.36 nm. Black
corresponds to the first, grey to the second and white to the third Fe
layer. A tunnelling current of 0.2 nA and a sample voltage of —620 mv
were used 1o collect the image. : 8
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FIG. 2 Yop, zero-field magnetization curve versus T (H=0=10 mQe)
measured using the magneto-optical Kerr effect for an Fe film 1.7 = 0.1
AL thick. The thickness was determined fram the STM topography.
Absolute temperatures are determined to within £ 5 K. while relative
temperatures are accurate to within 0.01 K. 7, (316.77 K in the present
case) was determined separately, by locating the temperature at which
[M(T, H)~M(T, O)] has a maximum®, with a relative accuracy of =0.07 K.
This means that the origin of the r-axis is known with an accuracy of
+2 x 10™* The solid line is a power-taw fit 10 the data Mx(l-T/T)
yielding f=0.13+0.02. The error in f is due to the uncerainty in
locating T.. Bottom, magnetization as a function of the applied magnetic
held at T.. The solid line is a power-law it to the cata M x H' *, yielding
& =14 5. The critical isotherm was obtained by pfotting the maximum
value of the family of curves [M{t. H) — ML 0}] versus H.

state in the critical region)—when the variables Af and 1 are
scaled by H' " and H' ", respectively'* (Fig. 4). This collaps-
ing is a manifestation of 1he scaling hypothesis'™', Except for a
discrete number of dara points on the left-hand side of the figure.
deviation from scaling is <10%.

Whereas the representation of Fig. da—introduced by Hankey
and Stanley'*-—is most suited to visualize the dara-collapsing.
plotting'* ii(x) = H/M* versus x=:¢ V' allows the determina-
tion of the zero-field susceptibility critical exponents ¥ and of
the ratio of the critical amplitudes - T_. defined as z(7)=
F{)"(T>T.) and p(T)=T_=T_{—1y(T<T,). see Fig.
4b). This representation of scaling is designated as the h(x) rep-
resentation of the scaling function'". For large x we expect the
leading term'* in /i{x) to be x"/T". {the point (A ). x) corre-
sponds to the critical isochore). In this representation, the point
(M(xa)=0. x,) corresponds 10 the zero-field magnetizition
curve shown in Fig. 2 In the vicinity of this poimt one
expects'™ the leading term in Mx) to be hinear in (v+x,)
with coefficient /1" _x,'" """ The point (4(0). 0} is the critical
isotherm shown in Fig. 2. By fitting the measured scaling
function in the corresponding ranges according to the expected
functional form we obtain ¥y =1.74+0.05 and .- T.=40+10.
The theoretical 2D Ising values are 7.4 (exactly known'} and
Mo /T_=37.7 (cef. 16).

The coincidence between the measured critical quantities
B.8.y.T./T_ and the calculated ones for the 2D Ising model
might seem surprising at first sight. Our svstem is certainly not—
see Fig. I—the lattice with perfect translational symmetry
underlying the Ising hamiltonian and the calculations by Gaunt
and Domb®. Also Fé docs not have localized spins as the Ising
hamiitonian, which imitates rather an insulating ferromagnet
with localized moments than a broad-band metallic ferromagnet
tike Fe. Morcover, although our uniaxial ferromagnet might
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FIG. 3 Magnetization curves in constant magnetic helkd obtained in the
vicinity of the Curie temperature as a function of [. For sample 1 (panel
a) the applied field was varied between Q.1 and 5 Oe. For sample 2
(panel ) the field was varied between 5 and 200 Oe. The Curie
temperatures were determined as in Fig. 2. The Curie temperature

huve the same rotational svmmetry as the 2D Ising hamiloniun,
the strength of the various magnctic anisotropies in our films
is very small (of the order of 1 K. compared to 7, =300 K).
Accordingly, the individual Fe-spins can move easily away {from
the easy axis and thus have more degrees of freedom than the
Ising spins. which can onty by "up” or "down’. in fact, the tem-
perature dependence of the magneuzation far away from the
critical point deviates strongly from the 2D Ising behaviour
trzf. 93, Fiallv, o realistic magneuc interaction between two Fe

M/HUA'

-10 0 10 20
yHVBS

FIG. 4 a, Scaled magnetization M/HY" versus scaled temperature tf
HY™ for the two films of Fig. 3. A linear scale is used. The solid line is
the theoretical scating function after ref. 6. For small fields, a discrete
number of dala poinls deviate from the scaling function. They are
neglected in b. We used the value of § and § determined from Fig.-2. ~
For 4 outside the range 12-16 the data collapsing is poorly realized.
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of sample 1 was 331.3 K. Sample 2 was slightly thicker and had a
Curie temperature of 345 K. Notice that in this thickness range
(~1.7 AL) the phase transition occurs at temperatures close to

deposition temperature, so the morphology does not change during the
thermal scan.

e

spins 5,5, should be much morc complicated than the scalar
product (S;, 5,) forthcoming in the Ising hamiltonian. Thus, the
good agreement between (he experimental and measured critical
quantities should be regarded as a stringent test of the universal-
ity hypothesis'?. According to this hypothesis, it is believed™
that the critical exponents and the ratio of critical amplitudes
depend only on (1) the spatia! dimensionality of the system,
(2) the number of components of the order parameter, (3) the
symmetry of the hamiltonian and (4} the range of the micro-

b g8 : : : . -
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¢
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This allows us to reduce the expenmemal uncertamty for 8 to 12, b
Piot of H/M* versus ¢/M™? for the two films of Fig. 3. The data with
x>0 are represented as a log—og plot. The data points in the interval
~1x <10 are represented semilggarithmically in the inset The solid .
line is the theoretical curve from ref, 6. All data pomts. regard

lhe:r value of H “are shown with the same sy-mbol ’ -
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scopic interactions responsibie for the phase transition. Also the
presence of defects is expected 10 alter the universality class'™,
Apparently, the morphological defects observed in our system
(Fig. 1) are not able to bring our system outside the Ising univer-
sality class. This might be related to the fact that such defects
are not effective in limiting the correlation length.

A deeper level of universality was predicted'****, At this level,
provided that the non-universal scales for M and  are specified,
the resulting scaling function should coincide within one univer-
sality class. This level of universality is also known historically as
the Van der Waals Law of Corresponding States*: using properly
normalized thermodynamic varables, all systems within the
same universality class have the same cquation of state. Thus,
by suitably rescaling M and H (or, cquivalently, A(x) and x) it
should be possible 10 bring the experimental scaling function and
the theoretical one to coincidence. This rescaling is performed in
Fig. 4, where the solid line is the theoretical scaling function of
rel. 6 (the algebraic expressions used lor constructing the solid
lines in Fig. 4 are given explicitly in the Appendix of ref. 6). The
theoretical and experimental results are normalized by the non-
universal critical parameters A(0) and x,, as suggested in ref. 12,
The agreement between the experimenta! scaling functicn and
the calculated one extends oveg 18 orders of magnitude of the
variable x=¢/M'*, i

The exact solution of the 2D Ising model in an applied mag-
netic field is stifl missing?, so that one has 10 resort to approxi-
mate solutions. Qur results confirm the validity of such
calculations and represent a test of universality and scaling over

6. — Scaling and universality.

There is
HANKEY and StTaNLey [2} proposed
summarized by the equation of state

(15) MiH" = g(y),

It reads as follows: « Tle magnetization M scaled by HY? is a function of one
and only one argument y = &/HY je ¢ scaled by Huee,

N ". .
not only onc form of expressing the scaling hypothesis [2, 6].
a form which is illustrated in Fig. 2

y = efHYP

a wide range of parameters. Further experimental work on this
system along the lines of for example, refs 17_2} (including the
experimental determination of the scaling behaviour of the cor-
relation function' by, for example. a new generation of neutron
spectrometers) should improve our knowledge of cooperative
phenomena beyond the pure numerical awareness, )
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verify that the scaling function g(y) can be expressed by h{xz), and vice rersa:

-wf%um 9=k,

y = x/h¥H

: It turps out that the plotting of current experimental data in the form « M[H ue
| against e/ MY# s i3 advantageous over the plotting « H{HB? against ¢f/M*/ s,

PR S S

' ! 'gince in the former case the data points are neither clustered in some small

_‘_L_Treglom nor spread over an extremely large reglon." Hence, we decided to f'
—— compare the caleulated and experimental forms A~*® of the scaling functions. ._ :
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i_.._____Fig. 3. - Comparisen of the calculated scaling function for the §=§ Heisenberg e
o model with the experimental data for various magnets. The Pd,Fe data eorrespond
L __to the disordered state of the alloy. a CrBry, o Eu0. & Ki, « Pd;Fe, o YIG. o : _
T In Fig. 3 we present the comparison of the § = } Heisenberg-model sealing = 777777 T
~ 7 function with the experimental data for different magnets. The theoretical — — " "~ T
_ _ and experimental results are normalized by the corresponding critical am- -
e .. plitudes € =h{0) and B =z," (see eqs. (1), (2) and (1)}, which are considered o
~-——-- to be irrelevant in the critical region [22]. The agreement between the two o -
kinds of results is satisfactory enough. It should be emphasized that the solid
-- - - curve in Fig. 3 was obtained for a microscopic Hamiltonian via calculations
""" which did not inclnde adjustable parameters whatsoever. The whole Fig. 3 - -
_ 7 resembles the Guggenheim plot made for fiuids [1,23), because of the percep- T T T
~ tion that data for many different materials fall roughly on only ome curve. -
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R i P T o e
;:iixiilf:;:i,’!iiii"fir' e e
—I—-‘:—'—'_ However, there is a profound difference between the two pictures. The Gug- R
7T T genheim plot compares coezistence curves of different fluids near the critical :ﬂ__*‘_:‘—
T point (i.e. it is a comparison of data taken along a specific path in the critical ————
i ‘' i :  region), whereas Fig. 3 presents experimental data for magnets taken virtually . |
L___“%_ out of every accessible part of the critical region, e
;_____T___ CrBr, is a rhombohedral two-sublattice ferromagnet with § =3 [8). Niisa — ————— -
:_‘_______. metallic ferromagnet. EuO is a semiconducting magnet with § = 7 and with ——— ——
> a considerable next-nearest-neighbor interaction (9]. Pd,Fe is a conducting T T

ferromagnetic alloy [10] (in Fig. 3 we present comparison with the data for

the disordered alloy only, cf. [17]). YIG is a cubic ferrimagnet inswator
;7_:_:_: (YsFe,0,,) with S=§. The solid curve in Fig. 3 represents the calculated .. _ .
e scaling for the nearest-neighbor isotropic Heisenberg model on the f.c.c, latiice . — —- |
i ~— With S=14 (the elementary magnetic moments are localized and the model -—— ——-—— -
j-————————— imitates an insulating magnet). Therefore, the good agreement observed jp ————————-
~-—————— Tig. 3 between the experimental data and the theoretical results supports the ~—— = T e

un-iversalil?; hypothesis [22], which asserts that many specific properties of ma-
" terials dre irrelevant in the critical region.
There are two immediate questions « What are the properties which dominate

_ the critical behavior of a system? » and « May one consider Fig. 3 as a virtual e
-————~ . proof of the universality hypothesis?» Two major characteristics of systems e
S —— which make their eritical phenomena distinguishable are the lattice dimension- T e
—— —-—— ality d (there is a perceivable difference between the two-dimensional and three- T
77T dimensional Ysing scaling fuuctions [14]) and the range of the interacting forces 7

T “between spins (the apparent difference appears between systems with finite-
~ range and those with infinite-range interactions). Secondly, we are tempted .
to accept Fig. 3 merely as & graphical exposition of the universality hypothesis, S
i ___, . since the necessary provise of its correctness—all considered materials and the SRR
—— ——-—- theoretical model should have the same critical-point exponents—is not ful- e e
-~ -—- filled {cf. Table II).

-+~ TaBLE IL. - The critical-point czponents used in the displaying experimental und theo-
-= o retical resulls in Fig. 3.

CrBry - Eu0 Ni Pd;Fe YIG §=1 Heisen-
) {disordered) berg model
i | 0.368 0.368 0.378 0.364 0.370 0.385 -
) 4.28 4.46 4.58 4.61 4.65 4.71

The universality hypothesis has been supported more specifically within

the model calculations than by the comparison of the theoretical and experi- .
o _ mental results. Calculations of the Ising-model scaling functions [14, 16] and e
oo . the §=1 and §= o Heisenberg-model scaling functions [16, 21, 24] for dif-
,,,,,,,,,, ---—— {ferent cubic lattices support the conjecture that the normalized scaling fune-
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. tion is independent of detailed lattice structure. Furthermore, comparison
of the calculated scaling functions for the § = § and § = co Heisenberg model

suggeats that the scaling function may be spin-independent as well {17, 21].
Pm s - However, it i3 evident that the scaling function does depend on the apin dimen-
— sionality n, as the change in h(zx) on going from the Ising model (n=1) to

the Heisenberg mode! (n == 3) is quite substantial {17].

________ 7. — Corollary.

________ The static scaling hypothesis has been found to be correct within the few
: percents of experimental errors, as well ag within the same percentage of the
-———————— compuiational error during the calculatiens of the scaling functions. The
—=--——-=-——— galeculated scaling functions for the Heisenberg models agree reasonably well
" with the experimental resulis [17,21]. Besides, the agreeable Heisenberg-

1

TTUTTTTTTT77 model scaling functions were also obtained by applying the Fisher droplet
. model[25,26], and by utilizing a Monte Carlo procedure [24] and thus they
o i wiw____ support the correctness of the above-described method. As for the universality

-e=mem ———- hypothesis, both experimental and numerical results are giving good hints v
= = -w—-—-————— of ita plausibleness, but still it is about ten percent less plausible than the scaling —_
=== hypothesis. — T -
________ Regently Wirsox {27, 28] has initiated a new attractive approach to the T
7777 justifieation of scaling and universality. Applying the renormalization group
~ 36 e
o 24 e
i 5 e
e £ i
=
- £L
X,XC
_____ Fig. 4. — Comparison of the § = oo Heisenberg-inodel scaling function presented in
_____ Table I with the scaling function caleulated using the e-expression, ref. [33]. The
~ _ numbered curves correspond to the zeroth, first and second order in the s-expanaion.
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technique he was able to provide an explanation of the scaling hypothesis and
to demonstrate the universality. Further success was observed when WiLson
and FISHER have introduced the £ =4 — g parameter which measures « de.
Darture » from the four-dimensional space, whera the classical critical-phenomena,
theories are supposed to be correct [28]). Assuming that ¢ is small enough,
they derived expansions in ¢ of the critical-point exponents up to order e,
which even in the case £ — 1 exhibited & good agreement with the numerical
results. Afterwards BRezIN, WALLACE and WiILsox [30), and independently
AVDEYEvVA and MiGpaL {31]), have used the é-expansion and the Feynman-
diagram technique to calculate, up to order €%, the Ising-model scaling function
and the § =co Heisenberg scaling function as well {32-33). The agreement with
the numerical results is better in the case of the Ising model than in the case of
the § =00 Heisenberg model. However, in both cases the £-expansion equations
of state are not substitutive for the numerical equations, as far as the comparison
with experimental results is concerned (see Fig. 4). Therefore, we may conclude,
at this moment, that introduction of the renormalization group technique into
the eritical-phenomena studies opened the way for a deeper understanding and
apprecia.ffng of scaling and universality, but still the relevance to the reality
of the specific resuits is measured by comparison with the painfully obtain-
able numerieal predictions.

* ¥ ¥
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Scaling, 2d- Ismg model and Univer-
sality

Ch. Back, C. Wiirsch, D. Pescia,

Laboratorium fiir Festkbrperphysik der ETH Ziirich, CH-8093 Ziirich

.Scaling

. 2d Ising model and universality
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Within Landau theory, the equation of

state close to the critical point is (Arrot’s
plots)

H(t, M)/Hy = t- M/Mo + (M/Mp)? (1)

—-M is the magnetisation
—H the applied magnetic field
-t the reduced temperature (7' — T¢)/T¢ and

—Hy, My material dependent scale factors.

Fundamental symmetry of Eq.1 (not
recognized by Arrot):
H/HO t
—1 2)
i~ e




Griffiths (scaling hypothesis):

H/HO — t

(M/Mp)° (M/Mo)l/ﬁ] )

—h(z) is the (non-necessarily linear) scal-
ing function

—B, 6 critical exponents.

Kadanoff: x(z), § and § universal
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@ The Two-Dimensional Ising Model."
| | Universali l’j

| Onsager (194): exactsolution for
_ h-0

C. DOMlD (I‘B?O): V\umer;roJ

equation of state

m =m (T, h)
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Magnetism at the mesoscopic scale

Ch. Stamm, A.Vaterlaus, F. Marty, U. Maier, U.
Ramsperger, S.Egger, and D. Pescia

Laboratorium fiir Festkérperphysik der ETH Ziirich, CH-8093 Zurich
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THE MEASURING TECHNIQUE
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Phase diagram of ultrathin ferromagnetic films with perpendicular anisotropy

Ar. Abanov, Y. Kalatsky, and V. L. Pokrovsky
Department of Physics, Texas A&M University, College Station, Texas 778434242
and Landau Institute for Theoretical Physics, Kosygin str.2, Moscow } ] 7940, Russia

W. M. Saslow
Department of Physics, Texas A&M Unlversity, College Station, Texas 77843-4242

L(1+m)

FIG. 2. Dislocations in the stripe-domain structure. (a)
dislocation inserted from above; (b) dislocation inserted from
below; (c) “strait,” or “passage,” due to two dislocations, one in-
serted from above and one from below; (d) “island,” due to two

dislocations inserted in the center, onc ending above and ‘one
ending below the center.
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The Phase Diagram

| Hpem
L - Paramagnetic Para
Mono-
| domain :
. vy Tetragonal _ T
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| 7
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. Ar. Abanov et al. Phys. Rev. B 51, 1023 (1995)

wo o]

|. Booth, et al. Phys. Rev. Lett. 75, 950 (1995)
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TWO DIMENSIONAL PARTICLES

3dimensional
particles do
have a size
“and shape
dependent

domain pattern

M. Hehn, et al. Science 272, 1782 (1996)
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The growth of flat (two

imensional) particles
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SUMMARY

In the first part of this talk we had a
look at the domain pattern of a
perpendicularly magnetized thin film
and found a remarkable agreement
between experiment and theoretical
predictions. |
(accepted for publication in Phys. Rev. Lett.
6.1.2000)

In the second part we did introduce a
new class of magnetic particles and
found that their properties differ
significantly from classical three
dimensional particles.

(Science 282, 449 (1998) and to be published)



