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Low cost magnetocaloric nanomaterials have attracted considerable attention for energy efficient
applications. We report a very high relative cooling power (RCP) in a study of the magnetocaloric
effect in quenched FeNiB nanoparticles. RCP increases from 89.8 to 640J kg™' for a field change
of 1 and 5T, respectively, these values are the largest for rare earth free iron based magnetocaloric
nanomaterials. To investigate the magnetocaloric behavior around the Curie temperature (7¢), the
critical behavior of these quenched nanoparticles was studied. Detailed analysis of the magnetic
phase transition using the modified Arrott plot, Kouvel-Fisher method, and critical isotherm plots
yields critical exponents of f =0.364, y=1.319, 6 =4.623, and o = —0.055, which are close to the
theoretical exponents obtained from the 3D-Heisenberg model. Our results indicate that these
FeNiB nanoparticles are potential candidates for magnetocaloric fluid based heat pumps and low
grade waste heat recovery. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4900736]

I. INTRODUCTION

Environmental degradation and energy efficiency are of
high interest due to global warming and finite energy resour-
ces.! Low grade waste heat recovery and heat pumps are of
special interest because of their tremendous potential to
improve energy efficiency.”® Low grade waste heat is
expelled to the atmosphere during production and consump-
tion of energy, this waste heat can be recycled using the mag-
netocaloric effect (MCE). A heat pump is a device which can
transfer heat from a cool region to a hot region.* MCE based
heat pumps are more cost effective and energy efficient than
conventional heat pumps.’ The MCE is the change in temper-
ature, corresponding to the magnetic entropy change (ASy,),
of a material due to the adiabatic application (or removal) of
an external magnetic field.®” Generally, MCE is large close
to the Curie temperature (T¢), where the magnetic spins
undergo an order < disorder phase transition.® The relative
cooling power (RCP) is an important performance metric to
rank magnetocaloric materials, quantifies the magnitude of
heat extracted in a thermodynamic cycle.” High RCP, reason-
able ASy,, as well as low thermal and magnetic hysteresis are
required for MCE based heat pumps.

Gd based materials exhibit very high AS,;,” """ how-
ever, materials containing rare earths such as Gd are very ex-
pensive, of limited availability, involve radioactive mining,
etc., which precludes large scale commercialization. On the
other hand, transition metal (TM) based alloys are highly
attractive to replace such rare earth based materials. TM
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based alloys are low cost, readily available, earth abundant,
and environmentally friendly.'? Hence, there is considerable
interest in developing rare earth free magnetocaloric materi-
als. Magnetic nanoparticles (MNPs) can exhibit superior
magnetocaloric properties compared to the bulk but there are
very few reports of the MCE of nanoparticles.'*"'* The RCP
of nanoparticles can be increased through a broad magnetic
phase transition, which will be useful for low grade waste
heat recovery and heat pumps.'> Ucar et al., reviewed the
RCP (in Joule/$) of various magnetocaloric materials and
found that FeNi based materials are very useful for such
applications.'® For self pumping cooling systems, MNPs are
suitable if the T lies between room temperature and the de-
vice operating temperature.'®

Besides the urgent need for low cost MCE materials,
analysis of the critical behavior of such materials is of high
interest since it is directly related to the MCE.'” The critical
exponents o, f3, y, and J correspond to specific heat, spontane-
ous magnetization, magnetic susceptibility, and critical iso-
therm, respectively. These exponents are directly related to
the MCE of the materials. For example, with the help of the
Arrott-Noakes equation of state, the magnetic entropy change
at T =T, can be expressed by the following relations:'®

—afy

/;;1 n
S ——HWU =AH', ()
sy - 1)

ASy =

where n=14[(f — 1)/(f+7)], a and b are constants and A
is a function of the critical exponents. The field depend-
ence of RCP can be expressed as power law of RCP oc HY,
where N =1+ 1/6. Hence, the determination of critical

© 2014 AIP Publishing LLC
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exponents (o, ff, y and 0) is useful to evaluate the MCE
performance of the materials even at high field, which may
not be available in many laboratories as well as to compare
the MCE results obtained by various investigators using
different maximum fields. In addition, the critical behavior
study is a powerful approach to understand the mechanism
of the magnetic phase transition and the nature of ordering
around T¢.

We report the synthesis and structure of Fe—Ni—B nano-
particles possessing a metastable face centered cubic (fcc)
crystalline structure. Boron was added to reduce the T to
~100°C, suitable for low grade waste heat recovery.’
Previous work on (Fe;oNizg)goZr;B4 nanoparticles showed
attractive magnetocaloric properties.'” However, zirconium is
not preferred for waste heat recovery applications due to their
pyrophoric nature. These particles have to be suspended such
as water and pyrophoric materials will not be useful. Here, Zr
was replaced by B and the composition of (Fe;oNizg)goBwas
selected, which is found in this work to yield superior MCE
(ASyy=—-2.1J kg7' K', RCP=640J kg~ ' at AH=5T)
properties compared to (Fe;oNisp)goZr7B4. The MCE is much
more dramatic near Tc. Hence, the critical exponents of the
magnetic phase transition near 7. were obtained using
Landau’s mean field model, 3D-Ising, 3D-Heisenberg, and tri-
critical mean field models.”® The obtained critical exponents
(f=0.364, y=1.319, 6 =4.623, and o= —0.055) were very
close to the 3D-Heisenberg model and used to determine the
field dependence of MCE.

Il. EXPERIMENTAL DETAILS

(Fe79Nisp)g0B1; alloy nanoparticles were prepared by
planetary ball milling (FRITSCH) at 600rpm under Ar
atmosphere from elemental Fe (99.99%, Sigma Aldrich), Ni
(99.998%, Fisher ChemAlert Guide), and B (97%, Sigma
Aldrich) powders. To prevent cold welding, a small quan-
tity of ethanol was also added in the material mixture. The
ball to powder ratio was 10:1. The vials and balls were
made of zirconium oxide, and the volume of the vial was
125 ml, which contains 15 balls (10 mm in diameter). To
prevent oxidation during heat treatment, the magnetic nano-
particles were sealed under high vacuum (10 >Torr) in a
quartz tube. The sealed tube was heated at 700 °C (y- phase
region)?! for 2 h and quenched in water. The structure and
phase were determined by X-ray diffraction (XRD) using a
Bruker D8 Advance diffractometer (CuKo radiation). The
composition was confirmed by energy dispersive X-ray
spectroscopy using a JEOL JSM-7600F scanning electron
microscope. To determine the particle size and morphology,
transmission electron microscopy (TEM) was carried out on
a JEOL 2010 TEM with an operating voltage of 200kV.
Samples were prepared by ultrasonically dispersing a small
quantity of powder in hexane followed by placing a drop of
the suspension on a holey carbon-coated copper grid, the
sample is then dried in air. The magnetic properties were
measured using a physical property measuring system
(PPMS) (EverCool-II, Quantum Design), equipped with a
vibrating sample magnetometer probe and an oven (model
P527).
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lll. RESULTS AND DISCUSSION
A. Phase analysis

Fig. 1(a) shows the XRD patterns of (Fe;oNiz0)goB11
nanoparticles after 4, 5, 7, 8, and 10 h milling times. Rietveld
refinement showed that the product after 4 h milling is a mix-
ture of both body centered cubic (bcc) and fcc FeNiB phases.
As milling time increased to 5 h, the intensity of the diffrac-
tion peaks increased slightly and shifted to higher “20” val-
ues (Fig. 1(b)), indicating greater crystallinity and lower cell
volume. The mass fraction of the bcc phase reduced with
milling time and only the y-FeNi was observed after 10h
milling time (Fig. 1(b)).** The y-phase has lattice parameters
a=3.59893(6) A, V=46.61465 A3, Z=2, and space group
Fm-3m. In mechanical alloying, the composition ranges of
the bce and fcc phase regions were extended compared to
their equilibrium range.”? The average crystalline size, cal-
culated by the Scherrer’s formula, was ~18 nm and ~10nm
for bce (4h milling) and fcc (10h milling) phases, respec-
tively,” Fig. 1(c) shows the bright field transmission elec-
tron micrograph for (Fe;oNizg)goB; after 10 h milling time.
The particle size is in the range of 6 to 17nm with an
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FIG. 1. (a) XRD patterns of (Fe;oNiz)goB1; nanoparticles after milling
times 4, 5, 7, 8, and 10h under Ar atmosphere. (b) Higher magnification of
110(bcc) and 111(fcc) diffraction peaks. (c) Bright field TEM of y-
(Fe7oNiz0)goB 11 nanoparticles with magnified inset showing lattice spacing
corresponding to 111 planes.
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average size of 12nm, close to the value obtained from the
XRD data. The lattice fringe of 2.5 A, corresponding to the
111 planes of the fcc phase, is shown in the magnified por-
tion of Fig. 1(c). The XRD and TEM results demonstrate
that high speed ball milling has produced a nanocrystalline
structure. Small particles are easy to suspend in fluids, even
at high fields, thus providing versatile applications for heat
transferring magnetic heat pumps and waste heat recovery.**

B. Magnetocaloric effect

Fig. 2(a) shows the temperature dependence of magnet-
ization M(T) of (Fe;oNiso)goB 11 nanoparticles with and with-
out water quenching, under a field of 0.1 T. T of the as
milled sample was above 400 K, whereas the quenched sam-
ple shows T = 381K, as determined from the minima of the
plot of dM/dT versus T (inset of Fig. 2(a)). Our T value for
quenched nanoparticles is lower than that reported in the Fe-
Ni phase diagram.?® We attribute this change to atomic rear-
rangements, (short-range ordering or clustering by addition
of boron) and quenching.26 Recently, Moreno et al. also
reported a large reduction in T¢ of CogyNbgZr,B3( alloys by
quenching.”’

Fig. 2(b) shows the field dependence of magnetization
M(H) at T=10K. The sample exhibits soft ferromagnetic
(FM) behavior with negligible hysteresis. The absence of
field hysteresis in M(H) is a great advantage for efficient
magnetic cooling, since it permits high cycle operating

75 '(a) #H=01T
As-milled
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FIG. 2.(a) M(T) versus T of as milled and water quenched of
(Fe;oNi30)goB 11 nanoparticles for yoH=0.1T, the inset of (a) shows dM/dT
versus T plot for the quenched sample. (b) M versus H at 10K, the inset of
(b) shows M(H) isotherms from 100 to 600K for the quenched sample.
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frequency.28 The inset of Fig. 2(b) shows the full cycle M(H)
isotherms from 100 to 600 K, which were used to determine
ASy; using the Maxwell relation ASy = f:(&M/@T)HdH.
Fig. 3(a) shows the —AS,, versus T plots for field changes
(AH) of 1, 2, 3, 4, and 5T. At T equal to 381 K, —AS,/***
increased from 0.51 to 2.1J kg™' K~ for field changes
AH=1T and AH =5T, respectively. These curves show a
symmetric peak at T, indicating that the paramagnetic (PM)
to FM phase transition is second-order.

RCP is calculated as the product of maximum entropy
change and temperature at full width of half maximum, i.e.,
RCP(S) = ASy X 0Trwuy. Because of the large 0T gy, in
our nanoparticles, the RCP increases from 89.8 to 640J kg{1
for a field change AH equal to 1 T to 5 T, respectively. Fig.
3(b) shows the “—AS,/““* (left) and RCP (right) as a func-
tion of AH. Recently, Ucar et al." reported —AS,; and RCP
values of 0.5J kg™' K" and 84 kg~ for a y-Fe;,Ni,g alloy
for a field change AH of 1.5T. The —AS,; and RCP values of
our (Fe;9Nizg)goB;; nanoparticles for the same field change
are 48% and 86% higher than Fe;,Niys. For AH=5T, our
RCP=640]J kg_1 value is 36% higher than that of Fe,;oNi3q
and even larger than the benchmark magnetocaloric material,
GdsGe; oSirFeo; (630J kg™").?® Another benchmark mate-
rial, Gd with 12nm particle size has a RCP of 400]J kg_l,
which is ~46% less than our nanoparticle with the same aver-
age size."* Tn addition, we have made a comparison of the
magnetocaloric properties of our nanoparticles with Gd,
PryFe 7, Nd,Fe 7, (Fe;oNizg)goZr;B4 nanoparticles in Table 1.
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FIG. 3. (a) —AS,, versus T for quenched (Fe;oNi3()g9B; nanoparticles for
AH ranging from 1T to 5T. (b) AS,/““* (left scale) and RCP (right scale) as
a function of AH.
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It can be concluded from Table I that our RCP value is
higher than that of rare earth and FeNi based nanoparticles,
with Curie temperature suitable for low grade waste heat
recovery.

The enhanced spin disorder at surface is common in
magnetic nanoparticles when particle size decreases in the
same order of magnetic domain. On the other hand, surface
atom experiences large anisotropy due to the broken symme-
try of their surroundings, called Neel surface anisotropy.*?
The broadening in the AS,, versus T curve and therefore high
RCP arises from the asymmetric nature of the exchange pa-
rameter and fluctuations in the interatomic spacing due to
increased spin disorder at the surface of nanoparticles.”’°
For small particle size, the total magnetization M(H) =M_,,.
+ Mace suggests that ASy = AS.,re + ASgurface. Xi et al.,
Garnin et al., and Biasi et al. described in detail that how
surface and core contribution are different in magnetic nano-
particles.3 1233 The ASy; of our nanoparticles (~12nm size),
which can be considered as a single domain, is the sum of
the change in entropy of the core (AS.,,.) and the change in
entropy of the disordered surface (ASgf.c.). As the particle
size decreases, the surface to volume ratio of the atoms
increases. In nanoparticles, M., decreases, while M, f4c. is
less dependent on T (less 8M_m,fm.e/8T),3 ! resulting in moder-
ate AS); and broad 0T gy py,. Mathew et al. also found an in-
crement in broadening (0Tgwpnm) in the AS); versus T using
nanostructuring of Gd and suggested that average nanocrys-
tallite size can be used to tune the full width and half maxi-
mum of AS,,."*

Although second order transition materials (SOTM)
generally exhibit lower AS;/““* compared to first order tran-
sition materials (FOTM), their high RCP and absence of field
hysteresis can make them better candidates for magnetic
cooling.***> The RCP is 4/3 times the cooling capacity ¢ =
- Tle AS)y(T) oy dT of the material.*® It indicates how much
heat can be transferred from cold end (7) to the hot end (75)
in one ideal thermodynamic cycle. Cooling power (CP), an
important parameter for device applications is directly pro-
portional to heat absorbed per cycle (¢) and operating fre-
quency. Engelbrecht et al. used different model materials in
a device simulation and reported that a material with a broad
peak in entropy change (large 0T gwsy,) provides signifi-
cantly better cooling power than a material with a sharp

J. Appl. Phys. 116, 163918 (2014)

peak.>” Cooling power for material with low AS,; and high
0T pweps 18 about 50% more than that of material with high
ASy; and low 0T pwpay, for the same normalized fluid flow
rate. Thus, for a single regenerator, our material with broad
temperature distribution of MCE is more attractive than with
sharp ASy; peaks (low 0T rypas). Franco et al. have reviewed
the RCP and AS,/°* for first and second order transition
materials, our nanoparticles exhibit AS,/“* comparable
with most rare earth free SOTM and also exhibit higher
RCP.” This implies that these nanoparticles could be poten-
tial candidates for magnetocaloric fluid based heat pumps
and low grade waste heat recovery.

C. Critical behavior
1. Arrott plots

To understand the MCE, the nature of the magnetic
phase transition responsible for the MCE needs to be deter-
mined. M(H) isotherms for quenched nanoparticles were
measured around T at each 2K interval from 364 to 400 K
(Fig. 4(a)). According to the Banerjee criteria, the order of
the magnetic phase transition can be determined from the
slope of the Arrott plot, M? versus H/M. A negative (posi-
tive) slope of the Arrott plot suggests that the magnetic phase
transition is first (second) order.*® Fig. 4(b) shows M? versus
H/M curves for (Fe;oNiz)goB1; nanoparticles. The nanopar-
ticles exhibit a positive slope, indicating that the PM-FM
phase transition is second order. However, all curves of the
Arrott plots exhibit non parallel behavior, even at high mag-
netic fields. This indicates that the Arrott-Noakes equation™”
of state, i.e., (H/M)""" = (T — Tc)/Tc + (MIM,)?, where M, is
a materials constant, is not satisfied with critical exponents
y=1 and =0.5. Generally, second order magnetic phase
transition materials show straight parallel curves in the
Arrott plot when spontaneous magnetization occurs due to
long range ordering. In our case, however, the nonparallel
nature of Arrott plots suggests the presence of inhomogene-
ous magnetic phases and short range order near 7.

The critical behavior and nature of transition for our
materials could be explained by the modified Arrott plot, as
proposed by Noakes.*” In the high magnetic field region, the
effect of charge, lattice, and orbital degrees of freedom are
suppressed in a ferromagnet and the order parameter can be

TABLE I. Curie temperature (7¢), grain size, change in entropy (AS),) and relative cooling power (RCP) for promising magnetocaloric nanomaterials.

Nominal composition Tc (K) Grain size (nm) uoH |ASy|Tkg 'K ! RCP (Jkg™ ") Ref.
Gd 295 12 2 3.5 ~180 14

Gd 295 12 5 7.2 ~400 14
ProFeys 290 1 15 ~0.6 60 49
PryFe, ~292 20 5 4.5 573 50
Nd,Fe 340 11 1.5 ~1 118 51
Nd,Fe 340 14 1.5 1.6 87 51
(FesoNiso)goZi7Bs 353 20 15 0.7 " 19
(FezoNiso)goZr7B 353 20 5 ~2.8 ~330 19
(Fe7oNiso)soB11 381 12 1 051 89.8 This work
(FesoNiso)soB1 1 381 12 15 0.73 155 This work
(Fe7oNiz0)goB 11 381 12 5 2.1 640 This work
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FIG. 4. (a) M(H) isotherms around T, (b) Arrott plot (Mean-field model), (c) 3D-Ising model, (d) 3D-Heisenberg model, (e) triclinic mean field model, and (f)

relative slope (RS) as a function of temperature.

identified with macroscopic magnetization.*” Three models,
i.e., 3D-Heisenberg model (f=0.365, y=1.336), 3D Ising
model (f=0.325, y=1.24), and the tricritical mean field
model (f=0.25, y=1.00) were used to obtain experimental
f and y values (Figs. 4(c)—4(e)). To find the best model, the
relative slopes (RS) of the straight lines, RS =S(T)/S(T¢)
were calculated. Fig. 4(f) shows the RS versus T plots for all
three models. The value of RS for the tricritical and 3D-Ising
models deviates from 1, while for the 3D-Heisenberg model
it is much closer to 1. Therefore, the critical properties

(P, and ) and T¢ of the (Fes(Nizp)goB 1 nanoparticles were
calculated on the basis of the 3D-Heisenberg model.

2. Determination of critical exponents f, y, 6, and a

Linear extrapolation from high fields to the intercept
with the axis (H/M)""” for T > T and M"'? for T < T, yields
the spontaneous magnetization (Mg (7,0)) and the inverse
magnetic susceptibility (y (T, 0)). The critical exponents
and T can be accurately determined from the Kouvel-Fisher
(KF) method,*' Egs. (2) and (3).
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According to this method, M,(dM,/dT)"" versus T and
20 (dy! /dT)~" versus T should show straight lines with
slope 1/f and 1/y, respectively. The value of T can be deter-
mined by extrapolation of these straight lines to the ordinate
equal to zero on the T axis. Experimental data were fit with
the Kouvel-Fisher method, yielding exponents f=0.364
with Tc=380.96K and y=1319 with T-=381.32K
(Fig. 5(a)). These values of critical exponents are in good
agreement with the 3D-Heisenberg model.

The third critical exponent § can be experimentally
determined from the M(H) at T¢ (Fig. 5(b)). The slope (1/6)
of In(M) versus In(H) plot (the inset of Fig. 5(b)) yields
0=4.60. This exponent 6 can also be determined by
Widom’s scaling relation** § = 1 4 (7/f), which results in a
o0 value of 4.623. This value is close to our experiment value,
implying that the critical exponents f§ and 7y values are
reliable.

The critical behavior near T was also verified by the
universal scaling hypothesis. In the critical region, the mag-
netic equation of state** can be written as

m = f+ (h), C))
) OF 38096, i 3 - ISFE
\4 _ ~
% > 50 L B =0-364£0.006 14 GT_EE’
§ r.=381.32 73 o
;""40 y=1319:0.004 ]9 =
360 370 380 390 400
1K)
—_~ b
%050 - R 7= 381K
g | & 05 =4.60 0.0 exp
325 g o H> O.ts'lt;mg
0 1 1 . 1 ’ 1 Inl((}{) 1 !
0 10000 20000 30000 40000 50000

H(Oe)

10

1,000

10

H‘i&: I—IB

1000 1500 2000 2500 3000
Hle[™ x 10° (Oe)

0 500

FIG. 5. (a) Kouvel-Fisher (KF) plot for M;.(dM; /dT)7l (left) and
7o' (dyg ' /aT)” (right) versus T. (b) M(H) at Te=381K, inset shows lnM
versus InH. (c) Scaling plots of M(H) isotherms above and below T, using f§
and 7y from the KF equations. Inset of (c) shows the same plot in log-log scale.
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where m is the scaled magnetization, m = |e| "M (H. ), h is
the scaled field 7 = |£|7ﬂ °H and ¢ is the reduced temperature
(T — Tc)/Tc. Equation (4) implies that m as a function of A
yields two universal curves: f, (h) for T > T¢ and f (k) for
T < Tc. The isothermal magnetization around 7¢ is plotted
(Fig. 5(c)) as a prediction of the scaling theory. The experi-
mental data fall on two curves, below and above Tc. The
inset of Fig. 5(c) plotted on the log-log scale shows that all
the points collapse into two universal curves. This indicates
that our critical exponents and 7 are reliable and best match
the 3D-Heisenberg model.

A fourth critical exponent (o), which is correlated to
specific heat (Cy) and MCE (change in adiabatic temperature
AT x 1/Cp) can be defined by the homogeneous function
approach: «=2 — 2 — 7, which yields o= —0.055. For a
negative value of o and a second order phase transition, short
range disorder should not affect the sharpness of the transi-
tion, while long range disorder will smear the transition.*’
The experimental critical parameters for some materials and
for theoretical models are listed in Table II. Most of the
alloys reveal short range ferromagnetic disordered interac-
tion with critical exponents near the 3D-Heisenberg model
(Table II).

Nevertheless, some alloys such as Fe;7Cos sNis sZr;By
Cu,"” FegsNisZrio,** and FegosZrjos (Ref. 45) exhibit the
coexistence of short and long range interaction as the f value
deviated from both of 3D-Heisenberg and mean field model.

D. Field dependence of AS;, (n) and RCP (N)

The mean field approach on the field dependence of
the magnetic entropy change at T yields a prediction of
n=2/3."8 In the case of our material, which does not follow
the mean field model, the field dependence of AS;; and RCP
has been obtained from the Arrott Noakes equation of state.
Moreover, insight into the magnetocaloric properties with
applied magnetic field can be delivered from acknowledged
which of the theoretical models matches the experimental

TABLE II. Experimental values of the critical exponents of (Fe;oNiz()goB11,
results from theoretical models as well as critical exponents of other related
ferromagnets. Abbreviations: KF: Kouvel-Fisher method, MAP: modified
Arrott plots.

Material/model (method) o p y 0 Ref.

(FesoNisg)goB 1 (KF) ~0.055 0364 1319 4.623 This work

3D-Heisenberg —0.115 0365 1336 48 43
Mean-field theory 0.0 0.5 1.0 3.0 43
3D-Ising 0.11 0325 1.241 482 43
Tricritical mean field 0.5 025 1 5 20
FeggZro (KF) 0368 1.612 5.32 44
FegsNisZro (KF) 0425 1323 411 44
Fe7Cos sNis sZr;B4Cu (KF) 053 1.34 35 17
Fegg 571105 (KF) —-093 047 20 5.31 45
FeggZrgB, (MAP) 0.39 138 ... 52
Er,Fe,; (MAP) —-0.59 042 174 5.1 53
Fe —0.11 0389 1333 435 54
Ni —0.10 0.378 1.34 4.58 55
Co —0.095 0435 1.225 335 56
Gd 0.04 0381 1.196 3.615 43
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FIG. 6. Field dependence of change in entropy AS,/
tive cooling power, RCP (right scale) in In-In scale.

(left scale) and rela-

observations. The mean field model, 3D-Heisenberg model,
3D-Ising model, and tricritical mean field model yield n
equal to 0.66, 0.68, 0.57, and 0.4, respectively. Fig. 6 shows
the field dependence of the AS;, and RCP, which is measured
by a linear fit of the values of AS;, and RCP for different
fields on the In-ln scale. The field dependence of RCP
(RCP x HM), i.e., the value of N =1.215 calculated from the
linear fit of experimental data agrees very well with the value
obtained from the critical exponents using the 3D-
Heisenberg model (N=1.216). However, the value of n
obtained from the slope of AS;, versus AH is 0.875, which is
somewhat higher than that obtained from the critical expo-
nents (0.62) and does not match any of the models.
Lag 67Cap.33Mng 9Cr,103 (Ref. 46) and LagNdo4(CaSr) 3
Mng oV 105 (Ref. 47) also exhibit higher values of n from
the slope of AS,; versus AH than those obtained from the
modified Arrott plot. The magnitude values of AS,; and RCP
depends not only on n and N but also on the proportionality
factor (Eq. (1)). Large value of N (i.e., small J) favors to get
large RCP but in our material it is expected that proportion-
ality factor between RCP and H, which depends on the other
critical exponents dominates. These critical exponents
depend on the dimensionality of the material, the number of
components, and the range of microscopic interactions.*®

IV. CONCLUSION

The magnetocaloric properties and critical behavior
of FeNiB nanoparticles, with a Curie temperature suitable
for low grade waste heat recovery was investigated.
(Fe;0Nizg)goB 1 nanoparticles possessing a fcc crystal struc-
ture and an average particle size of 12nm were synthesized
via ball milling. We find very high RCP, varying from 89.8
to 640J kg~ ' for a field change from AH=1 to 5T in
(Fe70Nizg)goB1; nanoparticles. These values of RCP are
larger than those of giant magnetocaloric materials. Absence
of field hysteresis and broad —AS,, versus T behavior are
added advantages of this material. We evaluated the critical
exponents (o, f3, 7, 0) through the modified Arrott plot and

J. Appl. Phys. 116, 163918 (2014)

the Kouvel-Fisher plot. Our experimental results agreed well
with the 3D-Heisenberg model. The field dependence of the
RCP shows a H'"'/? dependence with the critical exponent &
value measured from 3D-Heisenberg model. Broad operating
temperature range along with moderate change in entropy
and very high RCP make these nanoparticles potential candi-
dates for magnetic cooling applications. Moreover, these
finding can be used as a point of reference for understanding
the MCE and critical behavior of FeNiB nanoparticles.
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