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Abstract We report the result of measurement for the ferro-to paramagnetic phase transition tempera-
ture shift of a gadolinium film. The phase transition temperature has been determined by measuring the
resistance changes of film as function of temperature. At the ferro-to paramagnetic transition tempera-
ture, we can observe the inflection point of resistance changes. The phase transition temperature of 6600
A gadolinium film is found to be shifted by 4 + 0.3C below the transition temperature of bulk gadolini-
um. This is the first measurement for the phase transition temperature shift of ferromagnetic gadolinium

film. This and further results might give a milestone in resolving the differences between experiments

and finite-size scaling theory.

1. Introduction

Near the phase transition temperature, the
physical quantities of finite system deviate
from those of bulk system. The finite-size
scaling theory" gives the formalism for those
systematic deviations according to the smallest
dimensions of finite system. The liquid helium
gives much greater experimental signal for
these finite-size effects since it shows macro-
scopic quantum effects near superfluid transi-
tion temperature. So far, several experimental
efforts with liquid helium for testing finite-size
scaling theory have been done. Those are the
measurements of heat capacity®, superfluid
density®, and thermal conductivity” of con-

fined helium. However, those experimental

data did not explain the finite-size scaling the-
ory well.

In general, the phase transition rhaterials
show the heat capacity anomalies at transition
temperature. Fisher and Langer” predicted
that the resistivity anomalies would be ob-
served in bulk ferromagnet at the ferro- to
paramagnetic transition temperature, that is,
Curie point. This idea comes from the fact that
heat capacity 1s proportional to do/dT, where
o and T are resistivity and temperature,
respectively. On the basis of these predictions,
the resistivity anomalies for bulk nickel® were
observed. Later, the experiment to test finite-
size scaling theory by the measurements of
resistivity anomalies of nickel fims has been

performed”. Due to the abscence of theory for
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the resistivity anomalies in finite systems,
these film data were analyzed by using Fisher-
Langer’s theory for bulk system on the as-
sumption that this theory might be applicable
for rather thick films.

The simplest manifestation of the finite-size
effects is that the phase transition temperature
is shifted from that of bulk system. The
amount of this shift depends on the smallest di-
mension of finite system, for example, film
thickness. According to finite-size scaling the-

ory!" the shift of phase transition temperature
Te(oo) —Te(L)
Te(oo)

~bL* (1)

is expressed by where Tc(co) and Tc(L) are
the phase transition temperatures of bulk, and
finite system of smallest dimension L,
respectively. Also, the critical exponent 4 has
relation of A=1/v, where v is the critical expo-
nent of correlation length, &(T)=¢L! From
the data of nickel films”, 1 is determined to be
1.01+0.11 which clearly deviates from the ex-
pected value of A=1/v=1.49.

To our best knowledge, the phase transition
temperature shift of gadolinium film has not
been reported yet. Only the dynamic specific
heat measurements for bulk system were re-
ported®. Therefore, this experiment is the first
meaurement for the phase transition tempera-
ture shift of a gadolinium film due to the finite
-size effects. We hope that this and further
measurements give a milestone to resolve the

differences between experiments and theory.
I . Experimental Details and Results

In this experiment, we are going to measure
the change of resistance of thin gadolinium
film as the function of temperatures. By trac-
ing the trends of this resistance changes, we
can determine the phase transition tempera-
ture of ferromagnetic material to paramagnet-
ic one. However, the resistance change is gen-
erally very small, less than 2~3% changes for

the temperature span of 50°C. Therefore, we

need the film of as higher resistance as possi-
ble to improve the experimental sensitivity.
For this purpose, the thinner and longer film
might be the best candidate. But, thinner film
might have much larger tendency to have the
nonuniformity of film thickness. So, we have
chosen rather thick film of about 60004 for
our first test sample to measure phase transi-
tion temperature shift due to finite-size ef-
fects. In addition, the resistance of film could
be increased with the use of zig-zag pattern.
The zig-zag patiern mask 1s made by etching
the desired region of copper with Ferric Chlo-
ride. The gadolinium ingot of 99.99% purity
and room temperature resistivity of 1.4x10 °©
£2-m is used for thermal evaporation. The ther-
mal evaporation has been done in the ambient
pressure of ~107* Torr at very slow rate of ~
5 A /sec. The thickness of film is measured by
a quartz oscillator thickness monitor. After
thermal evaporation of gadolinium 1is per-
formed, the sample is annealed at mild temper-
ature of 400°C for about 4 hours. Then, Si0
film of about 1000 A is e-beam evaporated for
the protection of gadolinium film surface. The
schematic figure for the sample film is shown
in Fig. 1.

The sample film is then mounted on the
heating plate. The schematic arrangement of
heater system is shown in Fig. 2. In mounting
the sample film, we use the silver paste of high
thermal conductivity as adhesives for the bet-
ter thermal contact between the substrate of
film and the copper heating plate.

In this experiment, the precise measure-
ments of temperatures at the sample film are
very important. Therefore, we cement the K-
type thermocouple on the bottom of substrate
with silver paste. In addition to this thermocou-
ple, AD590 thermometer” is mounted on the
side of substrate as the reference thermometer
and also for the calibrations of thermocouple.
AD590 thermometer(microchip)is a precise
current regulator which gives the current of #A

exactly same as absolute temperature. The
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Fig. 1. The schematic figure of gadolinium film
evaporated on the glass substrate. The SiO fiim is
formed for protection of the surfaces of gadolini-

um film.
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Fig. 2. The arrangement of heater system 1s shown
in this figure. This whole system is inside the vacu-
um system of pressure of less than 10~° Torr dur-

ing the experiment.

fluctuations of temperature due to the thermal
radiation are reduced by putting the whole
heater system into the vacuum system which
maintains the pressure of less than 10°° Torr
during the experiment. The thermal conduc-
tions from the vacuum system flange to the
heater system through the supports are also
greatly reduced by using the supports of poor
such as the

thermal conductivity material
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acryl. In Fig. 2 we can see the several other
arrangements for reducing the fluctuations of
temperatures due to the background.

The sample inside the vacuum system Is
cooled down by dry 1ce outside of the vacuum
system. Then, the temperature is very slowly
drifted, typically 1m*C/sec, by

resistance heating. The

electrical
small changes of
resistance of film are measured by a slightly
unbalanced resistance bridge system. This
bridge system 1s very powerful for the meas-
urements of very small resistance changes,
typically applicable up to 10% changes of
resistance. The emf from the CA thermocouple
and the unbalanced signal from the bridge
system are recorded by a two-pen strip chart
recorder. Later, the calibration of thermocou-
ple with AD590 is done and the error of tem-
perature is found to be less than 0.5%.

The data for these measurements are shown
in Fig. 3. In this figure, we can see clearly the
slow-down of rate of resistance changes
around 15°C. The phase transition temperature
can be determined by measuring the joint posi-
tion of two linear square fitting lines above
and below about 15°C whithin the error of 0.3
C. Also, we attempted to determine the transi-
tion temperature by differentiating the data
with respect to temperature, this gives do/dT.
Finally, this phase transition temperature is de-
termined to be 15+0.3C which is about 4C
below the bulk phase transition temperature of
19°C*". The values of 1/R(dR/dT) are found
to be 2.9x10 * and 1.0x 10" for above and
below transition temperature, respectively.

In conclusion, we observe that the phase
transition temperature of ferromagnetic gado-
linium film is shifted from that of bulk gadolin-
ium due to the finiteness of sample. The shift
of transition temperature for the film of 6600
A thickness is determined to be 440.3C. The
further measurements for the films of several
different thicknesses might give a milestone to
resolve the differences between experiments

and finite-size scaling theory.
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Fig. 3. The resistance data for the film of 6600 A
thickness are shown in this figure. We can see the
shift of transition temperature Tc for film, compar-
ing Tc™* for bulk gadolinium.
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