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Abstract

In order to investigate the magnetic phase transition that occurs at the Curie temperature in magnetic thin- and
ultrathin-film multilayers, we have carried out extensive magnetization measurements in the temperature range embrac-
ing the critical region on amorphous (Tbg ,7Dy¢.73)0.32F€0.6g thin- and ultrathin-film multilayers separated by magnetic
(Cr) or non-magnetic (Nb) interlayers. These data are analyzed by using the conventional methods like the modified
Arrott plots, Kouvel-Fisher method, scaling-equation-of-state analysis and the magnetization isotherm at the Curie
point and the critical exponents f5, y and 6 which describe the phase transition based on the power laws of the
spontaneous magnetization, the initial susceptibility and the critical magnetization isotherm, respectively, have been
deduced. Depending on the type of the sample, we could see two types of transitions, either characterized by
three-dimensional Heisenberg-like critical exponents or two-dimensional Ising-like. The reasons for this are discussed in
detail. © 1998 Elsevier Science B.V. All rights reserved.

PACS: 75.40.Cx; 75.30.Kz; 75.50Kj
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1. Introduction near the magnetic phase transition temperature

have been intriguing the scientific community for

It has been a point of interest to see the influence
of disorder on the critical behaviour of spin systems
that exhibit a second-order magnetic phase
transition [1-4]. Though the critical phenomena
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strukturphysik, Am Weinberg 2, 06120 Halle, Germany. E-mail:
mohan@mpi-halle.mpg.de.

quite a long time, there have been only a few de-
tailed studies made on the phase transitions that
occur in magnetic thin- and ultrathin-film multi-
layers, especially in the amorphous ones. Recent
studies are based on the interest of scientists to
observe a two-dimensional (2D) Ising type of
phase transition experimentally [5-8]. A possible
realization of a 2D system is a single crystallo-
graphically ordered monolayer of magnetic atoms
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atop a non-magnetic substrate. However, our main
interest lies in the phase transitions that occur in
amorphous thin- and ultrathin-film multilayers
[9-11].

The temperature dependence [12-16] of the
spontaneous magnetic polarization, Jg, the initial
susceptibility yo(T < T¢) and yo(T > T¢), and the
dependence of the magnetic polarization J on the
internal field puoH at the Curie point are governed
by the following relations:

Jsoc (=1, t<0, 1)
Zooc (=077, <0, )
Zooc (=177 >0, 3)
Joc HY, =0, (4)

wheret = (T — T¢)/Tg, B, 7,y and o are the critical
exponents.

To determine the exponents f§ and y, we first ap-
ply the modified Arrott plots [ 17] method based on
the Arrott—Noakes equation of state [ 18], given by

(o H/I)'" =(T — T)/ Ty + (J/T)"",

where T and J, are the material-dependent par-
ameters. From these plots, the spontaneous mag-
netic polarization (Jg¢(T)) and the inverse initial
susceptibility (yo }(T)) are derived as functions of
temperature. The values of the Curie temperature
Te, p and y are obtained with the help of the
Kouvel-Fisher [19] equations

J(DAI(T)AT]™ ' =(T — T¢)/p
and
%0 {(T)[dygo (T)/AT] ™' =(T — To)/y.

Another independent way to determine the criti-
cal exponents f5, v" and 7y is by using the scaling
theory [20] which predicts the existence of the
reduced equation of state of the form

TNt = falpoHN0 ).

This relation further implies that J/|¢|® as a function
of uoH/|t|**7 falls on two different curves, one for
temperatures below and the other for temperatures
above the Curie point. The exponent 6 can be

obtained from the slope of the In J versus In(uoH)
plot at the Curie temperature (Eq. (4)).

Another way to analyze the phase transitions is
with the help of a non-linear temperature variable
defined as t' = (T — T¢)/T. This was shown to be
a highly fruitful way by Souletie and Tholence [21]
regarding the discovery that the initial susceptibil-
ity of crystalline Ni varies with temperature in
accordance with a modified power-law y, oc
(1/T)—t)""", t > 0. This relation was shown to be
valid over a wide range of temperatures extending
up to 3T¢. This type of results were also shown in
Heisenberg spin systems with localized moments
[22] which means that this power law holds good
for systems with both itinerant and localized elec-
trons. y*, though it has the same value in a very broad
temperature range (up to 37T¢), at high temper-
atures its value depends on the coordination num-
ber and the value of spins localized at lattice sites of
the three-dimensional system in question. Though
the use of non-linear temperature variable promises
interesting physics, we have not tried to analyze our
data using this, as our data are very much limited
to within the critical region and it will be interesting
to use the non-linear temperaure variable only if
the measurements are performed up to very high
temperatures which is not the case with our data.

2. Experimental details

We have studied three different samples of
the same nominal composition in this work.
The first one (sample 1) comprises of Cr/
(Tbg.27Dyo.73)0.32F€0 65 thin film multilayers with
the Cr layer thickness and Tb—Dy-Fe layer thick-
ness approximately equal to 10 and 100 A, respec-
tively. The second one (sample 2) consists of Cr/
(Tbo.27DYo.73)0.32F€0.¢5 multilayers with thickness
of the Cr and Tb—Dy—Fe layers, respectively, equal
to 10 and 10 A and the third one (sample 3) is
a Nb/(Tbg.»7Dyg.73)0.32F€0.6s multilayer system
with the thickness of Nb and Tb-Dy-Fe layers
equal to 100 and 10 A, respectively. The reasons for
choosing such a high value for the Nb layer thick-
ness are explained in the next part of the paper. All
these samples contain 100 bi-layers and they are
prepared by the RF sputtering technique. All the
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samples were capped by a Nb layer of thickness
500 A. We have used sapphire as the substrate
material which has offered a flat surface for the
sample deposition. The composition and the
amorphous nature of these samples are confirmed
by the EDAX and high-resolution electron micro-
scopy techniques. The sample preparation and char-
acterization procedures are discussed in detail in
Refs. [9-11,23,24]. Magnetic polarization measure-
ments are performed on a pile of few pieces of the
sample by a quantum design SQUID magneto-
meter (Model: MPMS). Magnetization values are
measured as a function of field (up to 10 kOe) at
various temperature values (at 0.25 K steps) on
either side of the Curie point. The demagnetization
factor is estimated from the low-field magnetization
data and demagnetization corrections are made.
The composition (Tbg ,7Dyg.73)0.32F€0.65 1 Well
known as giant magnetostrictive material [25]. The
intermetallic alloys TbFe, and DyFe, are charac-
terized by large values for the magnetostriction and
also large values for the crystal anisotropies K;. The
origin of both these effects is the strong spin—orbit
coupling between the electron spins and the
anisotropic charge distribution. On the other
side, there is a change of sign K; between TbFe,
(positive) and DyFe, (negative) at the exact com-
position (Tby »7Dyg.73)0.32F€0.¢5. Amorphous and

nanocrystalline materials of the composition
(Tbg.27Dyo.73)0.32F€0.65 can therefore exhibit at
the same time large magnetostriction and low co-
ercivity and are well-promising candidates for mag-
netostrictive applications. The main motivation for
the present study was to investigate the magnetic
phase transition in such thin- and ultrathin-film
multilayers and check their critical behaviour.

3. Results, data analysis and discussion
3.1. Sample 1

The modified Arrott plot isotherms constructed
from the recorded magnetization data are shown in
Fig. 1. The choice of the exponent values used to
construct these plots is chosen [26-28] in such
a way that the J'# versus (H/J)!" isotherms over
a maximum possible temperature range around the
Curie temperature are straight and parallel. The
linearity of these isotherms in the high-field region
and the finding that they are approximately parallel
to one another guarantees that the exponents
and y determined are accurate to within +5% [17].
The temperature dependence of Jg and yo ' ob-
tained from the extrapolation methods [17], is de-
picted in Figs. 2 and 3, respectively. From these
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Fig. 1. Modified Arrott plot isotherms constructed from the magnetization data on sample 1 in a narrow temperature range around the
Curie temperature. The exponent values used to construct these plots are also shown.
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Fig. 2. The temperature variation of the spontaneous magnetic
polarization for sample 1. The solid line through the data points
represents the fit based on the power law.
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Fig. 3. The inverse initial susceptibility for sample 1 plotted as
a function of temperature. The solid line through the data points
represents the fit based on the power law.

data, the quantities J(T)[dJ(T)/dT]" ' and
%o ((T)[dy&(T)/dT] ! are computed and are plo-
tted against temperature in Fig. 4a and Fig. 4b,
respectively. The straight lines in these figures rep-
resent the best least-squares fits to the data based
on the Kouvel-Fisher equations.

The scaling plots corresponding to the sample
1 are shown in Fig. 5. A very good collapse of the
magnetization data at various field values onto two
different curves indicates that the values of the
Curie temperature and the exponents are suffi-
ciently accurate [17].

The In J versus In(uyH) plots were also construc-
ted and are shown in Fig. 6. The straight line in this

figure shows a fit to the data at the Curie temper-
ature based on Eq. (4).

Now the values of the critical exponents ob-
tained for sample 1 are f =0.36 £ 0.02, ) =y =
1.38 + 0.03 and 6 = 4.87 + 0.20. The value of 6 cal-
culated from the scaling law " =y = (6 — 1) [29]
with the help of 7', y and f values deduced from the
earlier methods is equal to 4.83 + 0.2, which is in
close agreement with the value obtained from the In
J versus In(uoH) plot at T¢. These values are also in
good agreement with those (f = 0.365, y = 1.386
and ¢ = 4.800) for a three-dimensional Heisenberg
spin system with nearest-neighbour interactions, as
predicted by the renormalization group calcu-
lations [30-34]. It is seen that the exponent values
obtained via various methods are very consistent.

Observation of 3D Heisenberg-like critical expo-
nents for the case of the above sample is definitely
not unexpected. This is just because each of the
Tb-Dy-Fe layers of 100 A thickness is enough to
represent a system of lattice dimensionality of three
and hence the exponents assume values close to the
bulk values which are normally 3D Heisenberg-
like.

3.2. Sample 2

The thickness of each of the Tb—Dy-Fe layers for
sample 2 is maintained to be approximately 10 A
which is thin enough to approach a lattice of re-
duced dimensionality as this value falls in the
monolayer range. We have followed the same pro-
cedure as in the case of sample 1 to deduce the
critical exponents. However, we show only a few
important plots regarding this.

The In J versus In(uoH) plots are shown in Fig. 7.
The straight line fit to the data at the Curie temper-
ature based on Eq. (4) is also shown. The critical
exponents obtained for sample 2 are = 0.36 +
0.02,7 =y =138 £ 0.03 and 6 = 4.77 + 0.20. The
scaling plots corresponding to sample 2 are shown
in Fig. 8. Again it is found that the values of the
exponents are in good agreement with those for
a 3D Heisenberg spin system.

Now, we shall concentrate on our result that the
magnetic phase transition in sample 2 has been
characterized by 3D Heisenberg-like critical expo-
nents. The thickness of each of these films is thin
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Fig. 4. (a) Kouvel-Fisher plot for  for sample 1. The straight line is based on the Kouvel-Fisher equation for f. (b) Kouvel-Fisher
plot for y for sample 1. The straight line is based on the Kouvel-Fisher equation for y.

enough to represent systems with lattice dimen-
sionality of two when considered individually.
However, since we have used Cr as the interlayer to
separate these films, this induces some magnetic
exchange interactions between adjacent layers [35]
and the whole system is magnetically connected
and hence we obtain 3D Heisenberg-like critical
exponents.

3.3. Sample 3

With a view to avoid the magnetic interactions
induced by the interlayer, we have now chosen, in
sample 3, Nb as the interlayer material. We have
also chosen a very high value for the thickness of
Nb layers in order to ensure an absolute isolation
of the magnetic layers (now only Tb—Dy—Fe layers).
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Fig. 5. Scaling plots corresponding to sample 1. The details of
the parameters used to construct these plots are also shown.
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Fig. 6. The In J versus In(uoH) plots for sample 1. The straight
line indicates the fit to the data at the Curie temperature based
on Eq. (4). The value of the exponent is also shown.

We have again repeated all our experiments and
analyzing procedures as explained earlier. The
spontaneous magnetic polarization and the initial
inverse susceptibility are plotted in Figs. 9 and 10,
respectively, as functions of temperature. The
transition in this sample is found to be very sharp
compared to the earlier samples and is also charac-
terized by different values of the critical exponents.
It was not possible with these data to obtain good
Kouvel-Fisher plots as the transition is very sharp
and hence we were left with very few points in the
temperature range close to the Curie temperature.
The fits obtained for these data based on Egs. (1)

and (2) are shown as continuous curves in Figs. 9
and 10. The values of the critical exponents ob-
tained in this way are f=0.126 +0.020 and
y =1.752 + 0.030. The InJ versus In(uoH) plots
were also constructed and are shown in Fig. 11.
The straight line fit to the data at the Curie temper-
ature based on Eq. (4) is also shown.

Now the values of the critical exponents ob-
tained for sample 3 are f = 0.126 +£ 0.02,y' =y =
1.75 +0.03 and ¢ = 15.12 £+ 1.00 (Widom scaling
law yields 6 = 15.00). We have again constructed
the scaling plots with these values of the critical
exponents (Fig. 12) and we see an excellent plot of
the data in which all the data corresponding to
various field values and temperatures fall on two
different curves. These values of the critical expo-
nents are also found to be in excellent agreement
with those predicted for a 2D Ising model [36—40]
(p =0.125, y = 1.750 and ¢ = 15.00).

It is very interesting to see such values for the
critical exponents in the system under study. How-
ever, these values could very well be explained
based on the following arguments. The amorphous
nature of our samples ensures the absence of perfect
translational symmetry. Though Fe does not have
ideally localized spins, the rare-earth moments are
localized and probably this would satisfy the condi-
tion as desired by the Ising Hamiltonian. The
values of the exponents could also be explained
based on the fact that the numerical values of the
critical exponents depend only on (i) the lattice
dimensionality of the spin system, (ii) the number
of components of the order parameter, (iii) the
symmetry of the Hamiltonian and (iv) the range of
the microscopic interactions (mainly exchange) re-
sponsible for the phase transition. Although the
presence of defects is expected [41] to alter the
universality class of the phase transition, this is not
true with the sample under investigation probably
because the correlation length is much larger than
the distance between the defects [42].

4. Summary and conclusions
We have made a detailed study on the magnetic

phase transition which occurs at the Curie tem-
perature by characterizing it with the help of the
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Fig. 8. Scaling plots for sample 2.

critical exponents in a system of amorphous thin-
and ultrathin-film multilayers. Extensive magnetiz-
ation measurements have been performed in the
critical region of three samples of same composi-

o

ness equal to 10 and 100 A, respectively, is char-

acterized by 3D Heisenberg-like critical
exponents.
e The critical exponents for the Cr/

(Tby.57Dy¢.73)0.32F€0.65 System containing 100
layers with the thickness of the Cr and the
(Tby.»7Dy¢.73)0.32F €0 65 layers equal to 10 and
10 A are also close to the 3D Heisenberg values
reflecting the magnetic interaction induced
by Cr.
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e We obtain 2D Ising-like critical exponents
for the Nb/(Tbg. ,7Dyo.73)0.32F€0.6s multilayer
system with the thickness of the Nb and
(Tby.»7DYy¢.73)0.32F €0 65 layers equal to 100 and
10 A, respectively. Our samples being amorph-

ous in nature prove that the correlation length
cannot be limited by the sample inhomogenei-
ties; in other words, the correlation length is
much larger than the distance between the de-
fects.
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