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In this paper we report the study of the resistance anomaly close to the ferromagnetic phase transition
temperature 7 in Ni nanowires. The electrical resistance measurements on well characterized Ni nanowires of
diameters down to 20 nm were carried out over an extensive temperature range (4—675 K), which encompasses
the region close to T (reduced temperature |f| < 1072). The wires were grown in porous alumina templates by
electrodeposition and the experiments were carried out by retaining the wires in the templates. The strain that
is generated by retaining the wires in the templates was estimated and its effect was considered in the analysis.
The data analysis done in the framework of critical behavior of resistance near T reveals that the critical
behavior persists even down to the lowest diameter wire of 20 nm. However, there is a suppression of the
critical behavior of the resistivity as characterized by the critical exponent « and the amplitude of the deriva-
tive %TQ at Tc. We observed a considerable suppression of T (as determined from resistance data). The shift

in T¢ as well as the suppression of Q%TQ are explained as arising from finite size effects.
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I. INTRODUCTION

Resistivity (p) of a metallic nanowire is a topic of consid-
erable current interest. In addition to effects such as quantum
transport, even in the regime of classical transport there are a
number of effects that make them differ from the bulk met-
als. In the past we have investigated experimentally the elec-
trical resistivity in fcc metal nanowires (including Ni) with
diameter as low as 13 nm.'? Phenomena such as residual
resistivity arising from surface scattering, electron-phonon
interactions, and temperature dependent resistivity with a
size dependent Debye temperature, fluctuations and size
instability,® and also spin scattering (in magnetic nanowires)
(Ref. 2) have been investigated. Measurement on single high
quality monocrystalline nanowire* of Ni has been investi-
gated down to 3 K to validate the conclusions made from
measurements done by retaining wires within arrays. These
experiments established the extent to which the concepts and
theories developed for bulk conventional metals can be ap-
plied to metal nanowires.

In this paper we explore an interesting and rather funda-
mental issue in ferromagnetic nanowires (Ni), namely, what
happens to the resistance anomaly near the ferromagnetic
transition temperature 7~ upon size reduction. Bulk Ni, near
the ferromagnetic transition temperature 7, shows a clear
resistance anomaly that is associated with critical point
phenomena.’ In this paper we report an investigation of the
resistance anomaly in Ni nanowires of diameter ranging
from 200 to 20 nm near the T, through measurement of
electrical resistance (R) in the temperature range 4=T
=675 K. The measurement, made close to the critical tem-
perature T (|t| <1072, where t=T;—T‘), allows us to investi-
gate whether the critical anomaly in R persists even in nano-
wires with diameters less than or comparable to the
correlation length. In the range of temperature investigated,
we do come close enough to T, such that the growing spin
correlation length can be truncated by the finite size of the
sample. It is noted that the effect of finite size on resistance
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anomaly has been investigated before in thin films.® Shift in
the transition temperature of ferromagnetic metals to inves-
tigate the role of finite size effects has been studied before in
films and nanowires using magnetization measurements.%’
Here, we report the investigation of finite size effects on
resistance anomaly at the critical region in ferromagnetic
nanowires.

In a ferromagnetic nanowire, the relative size of the do-
main wall width (dy) with respect to the diameter (d) de-
cides the magnetic nature of the wire. If d<<\mdy and
length>dy, the wire has one dimensional magnetic
behavior.® In a one-dimensional ferromagnetic nanowire
there are two principal anisotropic energies (the shape aniso-
tropy energy and the magnetocrystalline anisotropy) which
determine the easy axis for magnetization. In nickel nano-
wire, the shape anisotropy energy is at least one order more
than the magnetocrystalline anisotropy energy. As a result
the easy axis is along the axis of the wire. The magnetization
can have either of the two directions and the magnetization
dynamics is determined by the potential barrier between the
two stable orientations. In the diameter range < 35 nm, the
spin structure in Ni nanowires can become predominantly
one dimensional.®?

Resistivity anomaly near a continuous transition has been
associated with the specific heat anomaly (C) (Ref. 10) so
that Zlﬁoc C. This has been proved in precision measurements
on Ni (Refs. 11 and 12) and Gd.'® The critical exponent «
determined from both specific heat as well as resistivity
anomaly were found to be similar in bulk Ni and Gd. There
is no theory or experiment that has addressed the validity of
the above theory'® in the size range of nanowires investi-
gated here, where the effects of finite size should be visible.
We note that the premises of the theory depends on short-
range spin correlation which we believe may be sufficiently
unaltered in these wires and thus there may be reason enough
to assume the validity of the above theory. However, our
analysis of the results, which we present here, in no way
depends on the validity of the above relation. We have inves-
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FIG. 1. (a) TEM image of a 20 nm diameter nickel nanowire. (b)
HRTEM image of an edge of a 20 nm diameter nickel nanowire.

tigated what happens to the 7. as well as the resistance
anomaly close to T¢.

We expect that in the discussed size range two effects may
become operative in nanowires. The first effect is related to
the issue of finite size. Such an effect can describe the shift
of the ferromagnetic T as a function of size.'* It can also
reduce the amplitude of the critical phenomena. In the con-
text of ferromagnetic nanowires, this particular point (shift of
T with size) has been looked into in only one study through
determination of T from magnetization measurements.” The
other issue is related to dimensional crossover due to one
dimensional nature of the spin which one can infer from the
magnetization behavior including relaxation of magnetiza-
tion. In a recent experiment we found that even the low-
frequency spin fluctuations that show up as 1/f noise also
shows clear signature of the one-dimensional behavior.”
However, it has not been explored whether that can modify
the critical region and whether the resistance anomaly seen
in the critical region has signature of this crossover to a quasi
one-dimensional behavior.

It is noted that doing this type of experiments, with the
nanowires embedded in the template, does have limitations,
some of which we elaborate below. The first limitation arises
because these experiments done to such high temperatures
need to be done by retaining them in the alumina templates
in which they are grown. The type of single wire samples
made from freestanding nanowires with lithographically fab-
ricated electrodes are not stable up to the temperatures as
high as the 7. The confinement in the template does impose
uniaxial strain due to large mismatch in thermal expansion
coefficients. This can affect the nature of critical behavior.
The second limitation arises because of inhomogeneous
strain in the nanowires which can broaden the transition re-
gion. We try to address these issues in the data analysis and
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note that the inference from the experiment will be affected
by these limitations.

Doing the quantitative estimation of resistance anomaly in
nanowires due to critical phenomena has a fundamental limi-
tation. This is because as the size is reduced, not only does
the critical part of the resistance change, there is a significant
change in the noncritical part as well. The noncritical part
changes because the residual resistivity as well as the tem-
perature dependent part both change. In the nanowires, both
of these are enhanced (discussed below) and can suppress the
contribution from the critical part. A good estimation of both
would need measurements done to rather low temperature (4
K) and in this investigation this was done so that uncertain-
ties in analysis of data arising from the noncritical part of
resistivity can be minimized.

II. EXPERIMENTAL
A. Synthesis and characterization

The synthesis of nickel nanowires was done by elec-
trodeposition of nickel from a 1M NiCl,-7H,0 solution into
the pores of nanoporous anodic alumina membranes having
thickness in the range 50-60 um. The diameters of pores
inside the membranes have a very narrow size distribution
(rms value <=*5%) and the wires grown in them have
nearly the same diameter as that of the pore. The details of
the method of preparation have been given elsewhere.!>10
X-ray diffraction (XRD) of the nickel filled membranes re-
vealed fcc structure of the nickel nanowire arrays with lattice
constant of 3.54 A (the lattice constant of bulk Ni is
3.52 A). Energy dispersive spectroscopy further confirmed
the purity of the nanowires. A transmission electron micro-
graph and high resolution transmission electron microscope
(HRTEM) image of 20 nm diameter nanowires are shown in
Figs. 1(a) and 1(b) respectively. To improve the homogeneity
and to reduce the resistance due to grain boundary contribu-
tion, the nanowires were annealed at 670 K for 24 h in a
vacuum of better than 107 mbar. XRD pattern of the Ni
nanowires after vacuum annealing did not show any peaks of
NiO ruling out any oxidation of the samples. The annealing
increased the average grain size and in most samples the
average grain diameter (as estimated from XRD line width)
is approximately similar to wire diameters (see Table I). The
annealing also made the wires stable against resistance drifts
during the measurement. In addition to structural character-
ization, the wires were characterized magnetically for T
=300 K, to establish that the wires have well defined ferro-
magnetic state. The investigation of magnetic behavior is not

TABLE 1. Characterization results.

Diameter Grain size Microstrain Coercivity Residual resistivity Debye temperature 6y
(nm) (nm) (Oe) (Qm) (X)
200 216 0.004 100 1.74x 1078 329
100 109 0.004 120 278X 1078 312
55 47 0.006 116 8.24x 1078 281
20 30 0.007 113 1.19x 1077 224
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within the scope of the paper and we do not discuss them
here. The nanowires showed characteristic hysteresis curves.
The coercivities determined from hysteresis loops are sum-
marized in Table I. The coercivities of the wires are compa-
rable although the diameter of the wires varied by one order.
The density of nanowires are more or less the same depend-
ing upon the diameter and does not appear to have much
influence on the coercivity. The coercivity rather depends on
how the easy axis of magnetization aligns with respect to the
wire length. The nanowires used in this experiment are syn-
thesized by dc electrodeposition mechanism and are poly-
crystalline with the value of coercivity remaining almost the
same as the diameter is changed. This is in contrast to the
nanowires synthesized by pulsed deposition,>* where the
wires are oriented and are single crystalline. In such wires,
where there is alignment of the easy axis of magnetization
with the length of the wire, the coercivity can assume much
larger values (= 900 Oe) as the wire diameter is reduced to
20 nm. A reasonable measure of the inhomogeneous strain
(microstrain) as well as the crystallographic grain size can be
obtained from the x-ray linewidth measurements. The line-
width in nanowires is determined by the finite grain size
along with the strain inhomogeneity. The contribution of
both of these can be separated out from the linewidth mea-
surements using the Williamson Hall plot,!” which is ob-
tained by measuring the linewidth for reflections from differ-
ent crystallographic planes (hkl). The grain size and
microstrain (strain inhomogeneity) shown in Table I have
been obtained from this analysis.

B. Resistance measurement

The resistance of the bulk nickel wire (diameter
=50 um) was measured by four probe method while for the
nanowire arrays a pseudo four probe technique!? was used
by retaining the wires inside the template. The leads were
attached using high temperature silver epoxy. For measure-
ment, a phase sensitive detection technique using a low fre-
quency ac signal was used and the samples were kept in a
high vacuum (10™® mbar) in a specially designed high tem-
perature resistivity measurement setup.'® The temperature
was measured and controlled by a temperature controller
(with PT100 sensor) allowing resolution and control to a
millikelvin. Close to T, the resistance of the samples was
measured at a slow ramp of 0.1 K/min.

III. RESULTS

We first show the results from the experiment and then
analyze the data near 7 to quantify the resistance behavior
near the critical region. Figure 2 shows the resistivity data
obtained in the nanowire arrays (normalized with the value
of p at 300 K) along with that of the bulk sample (the 50 um
wire) in the complete temperature range of 4-675 K. The
resistivity data of some of the samples (the 50 wm wire, 200
nm and 55 nm nanowires) are shown in the inset of the
figure. Other data were left out for clarity.

The data in Fig. 2 show the resistance anomaly at the 7.
The resistance anomaly near 7 arises from magnetic origin
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FIG. 2. (Color online) Normalized plot of p vs T for nickel
nanowires of varying diameters in temperature range 4=T
=675 K. The inset shows the absolute value of the resistivity p vs
T for some of the wires.

and is related to the critical behavior. In addition to that, the
resistivity also has a noncritical part (nonmagnetic part) con-
sisting of a temperature independent residual resistivity (p)
as well as a temperature dependent part arising from
electron-phonon interactions. Both these parts change as the
diameter of the nanowires change. The measurement as well
as analysis of resistivity of Ni nanowires from 3 to 300 K
and its diameter dependence have been discussed in details
by us before.” The analysis of the resistivity data measured in
arrays (in alumina templates) were validated by experiments
carried out on single monocrystalline nanowire.* The focus
of this paper is to discuss the critical behavior associated
with the resistance anomaly near 7. As a result we do not
discuss here the analysis of the data for 7<<300 K to avoid
repetition and refer to the earlier publications,!> which also
discuss in details the method to convert resistance data to
resistivity data.

The low temperature part (7<<300 K) of the resistivity p
for the nanowire arrays need to be analyzed to characterize
the noncritical part of the resistivity which is also present at
T along with the critical part. Briefly, our analyses done in
earlier publications'-> have shown that the residual resistivity
(py) arises mainly from surface scattering and it increases as
the diameter decreases (see Table I). The temperature-
dependent part till 250 K (Ref. 4) mainly arises from
electron-phonon interactions, analyzed using a Debye tem-
perature (6g), which decreases as the diameter decreases (see
Table I for a tabulation of 6 from our data). We note that the
0 is reduced to nearly 0.45 times of the bulk value in the
lowest diameter wire. The reduction in 6 enhances the tem-
perature dependent electron-phonon contribution. Due to the
fact that the major contribution of the noncritical part to p
arises from the electron-phonon interactions, close to T, the
temperature being > 6, the noncritical part has a linear tem-
perature dependence. We used this important information in
the analysis of the data discussed later on. The enhanced
resistivity that arises in the nanowires both due to enhance-
ment of the residual resistivity and also the electron-phonon
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FIG. 3. (Color online) Plot of WLK% vs T for nickel nanowires
as compared to bulk. The transition temperature 7 can be clearly

identified.

part, has the effect of reducing the relative contribution of
the critical scattering from the spin fluctuations near the criti-
cal region as the size is reduced.

As mentioned in Table I, the decrease in Debye tempera-
ture () with decreasing wire diameter follows a particular
trend which we established in our previous work.> The
electron-phonon interaction contribution to the resistivity in-
creases as the wire diameter is decreased due to the lowering
in Debye temperature. Such a decrease in the 6y is expected
to arise from an enhanced effective surface area (an enhance-
ment in the surface to volume ratio) with reducing wire di-
ameter. An enhanced number of surface atoms having miss-
ing bonds would give rise to effective lowering of the elastic
modulus and hence a lower effective Debye temperature. The
effect of presence of template as it appears from the com-
parison of data taken on a single free nanowire* is to modify
the surface and increase the effective Debye temperature
more.

In Fig. 2, the T as determined by quantitative analysis,
described later on, are marked by arrows (the approximate
value of T is taken as the temperature where the derivative
of resistance shows a maximum). It can be seen that the
anomaly in the resistance reduces as the diameter is reduced
(along with a distinct reduction in T.). However, the
anomaly, though reduced, is present even in the wire with the
smallest diameter. To accentuate the anomaly in p we show
in Fig. 3 the derivative of the resistance (pw K%‘%) as a func-
tion of T. The presence of the distinct feature in the deriva-
tive near T is present in all the wires, though much reduced
in the wires of smaller diameter. It is seen that the 7 is
reduced as diameter d is reduced. The dependence of 7 on
wire diameter d is shown in Fig. 4. The reduction in T (as
determined from the resistance data) with diameter d is very
similar to that obtained from magnetization measurements’
also shown in Fig. 4.

IV. ANALYSIS OF DATA

A. Shift in T

The T of nanowires shows a clear decrease compared to
the bulk and there is a well defined dependence of the 7~ on
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FIG. 4. (Color online) The variation in T~ with diameter studied
from resistance anomaly (this work) being compared to that ob-
tained from magnetic measurements (Ref. 7). The line through the
data shows fit of the data (resistance anomaly data) to the finite size
scaling, Eq. (2).

the diameter d as can be seen from Fig. 4. One of the ways in
which the dependence of T~ on d can be described is by the
finite size scaling laws.'* The finite size effect can be ob-
served as a change in T when the correlation length &(7) is
comparable to or larger than diameter d. The asymptotic be-
havior of the correlation length &T) of a magnetic system
close to the bulk transition temperature is described by'#

&T) =&l ™, (1)

where &, is the extrapolated value of &T) at T=0 K and ¢
T-T, | ..
=~ is the reduced temperature. The critical temperature 7

for a wire of diameter d scales with the diameter of the
nanowires as

Te) =T _ (é)A 2

Te() d

where, T() is the T of the bulk. The finite size scaling
exponent can be related to the correlation function exponent
v as A=1/v. The exponent can also be determined by the
order parameter exponent as we discuss later on. The fit to
the equation is shown in Fig. 4. We obtain A=0.98. The
value obtained from the results of resistivity anomaly agrees
very well with those obtained from magnetization measure-
ments (A=0.94) for nanowires.” However it is lower than the
values predicted by three-dimensional (3D) Heisenberg
model (A=1.4) and 3D Ising model (A=1.58).>'% The value
of &(=3.35 nm), obtained from the fit, is larger than but
compares reasonably well with that derived from the magne-
tization measurements’ (which is 2.2 nm). The departure of
the observed N\ from the theoretical predictions is discussed
later on. Though we do not commit at this stage that the shift
in T- due to size reduction is only due to the finite size
scaling, however, such an explanation has a physical basis in
the size range of the nanowires. We explore this again in the
discussion section.
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FIG. 5. (Color online) ﬁ% vs 1 (along with the fits) for the 20
nm and bulk wire about 7 (¢=0). The insets show the percentage
error for bulk and 20 nm diameter nanowire data fits.

B. Analysis of the resistance anomaly near T

We now investigate the issue of whether the resistance
anomaly near T, can indeed be analyzed using the frame-
work of critical phenomena, at least operationally. We do not
put forward any theoretical arguments whether such analysis
is justifiable but instead investigate empirically whether such
an approach can be used. In nanowires such issues like strain
as well as other effects can lead to a rounding-off of the
transition and we would have to address this issue while
analyzing the data in the critical region. The resistivity data
near T in bulk Ni wires have been adequately analyzed by
precision experiments in two earlier reports and they are well
accepted values for the critical exponents.'"!? To standardize
our analysis methodology, we use the data of the 50 um
thick bulk Ni wire and analyze it using the protocol as
described earlier,'"'? in the region around T, for
|t|=1072. We use the equation,

A1+ D) (1<0),

3
A1+ DA (1= 0). ®)

R(t)=R0+R’t+{

The terms R, and R’t mainly consist of the noncritical
part of the resistance of the sample. The third term is the
critical part of the resistance responsible for the power law
behavior. This is the part that gives rise to the resistance
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anomaly. «, is the critical exponent with A_ and A, being the
critical amplitudes of the leading term. We note that in the
framework of the Fisher-Langer theory,'” a, is the same as
the specific heat exponent «. This has been validated in ex-
periments with bulk materials. However, this need not be the
case in nanowires. Since we do not know whether this iden-
tity is valid in such systems of reduced dimension, we use
the exponent «, instead. Z is the exponent and D_ and D, are
the amplitudes of the second order correction to scaling or
the confluent singularity. Z=0.55 as predicted by the renor-
malization group theory.!” Though Eq. (3) represents the be-
havior of resistance near T for a homogeneous material with
no spread in T, one can correct for the inhomogeneities by
using a convolution of the form'!:1?

R*(T,Tc,a'):fR(T,TC—x)gU(x)dx, (4)

where g,(x) is a Gaussian in x of width ¢ and x is the
temperature variance from an average 7. In the region very
close to T there is a deviation due to rounding-off which is
discussed later on. The integration was numerically solved
using a 32-point Gauss-Hermite quadrature and a least-
square fitting was done with parameters Ry, R, a, A_, A,,
D_, D,, T,, and o with a maximum fit error of 0.04%. A
typical fit for the bulk wire is shown in Fig. 5 with the fitting
error shown in the top inset. The values of the fit exponents
obtained by us for the 50 wm thick bulk Ni wire data agree
very well with previous high precision data on Ni near the
critical point.!"'> We analyzed the data near T, for wires of
different diameters. We note that even for the 20 nm diam-
eter nanowire, the data can be fitted to Eq. (4) with accuracy
which is comparable to that obtained for the bulk data (as
shown in Fig. 5). For the other nanowires also the fits are
similar and are not shown to avoid duplications. The ex-
tracted parameters for all the wires are tabulated in Table II
along with the exponents obtained from the previous work
on Ni bulk samples.

In Fig. 6, we show a plot of the derivative of resistivity
if;ile as a function of the reduced temperature ¢ for nanowires
of different diameters. The data have been plotted for a re-
gion very close to Tc. It can be seen that there is a clear
decrease in the maximum value of Q’ZfTﬂ as d is decreased but
the existence of the critical region even in the 20 nm wire is
visible.

TABLE II. The exponents for the bulk and the nanowires obtained by fitting.

Reference/diameter Tc a, AL/AZ D,/D_ o

(nm) 9]

Bulk Ref. 11 630.284+0.003  —0.095£0.002 -1.53+0.02 -0.8*0.1 0.13+0.12
Bulk Ref. 12 630.650+0.450  —0.089 £0.003 -1.48+0.03 -1.2*0.2 1.28+0.03
50000 630.248 +0.001 -0.0996£0.0001 —-1.506=0.001 -0.981=0.031 0.141=*=0.007
200 617.752+0.003 -0.0864=0.0006 -1.423*=0.013 -0.845*+0.028 0.435*+0.025
100 606.903+0.017 -0.081£0.001 -1.382*=0.021 -0.737*0.148 0.321*+0.001
55 590.004 +0.008 -0.0638£0.0005 -1.290*=0.012 -0.103*=0.022 0.445*=0.018
20 520.339+0.011 -0.0309£0.0001 -1.003=0.002 0.466*=0.048 0.521*=0.016
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FIG. 6. (Color online) 441
different diameters.

as a function of ¢ for nanowires of

The above analysis establishes that the resistivity anomaly
exists in ferromagnetic nanowires (down to 20 nm) at their
transition temperature 7. However, the anomaly and the as-
sociated critical behavior is progressively suppressed. The
exponents and other parameters obtained form the analysis
above, show a very clear trend as the diameter is reduced
(see Table II). In Fig. 7 we show a plot of , as a function of
1/d. In case of the nanowires, there is a considerable de-
crease in the absolute magnitude of «, showing a slowing
down of the growth of the derivative g‘% near the critical
point. In addition, changes in the amplitude ratios A, /A_ and
D./D_ are also prominent (see Fig. 7).

V. DISCUSSIONS
A. Confinement and strain effects

The critical behavior observed can be affected by the
strain and also by strain inhomogeneities. In this section we
discuss these issues with quantitative estimates as they can
affect our experiments. While uniform strain can produce a
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FIG. 7. (Color online) Variation in |a,| and amplitude ratios
A,/A_ and D,/D_ for the wires studied as determined from the
scaling relation [Eq. (4)].

PHYSICAL REVIEW B 82, 195425 (2010)

shift in T, the anisotropic strain may affect the resistance
anomaly because the fluctuations that make the resistance
anomaly near T~ can get affected if the strain is more along
one direction. The inhomogeneous strain will lead to strain
broadening of the transition, which can also come from the
distribution of sizes of the nanowires due to pore size distri-
bution of the template in which they were grown. While
analyzing the data near the critical point the rounding-off
becomes an important issue. This is present even in bulk
systems such as Ni and in nanowires, in particular, when we
do the measurements in an array of nanowires, these can be
substantial. Thus we would like to estimate the region around
T that will get affected by the rounding-off and would like
to leave out this region from the evaluation of exponents.

Equation (4), which has been used to fit the data, also
gives us the width o of the temperature distribution 7 that
can lead to rounding-off of the transition. The values of ¢ are
given in Table II. The bulk samples and the 50 um thick
bulk wire have low but finite o (<0.15 K). This increases
for nanowires and for the thinnest wires it is = 0.5 K. Thus,
a region of T-*1 K will be affected by rounding-off. We
see below that estimates based on different methods give us
similar numbers.

The strain due to confinement can lead to two effects: (a)
it can modify the critical region because of magnetoelastic
effects and (b) it can change the transition temperature 7
through strain dependence of 7~ which can be anisotropic as
well as inhomogeneous. The inhomogeneous strain will lead
to rounding-off of the transition region. Below we analyze
them with quantitative estimate.

The strain through magnetoelastic effect can produce an
effective anisotropy energy that can compete with shape an-
isotropy energy which is the dominant anisotropy energy in
these materials. The magnetostriction constant Ag,..,, for
polycrystalline Ni is large near room temperature (= —35
X 107%), this however, — 0 as T— T,. In the temperature
range where the resistance anomaly has been studied,
[Ngiriction] <3 X 107, We estimate below that confinement can
produce a stress that is < 1 GPa. For a stress of 1 GPa, the
maximum magnetoelastic energy density =~ 0.3 10* J m™
This is much smaller compared to the shape anisotropy
energy8 ~9.5X10° J m™>. Thus, near the transition, the
strain effects through the magnetoelastic coupling cannot
produce any appreciable effect that can affect the critical
region because A;,i.ion— 0 as T— T¢. This effect thus can
be neglected.

It can be seen from Table I that the strain inhomogeneity
in the wires so grown are =~ 4 X 1073 for wires with diameter
=100 nm and =~ 7 X 1073 for smaller wires. Using these val-
ues of microstrain, we can estimate the expected maximum
spread in 67T of the transition temperature due to strain in-
homogeneity using the bulk modulus of Ni (180 GPa) and

the dependence of T on pressure (% ~1.9 K/GPa).!>? We
get 6T~ *=0.75 K for the wires with diameter =100 nm
and ==*1 K for the wires with smaller diameters. The
above analysis provides us with an estimate of maximum
spread that one would expect for the 7~ from strain inhomo-
geneity. It can be seen that this matches very well with o
obtained from the fit to the data. From the above analysis it

can be seen that the critical behavior near T will be
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rounded-off in an approximate range of *1 K around 7.
Thus to avoid the effect of rounding-off, we have left out the
data in the region || <2 X 1073 in the estimation of the ex-
ponents.

Confining the wire within the template can cause strain
that may be anisotropic due to differential thermal expansion
between the alumina template (thermal expansion coefficient
a;,=6x10° K~') and the Ni nanowires (a,=~13
X 107 K~'). In addition, the ends are on Ag epoxy that has
a,=18Xx10"% K™!. The nanowires have lengths of
=~ 50 um which is the thickness of the membranes. The Ni
wires, if they do not adhere to the walls of the templates will
have a tensile lateral strain, due to the expansion coefficient
mismatch with the Ag end connections and Ni. The magni-
tude of the strain will be =~1.75 X 10~ for temperatures close
to T¢. There will be an associated compressive axial strain
~ 0.53X 1073 (using Poisson’s ratio of Ni ~ 0.3). If the
nanowires adhere to the walls of alumina, they will have a
tensile lateral strain of =~ 4.2 X 10~* and using Poisson’s ratio
of alumina =~ 0.23, we get an axial compressive strain
~0.97 X 1073, One would thus expect a tensile lateral strain
lying in the range =~ (0.5—4) X 1073 and a compressive strain
in the range =~ (0.5-1) X 1073. These strains will lead to
stresses ~(0.1-0.8 GPa for the tensile stress and
~(0.1-0.2 GPa for the compressive stress (using Young
modulus of Ni =200 GPa). In any case the strain due to
thermal expansion mismatch will be well within 1 GPa. Us-

ing j—%% 1.9 K/GPa, we find that the shift in 7 that can
arise from the tensile strain/compressive strain is <2 K.
Thus confinement effects cannot produce the large shift in 7
that we observe on size reduction.

B. Suppression of T on size reduction

The suppression of T on size reduction can be due to
finite size effect. Other sources that can produce reduction
are impurities that expand the lattice, thus reducing the ef-
fective interaction strength, or negative pressure/tensile
strain, which can also reduce 7. The nanowires used in this
experiment are of very high purity. Thus impurity is not ex-
pected to play a role. The estimation of strains in Sec. V A
has shown that strain cannot have such a substantial effect
that it can shift the 7~ by more than 100 K. In view of this,
we can consider finite size effect as the predominant agent
for the reduction in 7. The effect of finite size can be ap-
preciable in the temperature and size regime we are working
in. As the transition temperature is approached, the correla-
tion length gets constrained by the wire diameter. The corre-
lation length &(r) diverges near the transition temperature
following Eq. (1).

In Fig. 8, we show the estimated correlation length &(7) as
obtained from Eq. (1) for nanowires using exponent \ and &,
obtained from the shift in 7 data from the resistance and
magnetization measurements on nanowires. In the same
graph we show the corresponding data obtained on polycrys-
talline thin films. In the graph we mark the diameters of the
wires used by us. It thus appears that for wires below 200
nm, in the temperature range we have analyzed the data for
critical behavior (|t|=0.02), the correlation length is larger
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FIG. 8. (Color online) Truncation of correlation length by the
wire diameters; resistance anomaly (this work); magnetization (Ref.
7); and polycrystalline thin films (Ref. 6).

than or comparable to the wire diameter. Thus one may ex-
pect the finite size effect to set in.

The value of \ as obtained from the finite size shift of 7
[Eq. (2)], is close to 1. This is smaller than what one would
expect from the relation A=1/v=1.4— 1.5."4 However, it has
been argued,”” that in addition to the fact that N\ determined
by the correlation length exponent v, there are additional
contributions in finite size scaling, which make in d dimen-
sion A=(d—-2)+ 5, where 7 is the order parameter correlation
function exponent, which for a Heisenberg model is ~ 0.04.
This depends on the geometry of the system. In Table III, we
list the values of N\ from experiments done on films using
determination of T+ from resistivity methods and also on Ni
nanowires where 7~ was determined from the magnetization
data. \ obtained from high purity Ni film is = 1.01 +0.11,°
which is close to what we have also obtained experimentally.
This is also close to A=0.94 obtained on Ni nanowires from
magnetization measurements. From Table III, it is observed
that in both Ni films and nanowires A =1 is common. From
the available data it thus seems that the exponent of T shift
follows the relation A=(d-2)+ 7 with 7= 0.04, as stated
earlier.

C. Suppression of amplitude of the critical scattering

One of the principal observations of this investigation is
the change in the critical scattering that gives rise to the

TABLE III. Value of \ obtained by different findings.

Reference Technique used A

21 Theory for thin films 1

22 Spin polarization measurements 1.03
on ultrathin films

7 Magnetization in nanowires 0.94

6 Resistance anomaly in thin films 1.01

This work Resistance anomaly in nanowires 0.98
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FIG. 9. Variation in [ o D1 with wire diameter as determined
from resistive anomaly.

resistivity anomaly in Ni nanowires near T.. The above
analyses have clearly shown that the function as given in the
Eq. (3) at least can describe the electrical resistivity close to
T¢. There is a gradual change from the bulk values as the
size is reduced. A very important prediction of the scaling
theory of finite size effect relates to the size dependence of
the amplitude of the physical quantity that becomes critical
at Tc.'* This importanzdp_rlediction of finite size scaling re-
gardlng the amplitude 57~ at =0 (which we will denote as
[ ]max) has been 1nvest1gated in Ni films and a logarith-
mlc dependence on thickness has been found.® For the de-
rivative like -%TQ one would expect from the finite size scal-
ing that the size dependence of [4D o D1 will follow a size
dependence of the type ~ L%”, where L is the measure of the
size. Since «a is small, this dependence is experimentally in-
distinguishable from the logarithmic dependence as has been
seen in precision experiments on Ni films.® It is noted that
although there are investigations of finite size effects in fer-
romagnetic nanowires through shift of TC, there are no re-
ported data on size dependence of [ T ]ma In Fig. 9, we
show the variation in the amplitude of [% o D] with the
diameter d. There appears to be an approximate logarithmic
dependence as one would expect from the finite size scaling

PHYSICAL REVIEW B 82, 195425 (2010)

theory. However, the dependence is not perfect. There can be
reasons for this departure. The value of [‘%T‘Z]max contains a
small contribution from the %T—l from the noncritical part.
This varies as d i 1s changed Thus there is a small but finite
component in [ ]max that will not follow scaling law and
it is different for w1res of different diameters. The amplitude
will also be modified partly by the strain inhomogeneity
which is not the same for all the samples. Keeping in mind
this limitation, the variation in [%Yp]max with diameter d of
the nanowire appears to be a manifestation of finite size ef-
fect.

VI. SUMMARY

In summary, using precision measurements of electrical
resistance of nickel nanowires of various diameters (down to
20 nm), we have explored the resistance anomaly at the criti-
cal point as the size is reduced to an extent that correlation
length is truncated by the finite wire diameter. The data
analysis establishes that the observed resistance anomaly
shows critical behavior down to the lowest diameter wire of
20 nm although with suppressed amplitude. The anomaly
close to T, can be treated in the existing framework of re-
sistance behavior near a critical region although the expo-
nents and amplitudes change as d is reduced. We find that the
magnitude of the exponent «, decreases continuously from
the bulk value as d is reduced. This shows that the critical
behavior is suppressed upon size reduction. With the de-
crease in diameter, we observed a decrease in the transition
temperature 7., as observed in magnetic measurements
There is also a suppression of the derivative [ ]max as d is
reduced. Both these phenomena are analyzed 1n the frame-
work of finite size effects at the critical region.
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