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In this paper, we report a study of evolution of low field magnetoresistance (MR) of Gadolinium as

the grain size in the sample is changed from few microns (�4 lm) to the nanoscopic regime

(�35 nm). The low field MR has a clear effect on varying grain size. In large grain sample (few

lm), the magnetic domains are controlled by local anisotropy field determined mainly by the

magnetocrystalline anisotropy. The low field MR clearly reflects the temperature dependence of

the magnetocrystalline anisotropy. For decreasing gain size, the contribution of spin disorder at the

grain boundary increases and enhances the local anisotropy field. V

I. INTRODUCTION

In recent years, investigation of magnetism in

Gadolinium (Gd), in particular, polycrystalline, and nano-

structured Gd has attracted renewed attention.1–6,15 The

resurgence in the investigations on magnetic properties of

Gd arises from the possibility of utilizing the rather high

magnetic moment (and high saturation magnetization) in

multilayer thin film applications7 and also understanding ba-

sic physics in a metal with localized moments. Some of the

recent magnetic studies focus on nanostructured samples

with grain size in the domain of few tens of nm. The main

motivation appears to be the fact that Gd is a new nanomag-

netic system where the FM state arises from Gd ions with

well-localized spin only moment in contrast to the magne-

tism in more itinerant conventional 3d ferromagnetic materi-

als. Magnetoresistance (MR) of 3d ferromagentic materials

has been a well researched topic for many years and particu-

larly in recent times, the application related issues have

made it a very active field of research.8 In comparison, how-

ever, investigation of the MR of 4f ferromagentic metals like

Gd has not attracted much attention. There are some classic

reports of MR of Gd single crystals that show its essential

differences with 3d metals (like Ni, Co, and Fe).9,10 These

investigations, however, were done at a time when the spin

structure of Gd was not well investigated and interesting fea-

tures like spin reorientation (SR) transition were not discov-

ered/or well understood.

The SR transition in Gd occurs at a well defined temper-

ature TSR� 235 K which is very unique because the magne-

tocrystalline anisotropy ! 0 at TSR.11 This feature is not

seen in most (if not no other) ferromagnetic materials. Gd

has a hexagonal closed pack (hcp) structure and ferromag-

netic Currie temperature (TC)¼ 292.77 K.12 In Gd, the easy

direction of magnetization makes an angle h with the crystal-

lographic c-axis. The angle h changes with temperature in a

complex manner because the magnetocrystalline anisotropy

energy EA (and the constants j0s) is strongly dependent

on T.13 A theory of the temperature dependence of the easy

axis of magnetization in hcp Gd has been proposed

recently.14 Gd, in addition to the para-ferro transition at TC,

has two other important temperatures related to the spin con-

figurations, namely, the SR transition TSR and the tempera-

ture T* where h becomes maximum. In samples with average

grain size>35 nm, the effect of magnetocrystalline anisot-

ropy is expected to take predominance. Very recent neutron

scattering studies1 on nanocrystalline Gd powders found that

while the angle h in polycrystalline samples with large grains

(size (D)> few lm) follows the temperature dependence as

seen in single crystals, for samples with a characteristic grain

size (DC)� 38 nm, h has a temperature independent val-

ue�50�. The similar result has been observed by the mag-

netization study of nanocrystalline Gd which clearly showed

the roles of intra-grain and grain boundary (GB)/interfacial

magnetic anisotropies.3 Our previous work showed that the

magnetic anisotropy of Gd nanowire has an impact of one

dimensional structure.15

The present investigation reports precision low field MR

measurements in polycrystalline Gd with grain sizes varying

from few microns down to few tens of nanometers. The MR

experiments were carried out at low fields (l0H� 0.2 T), so

that contributions to MR by the magnetic domains can be

seen. The primary motivation is to study the effect of size

reduction on such phenomena like spin reorientation transi-

tion and magnetic anisotropy as revealed through low field

magnetotransport. Also, this work shows how the contribu-

tion to MR from domain wall and magnetic spins change

with varying grain sizes.

II. EXPERIMENTAL

The measurements are done on polycrystalline samples

of Gd with purity�99.9%. Three samples were studied in

detail (see Table I). One sample is a Bulk polycrystalline sam-

ple (“Bulk”). Other two are films of thickness 1900 nm (Film-

A) and 250 nm (Film-B). The Bulk sample (length¼ 2.2 mm,

width¼ 0.67 mm, and thickness¼ 0.25 mm) was annealed at

850 �C for 24 h in 1 mbar of Ar and then cooled down to

room temperature with a slow cooling rate�1.5 K/min. The

films were made from the same starting ingot as the Bulka)Email: manotosh.chakravorty@gmail.com
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sample. They were made by evaporation in a turbo-pumped

chamber at a base pressure of better than 10�7 mbar on Quartz

substrates at temperature of 450 �C. The thickness of the film

was controlled by varying the time of evaporation. After depo-

sition, the films were annealed at temperature 500 �C in 1 mbar

of continuous Ar flow. The Film-A annealed for 9 h, has larger

grains compared to Film-B annealed for 4 h.

The micro/nano-structures were characterized by Atomic

Force Microscope (AFM). Magnetic states were determined

using a Vibrating Sample Magnetometer (VSM). The

paramagnetic-ferromagnetic transition temperature TC was

determined from the resistivity derivative as well as from the

modified Arrott-Plot.16 All electrical measurements (including

the MR measurements) have been done using collinear four-

probe method. Since the MR in these materials is �1% or

even less. We used a high-precision resistance measurement

using a low frequency AC technique with a Lock-in amplifier

(LIA) and a low noise transformer pre-amplifier with a gain of

100. A pulsed tube Helium cryostat was used for measurement

in the temperature range of 4 K–330 K. In case of the MR

measurement, a liquid nitrogen bath type cryostat with a cop-

per wire air core solenoid was used. The measurement of MR

was done up to a field of 0.2 T. The MR measurements done

with a resolution of 62 ppm were carried out inside a doubly

shielded enclosure which reduces the noise pick-up further.

For MR measurements, the sample was cooled down

from 330 K (>TC) to a particular value of T where the data

need to be taken. Then the magnetic field is applied from

zero value and cycled following the sequence 0 T ! 0.2 T

! �0.2 T ! 0 T. During the complete magnetic cycle, the

temperature was fixed at the desired value to within 63 mK.

After measuring a complete cycle, the sample was heated up

again to 330 K (greater than TC) to destroy the magnetic his-

tory. It was then cooled again for a fresh field cycling data at

another set of temperature. Magnetic field was applied in

plane of the measuring current. Data were taken with H par-

allel to current ðH k jÞ or H perpendicular to current ðH?jÞ.

III. RESULTS

Estimated grain morphologies and the grain sizes in the

samples obtained from AFM and SEM are summarized in

Table I. For the bulk sample, the average grain size is �4 lm

(data not shown). Representative data for micro-structures of

the two films are shown in Figure 1. There are clear differen-

ces in the grain morphologies as well as the average grain

sizes. Film-B is a compact collection of nearly spherical

grains with average size �35 nm. This can be seen in the

AFM image for Film-B (see Figure 1(a)). In Film-A, the av-

erage grain size is much larger with compact collection of

long grains with average aspect ratio�1.58 (see Figure

1(a)). The AFM images taken on the surface show long

grains with average length�128 nm with average diameters

in the range of �81 nm. The three samples studied have dis-

tinctly different micro/nanostructures, grain morphologies

with average grain sizes that differ by nearly one order in

each of the samples. We will see below that these differences

in micro/nanostructures have qualitative impact on the low

field MR.

The residual resistivity (q0) of the Bulk sample has a

value of q0¼ 10.5 lX cm. This is a factor of 2 (3) more than

the reported b-axis (c-axis) q0 for single crystals.19 In the

TABLE I. Comparison of TC of the samples studied with previous works.

Experimental technique Average grain size (lm) Currie temperature (TC in K) References

Resistivity derivative 4 292.5 (Bulk) This work

0.128 (dL), 0.081 (dW) 288.9 (Film-A)

0.035 280.8 (Film-B)

Arrott plot16 4 291.4 (Bulk) This work

0.128 (dL), 0.081(dW) 290.2 (Film-A)

0.035 286.5 (Film-B)

Resistivity derivative

AC susceptibility

calorimetric measurement

Single crystal 293.2 19

Single crystal 292.8 12

0.14 292.0 6

0.024 284.0

AC susceptibility 100 291.9 20

0.025 285.6

0.0095 252.4

FIG. 1. (a) AFM images of the films. The scale of AFM images is 1.5 lm.

(b) Particle size distributions of Film-A and Film-B. In Film-A, the length

and width of a crystallographic grain are denoted by (dL) and (dW), where

d(þ) and d(�) indicate the limits of distribution as obtained from histogram.



films, the q0 are large and they increase as the grain size is

reduced. In Film-A, q0¼ 68.8 lX cm and in Film-B,

q0¼ 110.8 lX cm. Very large value of q0 in Film-B arises

from its rather small nanoscopic grains. In Figure 2, we

show the normalized temperature derivatives of the resistiv-

ity ð¼ 1
q0

dq
dTÞ as a function of T where the bulk result has been

taken from our previous work.15 For the bulk sample there is

a clear change in slope of the 1
q0

dq
dT at TC. This is similar to

that observed in single crystal of Gd at TC.17 This is a hall-

mark of the critical scattering of electrons from the spin dis-

order that is seen in all ferromagnetic materials like Ni.18

The TC obtained by us from 1
q0

dq
dT of the Bulk matches with

single crystals19 to within 0.5 K. Modified Arrott plot16 were

also used to determine the value of TC. In Table I, the value

of TC is compared with previous works. The clear feature in
1
q0

dq
dT of the bulk sample becomes progressively smeared out

in Film-A and Film-B and there is a distinct shift of the tem-

perature to lower value as the grain size decreases. This fea-

ture matches with the previously observed work by Michels

et al.6 and Ferdinand et al.,20 where TC decreases with the

grain size. Due to the finite size effect, TC decreases as the

grain size decreases.21 The critical scattering at TC, although

much smeared out persists in the films. It has been shown by

our group that the critical scattering persists in ferromagnetic

nanowires even when the diameter of the nanowire is

reduced to nanoregime.22

The M – H curves serve as the important magnetic

characterizations for our samples. Collages of the important

magnetic data in all the three samples taken at different

temperatures are shown in Figure 3. For the Bulk sample,

the coercive field is low (l0HC< 5 mT). In the M – H curve,

there is approach to technical saturation beyond 1 T,

although there is clear sign of finite spin disorder even at

high field that does not lead to full saturation. The coercive

field in the films is much larger, as expected in samples

with reduced grain size, HC increases on cooling. The sub-

stantial hardening of the HC strongly suggests enhancement

of anisotropy energy or pinning potential by the magnetic

domains.

The MR Dq ð¼ qðHÞ � qðH ¼ 0ÞÞ as a function of T
measured at field H¼ 0.15 T are shown in Figure 4 for all the

samples. Results are shown for field (H) parallel ðkÞ and per-

pendicular ð?Þ to the measuring current (j) direction. In all

the three samples the Dq is negative (i.e., qðHÞ < qðH ¼ 0Þ).
(Note that in Figure 4, data are plotted as—Dq to bring out

the magnitude.) The qualitative differences in the Dq data for

the three samples are immediately apparent. For the Bulk

sample, the magnitude of Dq is comparatively larger and as

the grain sizes become smaller the magnitude of Dq is sup-

pressed. The MR observed in the Bulk sample is comparable

to that reported in the single crystal of Gd.23

For the Bulk sample, the jDqkj (where H k j) and jDq?j
(where H?j), both rise on cooling below TC and show a very

distinct and sharp peak at T¼ TSR, which is prominent even

FIG. 2. Temperature dependence of the normalized derivative 1
q0

dq
dT in the vi-

cinity of TC for the three samples studied. Data for Bulk have been taken

from the work of Chakravorty and Raychaudhuri.15

FIG. 3. The field dependence of magnetization data, in the three samples.



at low fields (results are not shown). jDqkj which has been

reported in our previous work15 shows a distinct minimum at

T� 183 K close to T*. After the minima, it then rises again

showing the broad maxima at T� 125 K and on further cool-

ing jDqkj decreases. In case of jDq?j there is no signature of

T* and below TSR it decreases sharply with temperature. The

prominent and sharp peak at TSR is similar to that observed

in the work of Hirakoa and Suzuki.24 It is not, however, clear

whether it is due to a phase transition type of behaviour at

TSR, where the magneto-crystalline anisotropy energy ! 0.

Existence of such a phase transition like behaviour has been

suggested from recent magnetoimpedance measurement in

strongly textured samples.4 In Film-A, with intermediate

grain size, these features at TSR and T* which have seen in

the Bulk sample also persist to some extent, although much

suppressed and appear at lower temperatures. The jDqkj in

low field shows the broad maxima at 210 K and a shallow

minima at�165 K. On cooling to lower T, jDqkj increases

again. jDq?j has a broad maximum around 210 K and below

that temperature it decreases with decreasing temperature.

For the nanostructured Film-B, jDqj rises sharply at and near

TC (like Film-A) but unlike other samples, the features seen

at TSR and T* are absent. It establishes that in the nanostruc-

tured films with such small grain size, the magnetocrystalline

anisotropy within a crystallographic grain is not the domi-

nant factor. (Note: For the existence of small but finite value

of anisotropy energy,11 there is a finite value of jDqj above

TC that persists till 320 K.) The jDqj rises very sharply as TC

is approached from above. In the film samples the jDqj being

small, the rise is more visible as TC is approached). After

the initial rise near TC and a peak at TC, jDqj monotonically

decreases on cooling and reaches a small value till 250 K.

Below that temperature Dqk and Dq? deviate from each

other but both rise again some what as the sample is cooled

further. At low temperatures, the rise in jDqj occurs

due to enhancement of the magnetization on cooling. Due

to the anisotropic magneto-resistance (AMR) and the

Lorentz-MR contribution, the magnitude of Dq? < Dqk for

all the samples.

In Figure 5, we show the field dependence of Dq for

H k j and H?j conditions at four different temperatures. In

the Bulk sample for H k j condition, below TC, the field de-

pendence of Dq shows a clear two stage behaviour that

develops below 0.9 TC. There is a region of sharp rise in the

magnitude of Dq in a low field followed by an almost linear

field dependent region at higher field. This sharp two stage

behaviour persists till T ’ 150 K. Below 150 K, it shows

more gradual field dependence. The field dependence of Dq
does not show any hysteresis. The two stage behaviour, as

we would discuss below, is related to the response of the

magnetic domains to the applied field. In case of H?j con-

dition the two stage behaviour develops below T ’ 190 K.

As the temperature decreases, Dq becomes saturated

for small values of l0H. The two stage behaviour is not

seen in either of the films. The high value of coercive field

(HC) in the films leads to a clear hysteresis in Dq under

field cycling over certain temperature region. In both the

films, at low T the butterfly pattern in Dq vs l0H curve can

be seen. For Film-B, the hysteresis effect becomes maxi-

mum with minimum values of Dq at T¼ 190 K and H?j
condition.

The two stage behaviour seen in the MR of the Bulk can

be better observed in the field derivatives
dðDqÞ

dðl0HÞ taken at dif-

ferent fields and at different temperatures. This is shown as a

contour plot in Figure 6. These plots show the differences in
dðDqÞ

dðl0HÞ as a function of H and T in the three samples. With

H k j condition it can be seen that the derivative has the larg-

est magnitude in the Bulk and it is largest at T� TSR and at a

very low field of �0.01 T. In other temperature ranges, it

tends to a low value and the derivative becomes smaller at

higher field. This clearly establishes the two stage depend-

ence of the Dq on the field. For films the derivative has

much smaller magnitudes, showing the gradual dependence

of the Dq on the applied field. For H?j the derivative

behaves differently.

The qualitatively different behaviours observed in the

field dependences show that in the Bulk with large crystallo-

graphic grains (where the MR might mimic closely that seen

in single crystal) the SR transition temperature has a clear

presence in the low field MR. At higher fields its presence is

much suppressed. This feature near TSR is gradually sup-

pressed in films as the grain boundary contributions win over

those from the interior of the grain. It is completely absent in

Film-B which has average grain size �35 nm. In the follow-

ing, we would discuss implications of some of the main

results.

IV. DISCUSSION

The MR in this material is likely to have two major

components

Dq ¼ Dqdomain þ Dqspin: (1)

The first component Dqdomain arises from the domains that

are pinned at the GBs. In an applied field when the domain

slips from the GB, its contribution to the resistance drops.

The second component Dqspin is the component of MR that

FIG. 4. Comparison of the resistivity change �Dq (as a function of T) of

three samples Bulk, Film-A and Film-B. Results are shown for both H k j
and H?j conditions with magnetic field l0H¼ 0.15 T. Transition tempera-

tures (TSR and T*) are marked by arrows.



arises due to the reduction of spin fluctuations or the suppres-

sion of thermally exited magnons by an applied field.

Temperature increment enhances the spin fluctuations.25 The

MR at low field is likely to be dominated by the first term pro-

vided, since the field needed to align domains is not very large.

The MR at high field will be controlled by the suppression of

thermally exited magnons26 and Dqspin is going to be the domi-

nant contributor. In the low field range of the present investiga-

tion the first component is likely to be the dominant controlling

factor. As a rough model for Dqdomain we could write

Dqdomain / Nddwðl0HÞ; (2)

where Nd is the number of domains within a crystallite that

are pinned at the GB and slip from the pinning site in the

applied field, d is reduction of resistance when the domain

slips. wðl0HÞ �
Ð l0H

0
/ð�Þd�. /ð�Þ is the distribution func-

tion for the local field �. The local field in this case represents

a pinning field that pins the domains at the GB and can act as

a local anisotropy field. The distribution function can have a

most probable field HA. For the low field region the field de-

rivative
dðDqÞ

dðl0HÞ is / /ð�Þ.
The observation that the MR has different behaviours,

particularly at low fields in the three samples, is a reflection

of dominance of the domains in the low field MR, which

evolve as the grain size changes.

In bulk sample since D � DC, the main contribution of

Dq is Dqdomain. jDqj shows a prominent peak at T¼TSR (see

Figure 4) along with large peak in
dðDqÞ

dðl0HÞ at low field. In bulk

sample, with larger grains, the electron scattering will be

mainly within the grain. The domain movement will be con-

trolled by the local anisotropic field. When the field is

applied (>HA), the magnetic domains slip from the GB pin-

ning sites and align to the field, reducing the resistance thus

giving rise to a sharp low field MR. For T< TSR, the magne-

tocrystalline anisotropy energy builds up and the magnitude

of low field MR goes down. For T>TSR the MR goes down

because the magnetization goes down when T! TC.

The sharp value of derivative
dðDqÞ

dðl0HÞ observed for the bulk

sample close to TSR occurs at field which we call Hmax. The

value of Hmax then can be connected to the maximum in the

distribution of �. In Figure 7, we show the temperature de-

pendence of Hmax. The low value of Hmax that is seen for

T� TSR is thus a reflection of low value of HA. In a recent

investigation of magnetoimpedance in Gd, it has been shown

that there is a small anisotropy field �0.015 T that is finite at

low T and reduces to zero as T! TSR.4 This is similar to the

value of Hmax observed by us. Above TSR for Bulk Gd, EA has

FIG. 5. Comparison of the resistivity change Dq (as a function of H) of three samples Bulk, Film-A and Film-B. Results are shown for four different

temperatures.



a finite value with a maximum at TC (Ref. 11) and the magnet-

ization gradually decreases as T approaches to TC. This causes

the sharp rise of Hmax for T > TSR (Since EA ¼ 1
2
l0HmaxMS,

where MS is the saturation magnetization15).

The MR of Film-A has contributions from both (domains

and spin disorder) and therefore the derivative
dð�qÞ
dðl0HÞ shows a

shallow maximum from which we can identify Hmax as we did

for the bulk sample. In Film-A, the value of the field Hmax is

larger. It shows a minimum at T ’ TSR and then rises again as

TC is approached from below, like the bulk sample.

In the films as the grain size becomes smaller, there is pro-

gressive increase of �, arising mainly from the pinning of

domains at the disordered surface of the grains. In that case,

larger field will be needed to align the magnetic domains. The

manifestation of the magnetocrystalline anisotropy energy is

completely suppressed when the grain size (�35 nm) is compa-

rable or less than the characteristic length DC as in the Film-B.

At comparatively higher field (l0H> 0.1 T), the MR

seems to reach a limiting behaviour. For all the samples at

both the conditions (H k j and H?j), the derivative shows a

nearly field independent value,
dð�qÞ
dðl0HÞ ’ �1 to �4 lX cm/T.

In the region the applied field is more than the HC. This is

the region where domain alignment will not contribute and

the contribution will be from the spin or thermally exited

magnons fluctuation term Dqspin. In that case, the film grain

structure may not play a dominant role, leading to similar

behaviour in all the samples.

A prominent manifestation of the magnetocrystalline

anisotropy occurs in the anisotropic MR (AMR) in ferro-

magnetic metals and alloys. In the field region of our study,

the MR is mainly controlled by the domain orientations.

Thus, anisotropy arises from anisotropy in Fermi surface

and the differences in the electron rates in the s–s scattering

and s–f scattering may not be the leading contributor in the

MR anisotropy in this case. The observed anisotropy may

arise from local anisotropy fields that control domain dy-

namics. In the Bulk sample, the local anisotropy field will

occur due to internal mechanism that will depend on the an-

isotropy constants. In the film samples, the domains being

predominantly pinned in grain boundary regions (where

local spin disorder plays role), the MR is mainly isotropic

with small residual anisotropy. Thus, similar MR derivative

were observed in Film-B for field parallel and perpendicu-

lar conditions (Figure 6).

V. CONCLUSIONS

The present investigation is a comprehensive study of

magnetoresistance done on polycrystalline samples of Gd

FIG. 6. Contour plot of
dðDqÞ

dðl0HÞ as a function of l0H and T for all three samples (Bulk, Film-A and Film-B). Columns (a) and (b) show
dðDqÞ

dðl0HÞ for the conditions

H k j and H?j.

FIG. 7. Observed T dependence of the field Hmax (where the field derivative
dðDqÞ

dðl0HÞ shows a maximum).



with varying grain sizes. The magnetoresistance investiga-

tion was done in the low field region. The grain sizes range

from few lm to few tens of nm. In the sample with grain

sizes �few lm or more, the dominant effect arises from the

magnetocrystalline anisotropy of Gd and the observed MR

(its temperature dependence as well as its anisotropy) is a

reflection of the temperature dependence of the intrinsic

magnetocrystalline anisotropy. The most prominent feature

is a sharp peak like feature of the magnitude of MR at the

spin reorientation transition temperature. As the grain size

decreases, the contribution of the grain boundary increases.

The spin disorder at the grain boundaries and pinning by dis-

order become important. A larger pinning potential for the

domains reduces the MR in the films. This suppresses the

features associated with the intrinsic magnetocrystalline ani-

sotropy. The evolution of the MR with grain size shows clear

cross over from an intrinsic magnetocrystalline anisotropy

dominated regime to a grain boundary spin disorder domi-

nated regime.

ACKNOWLEDGMENTS

The authors thank the Department of Science and

Technology, Government of India for the financial support

as a Unit for Nanoscience. M.C. thanks C. S. I. R,

Government of India for fellowship. A.K.R. thanks J. C.

Bose Fellowship for partial financial support.

1D. H. Ryan, A. Michels, F. D€obrich, R. Birringer, Z. Yamani, and J. M.

Cadogan, Phys. Rev. B 87, 064408 (2013).
2F. D€obrich, J. Kohlbrecher, M. Sharp, H. Eckerlebe, R. Birringer, and A.

Michels, Phys. Rev. B 85, 094411 (2012).

3S. P. Mathew and S. N. Kaul, J. Phys.: Condens. Matter 24, 256008

(2012).
4G. L. F. Fraga, P. Pureur, and L. P. Cardoso, J. Appl. Phys. 107, 053909

(2010).
5P. M. Shand, J. G. Bohnet, J. Goertzen, J. E. Shield, D. Schmitter, G.

Shelburne, and D. L. Leslie-Pelecky, Phys. Rev. B 77, 184415 (2008).
6D. Michels, C. E. Krill III, and R. Birringer, J. Magn. Magn. Mater. 250,

203 (2002).
7C. Ward, G. Scheunert, W. R. Hendren, R. Hardeman, and M. A. Gubbins,

Appl. Phys. Let. 102, 092403 (2013).
8P. Gr€unberg, Acta Mater. 48, 239 (2000).
9K. Maezawa, T. Mizushima, K. Mori, K. Sato, Y. Saito, and S.

Wakabayashi, J. Phys. Soc. Jpn. 47, 585 (1979).
10K. A. Mcewen, G. D. Webber, and L. W. Roeland, Physica B 86–88, 533

(1977).
11C. D. Graham, Jr., J. Appl. Phys. 34, 1341 (1963).
12S. N. Kaul and S. Srinath, Phys. Rev. B 62, 1114 (2000).
13W. D. Corner and B. K. Tanner, J. Phys. C: Solid State Phys. 9, 627

(1975).
14M. Colarieti-Tosti, T. Burkert, O. Eriksson, L. Nordstr€om, and M. S. S.

Brooks, Phys. Rev. B 72, 094423 (2005).
15M. Chakravorty and A. K. Raychaudhuri, J. Appl. Phys. 115, 054308

(2014).
16A. Arrott, Phys. Rev. 108, 1394 (1957).
17D. S. Simons and M. B. Salamon, Phys. Rev. B 10, 4680 (1974).
18O. K€allb€ack, S. G. Humble, and G. Malmstr€om, Phys. Rev. B 24, 5214

(1981).
19H. E. Nigh, S. Legvold, and F. H. Spedding, Phys. Rev. 132, 1092

(1963).
20A. Ferdinand, A-C. Probst, A. Michels, R. Birringer, and S. N. Kaul,

J. Phys.: Condens. Matter 26, 056003 (2014).
21M. E. Fisher and M. N. Barber, Phys. Rev. Lett. 28, 1516 (1972).
22M. V. Kamalakar and A. K. Raychaudhuri, Phys. Rev. B 82, 195425

(2010).
23J. A. M. Santos, J. F. Collingwood, J. B. Sousa, and S. B. Palmer, J. Magn.

Magn. Mater. 272–276, e491 (2004).
24T. Hirakoa and M. Suzuki, J. Phys. Soc. Jpn. 31, 1361 (1971).
25M. V. Kamalakar and A. K. Raychaudhuri, Phys. Rev. B 79, 205417

(2009).
26S. N. Kaul and S. P. Mathew, Phys. Rev. Let. 106, 247204 (2011).

http://dx.doi.org/10.1103/PhysRevB.87.064408
http://dx.doi.org/10.1103/PhysRevB.85.094411
http://dx.doi.org/10.1088/0953-8984/24/25/256008
http://dx.doi.org/10.1063/1.3288696
http://dx.doi.org/10.1103/PhysRevB.77.184415
http://dx.doi.org/10.1016/S0304-8853(02)00385-2
http://dx.doi.org/10.1063/1.4794820
http://dx.doi.org/10.1016/S1359-6454(99)00297-9
http://dx.doi.org/10.1143/JPSJ.47.585
http://dx.doi.org/10.1016/0378-4363(77)90413-2
http://dx.doi.org/10.1063/1.1729499
http://dx.doi.org/10.1103/PhysRevB.62.1114
http://dx.doi.org/10.1088/0022-3719/9/4/013
http://dx.doi.org/10.1103/PhysRevB.72.094423
http://dx.doi.org/10.1063/1.4864124
http://dx.doi.org/10.1103/PhysRev.108.1394
http://dx.doi.org/10.1103/PhysRevB.10.4680
http://dx.doi.org/10.1103/PhysRevB.24.5214
http://dx.doi.org/10.1103/PhysRev.132.1092
http://dx.doi.org/10.1088/0953-8984/26/5/056003
http://dx.doi.org/10.1103/PhysRevLett.28.1516
http://dx.doi.org/10.1103/PhysRevB.82.195425
http://dx.doi.org/10.1016/j.jmmm.2003.12.1297
http://dx.doi.org/10.1016/j.jmmm.2003.12.1297
http://dx.doi.org/10.1143/JPSJ.31.1361
http://dx.doi.org/10.1103/PhysRevB.79.205417
http://dx.doi.org/10.1103/PhysRevLett.106.247204

