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m Abstract In the last decade of the twentieth century there has been a significant
increase in research on a more than 100-year old phenomenon—the magnetocaloric
effect (MCE). As a result, many new materials with large MCEs (and many with lesser
values) have been discovered, and a much better understanding of this magneto-thermal
property has resulted. In this review we briefly discuss the principles of magnetic cool-
ing (and heating); the measurement of the magnetocaloric properties by direct and
indirect techniques; the special problems that can arise; and the MCE properties of
the 4 lanthanide metals, their intra-lanthanide alloys and their compounds [includ-
ing the giant MCE Gg(Si,Ge, _,)4 phases]; the @Btransition metals, their alloys and
compounds; and mixed lanthanidd-8ansition metal materials (including the La
manganites).

INTRODUCTION

Commercial and residential refrigeration is a mature, relatively low capital cost
but a high-energy demand industry. Even the newest most efficient units operate
well below the maximum theoretical (Carnot) efficiency, and few, if any, further
improvements may be possible with the existing vapor-cycle technology. Magnetic
refrigeration (MR), however, is rapidly becoming competitive with conventional
gas compression technology because it offers considerable operating cost savings
by eliminating the most inefficient part of the refrigerator—the compressor. In
addition to its energy savings potential, MR is an environmentally sound alterna-
tive to vapor-cycle refrigerators and air conditioners. Most modern refrigeration
systems and air conditioners still use ozone-depleting or global-warming volatile
liquid refrigerants. Magnetic refrigerators use a solid refrigerant(s) and common
heat transfer fluids (e.g. water, water-alcohol solution, air, or helium gas) with no
ozone-depleting and/or global-warming effects.

Magnetic refrigeration is based on the magnetocaloric effect (MCE). The MCE,
or adiabatic temperature changeT,q), which is detected as the heating or the
cooling of magnetic materials due to a varying magnetic field, was originally dis-
covered in iron by Warburg (1). The thermodynamics of the MCE was understood
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by Debye (2) and by Giauque (3), both of whom independently suggested that
it could be used to reach low temperatures in a process known as adiabatic de-
magnetization. Soon after this discovery, an operating adiabatic demagnetization
refrigerator was constructed and utilized by Giaugue & McDougal (4) to reach
0.53, 0.34, and 0.25 K starting at 3.4, 2.0, and 1.5 K, respectively, using a mag-
netic field of 0.8 T and 61 g of G#SO,);-8H,0 as the magnetic refrigerant. The
MCE is intrinsic to any magnetic material. In the case of a ferromagnet near its
magnetic ordering temperature, the adiabatic application of a magnetic field re-
duces the magnetic entropy of a solid and, in turn, it is heated via the increase of
its lattice entropy to maintain the entropy of a closed system at a constant value.
In areversible process, a ferromagnet is cooled as the magnetic entropy increases,
and the lattice entropy decreases upon adiabatic removal of the magnetic field.
The warming and the cooling of a magnetic material in response to a changing
magnetic field is similar to the warming and the cooling of a gaseous medium in
response to an adiabatic compression and expansion. Therefore, MR operates by
magnetizing/demagnetizing the magnetic material. Since the refrigerant is a solid
(usually in a form of spheres or thin sheets), the heat transfer is provided by a fluid
(e.g. water, water with antifreeze, or an inert gass, depending on the operating
temperature).

We discuss the magnetocaloric properties of selected classes of magnetic mate-
rials, describing their potential as magnetic refrigerants for a variety of temperature
ranges. Two aspects of a successful magnetic refrigerator, not considered here, are
(a) the performance of the magnetic field sources, which substitute for the com-
pressor and evaporator, af he engineering of the magnetic refrigerator, which
includes the design of the refrigeration cycle, the organization of the heat transfer
fluid flow and the heat exchange. Instead, we direct the interested reader to several
technical papers (4-22).

The MCE ASy (isothermal magnetic entropy change) values are reported in
various units in the literature. In this review the published data have been converted
to mJ/cni K units for two reasons: one, for uniformity so that various MCE values
reported for the same materials (or for other materials) can be readily compared
with one another; two, because some of the materials may be actually used in MRs,
the most meaningful parameter for the engineer designing the MR with a limited
high-magnetic field volume is the cooling power per unit volume.

PRINCIPLES OF MAGNETIC COOLING AND HEATING

When magnetic material is subject to a magnetic field changingthy= Hg — H,

at constant pressure (the subscripgdl indicate the final and the initial magnetic

field strength, respectively), two different processes may occur in a magnetic mate-
rial. The firstis the isothermal process that occurs when the magnetic field is altered
but the material remains connected to the surroundings (heat sink/heat reservoir)
and, therefore, remains at constant temperature. The entropy of a magnetic solid
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is then changed by
ASu(Man = (SMHe — S(Mw, )¢ 1.

andAS,, (T) ,n is conventionally called magnetic entropy change. The magnetic
entropy change of a solid directly characterizes the cooling capagitf, the
magnetic material

T2

q:—/ ASu(T)ap dT, 2.
Ty

which indicates how much heat can be transferred from the cold efig) tatthe

hot end (afT,) of the refrigerator in one ideal thermodynamic cycle. The second

is an adiabatic process that occurs when the magnetic field is modified but the

material is isolated from the surroundings and, therefore, the total entropy of a

solid remains constant. The temperature of a magnetic material is then changed by

ATag(Man = (T(Yu: = T(n,) < 3.

and AT,{T) an is conventionally called adiabatic temperature change. The adi-
abatic temperature change indirectly characterizes both the cooling capacity and
the temperature difference between the cold and the hot ends of the refrigerator
(generally a largenT,4 corresponds to a larger cooling capacity of the material
and to a larger temperature span of the refrigerator). It should be noted that the
difference between the hot end and the cold end temperatures of a magnetic refri-
gerator greatly exceeds that of the maximum magnetocaloric effect in a properly
designed active magnetic regenerator cycle (8-10, 21).

If both the magnetization and entropy are continuous functions of the tem-
perature and magnetic field, then the infinitesimal isobaric-isothermal magnetic
entropy change can be related to the magnetizalinthe magnetic field strength
(H), and the absolute temperatufié) (using one of the Maxwell relations (23)

(asv.(T,H)> B <8M(T,H)> 4
aH _ AT g ’

which after integration yields

He He 7OM(T, H
ASu(T)an =/ dSu(T. H)r =/ <(8T)) dH. 5.
JH, JH, H

By combining Equation 4 and the following Equation 6
IS(T,H)\  (C(T, H) 6
aT "o T H '

TdS:T(L(T’H)> dT+T(7BS(T’H)> dH 7.
T )y oH ),

and 7
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it is easy to show (23) that the infinitesimal adiabalid$= 0) temperature rise
for the reversible adiabatic-isobaric process is

_ T oM(T, H)
dT(T’H)__<C(T,H)>H< T )HdH, 8.

whereC(T, H) is the temperature and magnetic field-dependent heat capacity at
constant pressuréT,4(T) oy iS Obtained by integrating Equation 8 as

Hr Hr T AM(T, H)
ATag(T)an = dT(T,H) = — dH.
a(Dan /H (T /H <C<T,H))H< oT )H

9.

BothAS, (T),nand AT,4(T) ,n depend on temperature andH (Equations 5
and 9, respectively) and are usually studied and reported as functions of temperature
for a givenAH, or as functions ofAH for a given temperature. The behavior of
both characteristics of the magnetocaloric effect, A8 (T) Ay aNdAT4(T) Ans
is material dependent, cannot be easily predicted from the first principles, and
therefore, must be experimentally measured. The heavy lanthanide metals and their
compounds were always considered the best potential magnetocaloric materials
because they have the largest magnetic moments (and, therefore, the most favorable
bulk magnetizattion and potentially a lang®/dT|; see Equations 4 and 9) and the
largest available magnetic entropy (Figure 1). In this review we are concerned with
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Figure 1 Theoretical molar magnetic entrop$y, (left scalg and effective magnetic
moment of free R* ions, peg;, (right scalg of the lanthanide elements.
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only the magnetocaloric properties of materials in the temperature range away from
absolute zero, which can be used for continuous cooling, e.g. for air conditioning,
household and commercial refrigeration/freezing, and gas liquefaction.

Conventional Behavior

It is easy to see that bothS, (T),y and AT,4(T),n are proportional to the
derivative of the magnetization with respect to temperature at constant magnetic
field (Equations 5 and 9AT,4(T)An IS also proportional to the absolute temper-
ature and inversely proportional to the heat capacity at constant magnetic field.
Therefore, it is expected that any material should have the larggstT) .., and
AT,q(T) Ay When its magnetization is changing rapidly with temperature, i.e. in
the vicinity of a spontaneous magnetic-ordering temperature. The MCE gradually
decreases both below (magnetization is nearly saturated and is weakly dependent
on the temperature in an ordered state) and above (magnetization shows only a
paramagnetic response) the magnetic-ordering temperature (24).

Therefore, conventional ferromagnets typically display a “caret-Uk&;(T)
and AT,4(T),n- This is shown in Figure 2 for pure single crystalline Gd (25),
which orders ferromagnetically at 294 K. Hence, numerical characterization of
magnetocaloric materials with conventional MCE behavior is possible by speci-
fying the temperature of the MCE peak, its magnitud& or AT,y), and its full
width at half maximumdTgyw)- IN the case of magnetic entropy change, a prod-
uct of the AS, maximum and full width at half maximundTeywum = To — T4;
see Figure @) yields close to 43 times the cooling capacity (Equation 2) in the
temperature range frofy to T,. This is easy to prove using a simple geometrical
approach if one assumes that the caret-like shape of the MCE peak can be approx-
imated by a triangle. For example, the integration of the data from Figufer2
magnetic field change from 0 toT2using Equation 2 yields the cooling capacity,
q, of ~1.37 J/cm for Gd betweerT; = 276 andT, = 315 K, while the value
calculated as Bt of —AS,(MaR x Tryum IS ~1.39 J/cr, i.e. the difference is
less than 2%. Therefore, we will call the product

RCRS) = —ASy(max x §Tewhwm, 10.

the relative cooling power (RCP) based on the magnetic entropy change. Similarly,
the MCE measured as the adiabatic temperature chaxiig, can be numeri-
cally characterized by the MCE maximum and 8 of the MCE peak (see
Figure ). The product

RCRT) = —ATag(maxX) x §Trwhm 11.

will be called a relative cooling power based on the adiabatic temperature change.
It has K2 dimension and no physical meaning, but may be useful for numerical
comparison of different magnetocaloric materials, especially whea®gpval-

ues are available. A largeCRT) for the sameAH generally indicates a better
magnetocaloric material. Both peak valuesy,(AH ) and/orAT,{AH);] and
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Figure 2 An example of the conventional caret-like behavior af AS,(T)An and

(b) ATaq(T)an in single crystal-Gd as calculated from the heat capacity data (25). The
data forAH from 0 to 2T in @) and p) also show the peak value and the full width at half
maximum (FWHM) along with correspondifig andT, used to numerically characterize
the relative cooling powelHCRS) andRCRT), respectively] of the material.
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3Trwhm Usually increase with the increasindd. The one-to-one correspondence
of AS, and AT,y and ofRCRS) andRCRT) are shown in FiguresaBandb,
respectively, for a series of pseudo-binary DyEFAl, alloys.

Conventional magnetocaloric effect behavior can be also characterized by re-
porting the values ohAS,(AH); and/orAT,4(AH); as a function ofAH for a
given temperature, which usually is taken at the MCE maximum. This is shown for
Gdin Figure 4, where the data reported by various authors (7, 25-34), measured on
different samples of Gd using different experimental techniques (see below), are
combined. Itis easy to see that the magnetocaloric effect continues to riseidjith
but its rate of change [or the specific magnetocaloric eftbsT, (AH )1 /dAH]
decreases. The ideal linear behavior of the latter seen in Figure 4 (dotted line) is
an artifact because the MCE data were fitted to a second order polynomial (solid
line drawn through the data points in Figure 4), excluding the four most likely
erroneous data points reported in References 32—34, which after differentiation
must yield a straight line. Nevertheless, Figure 4 provides a good illustration of
a universal behavior observed in all ferromagnetic magnetocaloric materials, i.e.
that the specific magnetocaloric effect is the highest for the lowektgradually
decreasing aaH increases, thus indicating that MCE has a tendency to saturate
in sufficiently high magnetic fields.

Anomalous Magnetocaloric Effect

The anomalous behavior of the magnetocaloric effect is closely related to the
anomalous changes in the magnetic structure of solids that cause an unusual behav-
ior of aM/3T andC(T, H), which carries over to both S (T) s aNAAT4(T) an
(see Equations 4, 5, 8, and 9). One of the most commonly observed MCE anoma-
lies occurs when a material undergoes two or more successive magnetic order-
ings in close proximity to one another. Then, instead of a conventional caret-like
shape, a “skewed caret” sometimes approaching a flat and almost constant (i.e. a
“table-like”) MCE (T ),y can be observed. One such example is given in Figure 5
showing the magnetocaloric effect in (GfEry )AINi (35). The behavior of
ASy (T)an (Figure 3) is a skewed caret, whereas thd,4(T) n (Figure 5)
is almost constant between 16 and 36 K. An anomalous MCE behavior may be
observed, not only in materials with multiple magnetic orderings, but also in mate-
rials with low lying crystalline electric field levels, as reported for g, 5)Al,
(36,37) and also shown in Figure 5. Here the lower-temperature rounded peak
of both the magnetic entropy and the adiabatic temperature change is associated
with the suppression of the Schottky anomaly by increasing magnetic field; the
well defined upper caret—shaped peak is due to a ferromagnetic ordering in the
material.

Generally, the more complicated the magnetic structure of the material the more
complicated the anomalous behavior of the MCE. For instance, upon cooling in
zero magnetic field pure Dy orders antiferromagnetically 80 K with a helical
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of the material as a function of magnetic field change (solid line and data pleiittscalg
and the MCE rate of change (dotted limight scalg.

magnetic structure, and then a transition from a helical antiferromagnet to a fer-
romagnet occurs at90 K (38). Accordingly when the magnetic field is low, the
MCE shows a sharp step-like increase-80 K due to a first order ferromagnetic-
antiferromagnetic (and simultaneous orthorhombic-hexagonal close-packed struc-
tural) transition, and then goes through a minimum immediately followed by a weak
maximum at~180 K for AH =1T (as shown in Figure 6) (24). The minimum
exists because the application of magnetic field to an antiferromagnet increases
the magnetic entropy inverting the sign of MCE (in a ferromagnet the increasing
field decreases magnetic entropy). When the magnetic field increages it
becomes strong enough to quench the first order ferromagnetic-antiferromagnetic
phase transition thereby inducing non-collinear magnetic structure, which yields
a broad MCE maximum at127 K. Becaus a 2 Tmagnetic field is not strong
enough to destroy this non-collinear structure, the slightly negatitg, is still
observed at-174 K and is followed by a caret-type peak-at81 K (Figure 6).
Upon increasing magnetic field to 5 T, it becomes strong enough to suppress all
magnetic structures except the ferromagnetic phase, and the MQEHfee 5T
has a single skewed caret-type peak-a81 K.

Most magnetic materials on cooling undergo a second order phase transi-
tion from a paramagnet to a ferromagnet with the conventional MCE behavior
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Figure 6 The magnetocaloric effect in ultra-pure Dy calculated from the heat capacity
data (24).

(Figure 2), or from a paramagnet to an antiferromagnet with a skewed caret MCE
if the magnetic field is high enough to destroy the antiferromagnetism, thus con-
verting it to a ferromagnetic structure (Figure 6). A few materials, however, form
the ferromagnetically ordered phase from the paramagnetic state through a first
order magnetic phase transition. The most interesting example is found in the
Gd;(Si,Ge,_,), alloys where O< x < 0.5 (39-42). Here, since the phase transition

is of the first order, the&M/0T| is larger than usual (but not infinite and undefined

as could happen if the transition occurs infinitely fast at constant temperature,
pressure and magnetic field) and, therefore, the magnetocaloric effect is also large
(see Equations 4, 5, 8, and 9). In Figure 7 it is easy to see that increasing the mag-
netic field beyod 3 T hardly increases the maximum magnetocaloric effect, but
continues to increase considerably &g, Which shifts the upper temperature
limit of the MCE toward higher temperatures and, therefore, continues to increase
the cooling capacity of the material. The lower temperature MCE limit (Figure 7)
remains practically independent of théd because it is determined by the temper-
ature where the transition occurs at the lowest magnetic field (in this case 0 T). We
call this type of anomalous behavior a sky-scraper magnetocaloric effect. Other
than the GgSi,Ge,_,) alloys there is only one other material, FeRh (43-45),
that exhibits the giant magnetocaloric effect near room temperature. However, the
MCE in FeRh is irreversible.
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Figure 7 The magnetocaloric effect in Gbi,Ge,) calculated from the magnetization
data (39).

MEASUREMENTS OF THE MAGNETOCALORIC EFFECT

The magnetocaloric effect can be measured (direct techniques) or calculated (in-
direct techniques) from the measured magnetization or heat capacity, both as a
function of temperature and magnetic field. The direct and indirect techniques
have certain advantages and disadvantages.

The direct techniques provide only one measure of the magnetocaloric effect,
the adiabatic temperature change. Since the temperatures are measured directly,
no further processing of data except subtraction of the two numbers is involved.
However, direct measurements are usually time-consuming and are difficult to
perform at small temperature step intervals. A comprehensive analysis of the errors
is hardly possible, and the error estimate is usually based on comparison of the
measured data using any standard material. If the direct measurement apparatus is
not properly calibrated, or if the material is not properly isolated, large experimental
errors become inevitable, especially if tha, 4 values are large (i.e=10 K). For
example, see Figure 4, where there are three low pointsfeand one low point
at 9 T. Furthermore, the magnetic field by definition must be changed as quickly
as possible. This may cause problems if the studied materials are poor conductors
(this is almost always the case because magnetic materials near their ordering
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temperature have low thermal conductivities), or when phase transitions involved
exhibit non-infinite kinetics.

Unlike the direct MCE measurements, which yield only the adiabatic temper-
ature change, the indirect experiments allow the calculation of Adty (T)An
and ASy (T),n from experimental heat capacity data,®%, (T) 4 alone from
experimental magnetization data. Indirect techniques provide results at practically
any temperature interval. However, considerable processing of experimental data
is involved before the MCE is calculated. Also on the positive side, indirect tech-
nigues allow comprehensive error analysis as long as the accuracy of experimental
data (heat capacity or magnetization) is known (see below).

Direct Measurements

Direct MCE measuring techniques always involve measurements of the sample
temperaturesli andTg) in magnetic field$l, andHg, where subscriptsandF des-
ignate initial and final magnetic field, respectiveyT 4 (T) o iS then determined

as the difference

ATad(M)an =T =T, 12.

for a givenT, and AH = Hg — H,. The MCE is usually measured during field
increase and decrease, and the results are reported as the function of initial tem-
perature for a giverH.

Direct MCE measurements can be carried out using contact (i.e. when the
temperature sensor is in direct thermal contact with the sample) and non-contact
techniques (i.e. when the sample temperature is measured without the sensor be-
ing directly connected to the sample) (30, 33, 46-52). Since during the direct
MCE measurements a rapid change of the magnetic field is generally required,
the measurements can be carried out on immobilized samples when the magnetic
field change is provided either by charging/discharging the magnet, or by moving
the sample in and out of a uniform magnetic field volume. Using immobilized
samples and pulse magnetic fields, direct MCE measurements in magnetic fields
from 1 to 40 T have been reported. The use of electromagnets usually limits the
magnetic field strength up to a maximum of about 2 T. Experimental apparati,
where the sample or the magnet is moved to provide the varying magnetic field
environment usually employ superconducting or permanent magnets, which limit
the magnetic field range to 0 to 10 T, and 0.1 to 2.0 T, respectively. The accuracy
of the direct experimental techniques depends on the errors in thermometry, er-
rors in field setting, the quality of thermal isolation of the sample (this becomes
a critical source of error when the MCE is large and thus disrupts the adiabatic
conditions), and the quality of the compensation circuitry to eliminate the effect
of the changing magnetic field on the temperature sensor. Considering all these
effects the accuracy is claimed to be in the 5 to 10% range (30, 33, 46-52).
The errors, however, may be considerably larger, particularly if one of the issues
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(see above) affecting the accuracy is not resolved properly. To illustrate the pos-
sibility of the directly measured magnetocaloric effect error exceeding the usual
5to 10% range, one simply needs to examine Figure 4, where some data deviate
from each other by as much as 20 to 25%.

Indirect Measurements from Magnetization

Magnetization measured experimentally as a function of temperature and magnetic
field providesA S, (T) Ay after numerical integration of Equation 5 and is a useful
technique for the rapid screening of prospective magnetic refrigerant materials
(53). Numerical integration of Equation 5 is straightforward, and the experimental
errorsintheAS, (T) oy depend onthe errorsintemperature, magnetic moment, and
magnetic field. Because numerical integration is involved, and because the exact
differentials (dV, dT, and H) are substituted, respectively, by the measuxéd
AT,andAH, thetypical accuracy ak S, (T ) o from magnetization measurements
without the proper error analysis was reported to be ahkbidt5% error in the
values ofAS, (T) »n if magnetization data are measured with 0.5% accuracy (53).
When the errors are analyzed comprehensively, it was shown (54) that they are
given as

1 n—1
|ASy(Taw)anl = —2|8T| {|8H| X (aMl—}—ZZaMk—}—aMn)
k=2

n—-1
+ <|6M1|0H1+2Z(|8Mk|on> + |5Mn|oHn>
k=2

+2[ASu (Tav)aH| X (UT2+UT1)}, 13.

whereo is the experimental error in the corresponding paramétesyresponds
to the step in actual experimental dafig, is (T, + T,)/2 for the two magnetization
isotherms measured & andT,, andn is the total number of magnetization data
points measured for each isotherm. Consequently, the errors iIN$)€T) oy
calculated from magnetization data can be as high as 20 to 30% (54).

Indirect Measurements from Heat Capacity

The heat capacity measured at constant pressure as a function of temperature in
constant magnetic field&(T )y, provides the most complete characterization of
solid magnetic materials with respect to their magnetocaloric effect, since the total
entropy of a magnetic solid can be calculated from the heat capacity as

T T T T
STy =/ CMn dT+s),H.,andS<T>HF=/ COM 414 g,
o T o T 14
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where$,,, and S,y are the zero temperature entropies. In a condensed system
these are the same (i%,n, = S, 1, ), and therefore, can be neglected.

Once the total entropy functior§(T),, andS(T),_, are established, the calcula-
tion of bothAT,4(T) Ay andA S, (T) oy becomes straightforward. THeS(T) A
is calculated as the isothermal difference (Equation 15) andig(T) o is cal-
culated as the isentropic difference (Equation 16) betwee8hg, andS(T),_
functions.

ASw(T)an = (SMue — SNk, )+ 15.

ATad(Man = (T(Sn: — T(H, ) 16.

Based on Equation 15, the errorAf, (T ),y resulting from accumulation of
random experimental errors in the total entropy is given (54) as

o|ASH(Tanl = (6S(Tw, + SNk )¢ 17.
and the error iM\T,4(T) oy is also easily derived from Equation 16 (54) as
o|ATad(Tanl = [OVS(T)HFL +0S(T)w, L} . 18.
C(MH: C(Mmn, Jg
The errorsinthe total entropyS(T )y, are calculated from the known experimental
errors in the heat capacity (54) as

n-1 - -
SIS Tou] zo.s{UC(Tl)H+ Koc<T.)+UC(T.+1>> X(Tm_m}}’
i=1 H

Ti T
19.

wheren is the number of heat capacity data points collected from the lowest
temperature of experiment to a given temperatligeGenerally, the accuracy of

the magnetocaloric effect calculated from heat capacity is much better than that
from any other technique (direct or indirect magnetization) at low temperatures.
Near room temperature, however, due to the accumulation of experimental errors
in the total entropy functions (54), the errors in the magnetocaloric effect be-
come approximately the same, 20 to 30%, as those from direct and magnetization
data.

Special Problems—First Order Phase Transitions

If the magnetocaloric material undergoes a first order phase transition, any MCE
measurement technique may potentially yield significantly inaccurate results if the
source of the problem is not properly recognized. Direct measurements can easily
yield an incorrect result if the transition has slow kinetics, as many first order mate-
rials do. Then, rapid magnetic field change required to fulfill adiabatic conditions
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may not be slow enough to allow the transformation to proceed through the bulk
of the sample. If more time is allowed for transformation to go to completion, the
thermal isolation of the sample in the measurement equipment is usually not good
enough, and the results can be considerably underestimated. One recent example
is found in Reference 34, where the obviously erroneous direct measurements of
the magnetocaloric effect in G(bi,Ge,) alloy are treated without caution, and the
authors make the wrong conclusions.

Indirect measurements are also not free from potential error, even though both
magnetization and heat capacity are measured at nearly equilibrium conditions
since magnetic field or temperature vary slowly. We note here that magnetization
data are usually collected at constant temperature and in a slowly varying magnetic
field, whereas heat capacity data are collected at constant magnetic field and with
a slowly varying temperature. If the transition is sharp and proceeds at nearly
ideal (theoretical) conditions, then the Maxwell equation (Equation 4) becomes
invalid because both derivatives on the left and right hand sides of this equation
become undefined. For the majority of materials, the transitions are notideal (sharp
enough), thus one can calculate both derivatives (Equation 4), and the use of the
Maxwell equation remains valid.

The heat capacity data may yield the incorrect MCE near the first order phase
transition because the non-zero enthalpy of transformation (i.e. the latent heat),
combined with the non-zero heat capacity of the calorimeter sample holder, re-
sults in an unknown error in the experimental heat capacity measured in adiabatic
heat pulse experiments (55). When this error is carried over into the MCE cal-
culated using the measured heat capacity data (Equations 14-16), the MCE can
suffer from large systematic errors. The deleterious effect of intrinsic errors of the
heat capacity near the first order phase transition can be minimized by changing
the experimental conditions during heat capacity measurements, or the entropy
discontinuity can be determined (or refined) from different experimental data,
such as magnetization or direct calorimetric measurementsHyf. When the
entropy discontinuity is properly determined, ®@ ), functions calculated from
heat capacity can be adjusted to reflect the pray®y. Generally, if a material
undergoes a first order phase transition, the magnetocaloric effect calculated from
heat capacity should be compared with that measured directly under equilibrium
conditions or calculated from magnetization data to ensure that the potentially
deleterious effects of intrinsically inaccurate heat capacity have been eliminated
or minimized (55).

LANTHANIDE (RARE EARTH)-BASED MATERIALS

For the remainder of this review, the magnetic field change is quoted in terms of:

AH = Hf — Hy, 20.



Annu. Rev. Mater. Sci. 2000.30:387-429. Downloaded from www.annualreviews.org
by Fordham University on 11/22/12. For personal use only

MAGNETOCALORIC MATERIALS 403

whereH¢ is the final magnetic field, and, is the initial magnetic field, which is
always O T unless noted otherwise.

Pure Metals

The magnetocaloric effect has been measured in one light lanthanide metal, poly-
crystalline Nd (56), and all of the heavy magnetic lanthanides, both polycrys-
talline and single crystal Gd (7, 24-27, 29, 33, 39, 48, 57-62), Tb (29, 60, 63-66),
and Dy (24, 26, 33, 62, 67—-69), and polycrystalline Ho (33, 62, 63, 66, 68, 70), Er
(62,66,70,71),and Tm (62, 66, 72).

Neodymium orders magnetically upon cooling at 19 and 8 K, which results in
the double peak MCE structure (combination of the two caret-shaped peaks located
at magnetic ordering temperatures), which was measured directly by Zimm et al
(56)forAH=1,3,5,and 7 T. The maximum MCE4f2.5K at 8.5 KforAH="7T.

Both MCE andRCRT) = 54 K? are quite low, indicating that the pure Nd metal
is an unsuitable low-temperature magnetic refrigerant material.

Gadoliniumis one of the most broadly studied magnetic refrigerant materials. It
is ferromagnetic below 292 to 295 K depending on its purity, generally the cleaner
metal orders at a higher temperature (24). The MCE in Gd has a normal caret-like
shape behavior peaking atthe Curie temperature despite the recentreport (73) that it
may not be actually ferromagnetic in low-magnetic fields bel®92 K. The MCE
in Gd has been repeatedly measured directly and calculated from magnetization
and heat capacity for very small (less tha@.2 T) as well as for largaAH (up to
10 T) by numerous groups. One obvious reason is that Gd is known to have the
largest near room-temperature magnetocaloric effect (see Figures 2 and 4) and,
therefore, is considered to be one of the best magnetic refrigerant materials for air
conditioning and refrigeration. Its relative cooling power isimpres§eHRS) has
values between-2 and~14 J/cnifor AH of 2to 10 T, and th&®CRT) values fall
between~240 and~2000 K for the sameAH. Gadolinium platesAH = 7 T)
were used in the first continuous near room—temperature magnetic refrigerator
demonstrated by Brown (7), who attained a@ho-load temperature difference
between the hot end (46) and cold end-{1°C) by regenerating a column of
fluid (80% water and 20% ethyl-alcohol). Two magnetic refrigerator beds filled
with ~3 kg of Gd powder AH was varied between 1.5 and 5 T) were used by
Zimm et al (22) in a proof-of-principle reciprocating device, which achieve€38
temperature span and showed maximum cooling power of 600 W. The latter device
demonstrated Carnot efficiencies in excess of 50% and a coefficient of performance
(COP) in excess of 15. To date, pure Gd is one of the best magnetocaloric materials
for the near room—temperature range (Figures 2 and 4) and is typically used for
calibrations in any laboratory involved in magnetocaloric effect research.

Terbium orders antiferromagnetically on cooling~a230 K, and then a first
order phase transition from a helical antiferromagnetic to a ferromagnetic state
occurs at~221 K. Low magnetic fieldAH less than 0.04 T) direct measurements
indicate that the MCE in Th is slightly negative arour@é21 K, and it is positive
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around~231K. In stronger magnetic fields, the MCE in Tb becomes a conventional
caret-shaped peak with maximunmr&230 K and with a substantial cooling power.
Its RCRT) reaches-620 K? for a AH of 7 T, which is, however, more than twice
as low as for Gd. All of the work on MCE in Tb was carried out using direct
measurement techniques.

The complexity of the magnetic structure increases from Th to Dy. The specifics
of the magnetic structure and MCE in Dy were discussed above (see the section
on Anomalous Magnetocaloric Effect and Figure 6). The maximum MCE occurs
at~180 K and theRCRT) in Dy reaches~820 K? for a AH of 7 T. The MCE in
Dy was studied independently using all three measurement techniques.

The magnetocaloric effect in Ho was measured directly only in high magnetic
fields (AH of an order of 6 to 7 T). It was found to be relatively small and close
to constant £4 K between~50, and~140 K for aAH =6 T), which reflects
the complex magnetic structure of the metal. The caret-shaped peak observed at
~130 K is heavily overlapped with a lower temperature, broad MCE maximum.

Pure Er has one of the most complex magnetic structures among heavy lan-
thanides. It orders antiferromagnetically upon cooling®®6 K and then undergoes
a first order magnetic phase transition from an antiferromagnet to a ferromagnet at
~19 K. Between these two temperatures several spin-slip transitions, as well as a
change at-52 K from a sinusoidally modulated to a basal spiral antiferromagnet,
are observed. The MCE in Er was measured directly in magnetic fieldsupto 7.5 T,
indicating almost constant value cloge4 K extending betweer-25 and 100 K
(AH=7.5T). Inlower magnetic fields, the MCE in Er becomes distinctly divided
into two regions: the lower temperature broad maximum sharply risirglatK
and leveling off at~70 K, and the overlapping caret-shaped peak&6 K (sim-
ilar to that observed for Dy ilMH =2 T; see Figure 5). Effects of both spin-slip
transitions and modulated spiral antiferromagnet have practically no effect on the
MCE in Er.

The magnetocaloric effect in Tm, which also orders in two steps, first antiferro-
magnetically at-56 K and then ferromagneticallyaR0 K, was measured directly
in magnetic fields corresponding &aH from 1 to 7 T. Similar to other heavy lan-
thanides, excluding Gd, the MCE in Tm is a combination of a caret-shaped peak
observed at higher magnetic ordering temperature (when magnetic field becomes
strong enough to quench the antiferromagnetism), and a broad low-temperature
tail. The highest MCE in Tm~+3 K) is observed fonH=7T.

Experimental studies of seven pure lanthanide metals indicate that Gd is the
best magnetic refrigerant. This metal was already successfully used as a magnetic
refrigerant to provide cooling betweer270 and~310 K (7, 22). Other two lan-
thanides, Tb and Dy show somewhat lower MCE, but still can be used to provide
magnetic cooling between210 and~250, and~160 and~200 K, respectively.

The operating temperature spans are givemfbirbetween 5 and 7 T, which are
feasible with superconducting magnet technology. If permanent magnets are used
to provide magnetic field change, théxH is limited to ~2 T, and the useful
temperature span of all three lanthanides decreases. Furthermore, Dy becomes
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unusable because its MCE deteriorates rapidly in magnetic field below 2 T. All
other magnetic lanthanides are obviously unusable as magnetic refrigerant mate-
rials because their MCE is too low.

Intra-Lanthanide Alloys

Introduction of alloying additions to the three best magnetocaloric lanthanides (Gd,
Tb, and Dy) enables a considerable amount of freedom in adjusting the magnetic-
ordering temperature and, therefore, the maximum MCE and the range of operating
temperatures in the intra-lanthanide alloys. The gadolinium-based intra-lanthanide
alloys have been studied with respect to their magnetocaloric properties most
extensively. The following have been characterized; £5d, 15 and G@ gsThg 15
(74,75); G 75Y 0.5 and G@ 4gY 0.52 (76, 77); Gd 52Y 0.45 (33); Gd_,Thy, Where
x=0.2, 0.4, and 0.7 (78); Gd,Dy,, wherex=0.12, 0.28, 0.44, and 0.70 (79);
Gd,_,Dy,, wherex=0.1, 0.2, and 0.3 (80); GdDy, »;(27); Gd_,Ho,, where
x=0.2, 0.4, 0.6, and 0.8 (70); GgH0y 20 (81); Gd, oEry 1 and G@ gErp 31 (82);

Gd, gErg 16(81); and Gd_,Er,, wherex=0.2, 0.4, 0.6, and 0.8 (70).

The addition of another lanthanide metal reduces the magnetic-ordering tem-
perature of Gd and, generally, reduces the MCE. One of the most interesting results
was reported by Shao et al (74, 75), who showed thats€¥d) 15 nano-powders
(average particle size 20 nm) display about a 10 to 15% increase of the MCE
between 250 and 300 K when compared with bulk alloy of the same stoichiome-
try (direct MCE measurements). This was associated with the superparamagnetic
behavior of the nano-powders in contrast to the ferromagnetic behavior of the bulk
alloy. Bulk Gd, 75Y o.05and G@ 4gY o 50 Order ferromagnetically at 232 and 161 K,
respectively. Both retain the normal caret MCE behavior, which is considerably
reduced compared with that of pure Gd. The relative cooling power calculated
from magnetization data is6 J/cn? and~3.7 Jicndin AH=7T for G, 7=Y g 25
and G4 ,gY o.52 respectively. Another, approximately equiatomigGfY g 4galloy
has peak MCE of only~3.8 K at~162 K for AH=7 T.

The magnetocaloric effect inH of 6 T in Gd,_, Th, alloys was measured di-
rectly, has the normal caret shape, and also shows a gradual decrease of both the
value of MCE and the temperature of the maximum. Despite antiferromagnetism
of pure Dy, the Ggl,Dy, alloys generally retain simple caret MCE behavior
even atx=0.7. The magnetic entropy change calculated from magnetization data
by Smali & Chahine (79) indicates a nonliner behavior of the cooling capac-
ity as a function of the Dy concentratior) (for AH=7 T. RCRS) varies from
~9 Jlen? atx=0 to ~11 J/cn? atx = 0.12, and then-8, ~11, and~8 J/cn?®
for x=0.28, 0.49, and 0.7, respectively. For a lower field chargd, = 1.6.

T Burkhanov et al (80) show that the reduction of the cooling capacity is small
and gradual as the concentration of Dy increases from 0.1 to 0.3. Small addi-
tions of Ho and Er have almost no effect on the low field MCE of Gd (81),
except they shift its ordering temperature to 263 and 260 K, respectively. When
both Ho and Er are added in excess of 20 at%, the MCE of Gd (direct
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measurements) continues shifting to lower temperatures, is considerably reduced,
and its behavior deviates strongly from normal (70). The_Gido, and Gd_,Er,

alloys display almost flat MCE when= 0.4, which further transforms into dou-

ble peak behavior fax = 0.6 and 0.8, closely resembling that of pure Ho and Er,
respectively.

Tb-based intra-lanthanide alloys have been studied foi_J¥y, where
x=0.135, 0.37, 0.9 (83) and=0.09, 0.165 (84, 85); and ThDy,, where
x = 0.25, 0.5, and 0.75 (86). Based on their direct measurements;0fYb
single crystals, Nikitin & Tishin (83) report that when/eH of 6 T wasapplied
along theb-axis, the MCE reaches7 K at 205 K forx = 0.135; 5.6 Kat 177 K
for x = 0.37, and MCE becomes virtually non-existent along betandc-axes
forx = 0.9. Low magnetic field direct MCE measurements ig ¥ ; ogindicate
aATyof ~0.5Kat 182 KAH = 0.18 T), and aAT,q0f ~0.5 K at 160 K AH
= 0.5T)in ThygzsY 0.165(84, 85). Weak magnetic field\H = 1.3 T) direct MCE
measurements in Tb,Dy, (86) show gradual transformation from normal caret-
shape ak = 0.25 to a broad maximum followed by a skewed caret MCE peak
atx = 0.75. The MCE value also gradually decreases in line with the differences
between pure Tb and Dy.

Another intra-lanthanide alloy, kgLa, , was studied by Zimm (87). The intro-
duction of La considerably changes the MCE behavior of Er. It becomes almost
normal caret-shaped with a peak value &3 K at~42 Kin AH = 7 T (measured
directly). The relative cooling poweRCRT) remains low, reaching-330 K?
forAH=7T.

Aluminides

By far, the lanthanide dialuminides have been the most extensively studied series
of intermetallic compounds with respect to their magnetocaloric behavior. But
two other aluminide phases have been investigated in addition to thgpRades.
These are Ggh\l, and EgAIC.

Gd;Al, has been found to exhibit two widely separated ordering temperatures;
a Néel temperature of 281 K and a Curie temperature of 39 K (88); as a result, this
compound essentially has two non-overlapping caret-like magnetocaloric peaks.
The AS, value of the lower peak for a 10 T field change is higher than that of
the upper peak;-58 versus—47 mJ/cni K, whereas the adiabatic temperature
rises are reversed\T,4= 3.5 Kat~40 K and 7.1 K at~280 K. Furthermore, the
lower peak shifts significantly with increasing magnetic field from 3% R & to
50 K at 10 T, whereas the upper one remains essentially independent of the applied
magnetic field.

The effect of carbon additions on the magnetic-ordering temperature and mag-
netocaloric effect of BAIl has been studied by Pecharsky & Gschneidner (89).
They found that the ordering temperature is loweredffK atx= 0.1 (ERAIC,)
to 5 Kforx=1.0, whereas the adiabatic temperature rise fora 10 T field change in-
creased from 6(=0.1) to 15.5 K k=1.0). The authors noted that all the samples
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(x=0.1, 0.25, 0.5, 1.0) except=1.0 were two-phase materials consisting of
Er,Al and ErAIC. Er;AIC was thought to order antiferromagnetically, but if so,

the spins can be easily flipped by a low magnetic fiel®.6 T) because the
magnetic field dependence of the heat capacity behaves like a ferromagnetic ma-
terial. They concluded that all except;BIC, ; could be used as low-temperature
magnetic refrigerant materials.

The RAL Laves phase compounds that have been studied for their magne-
tocaloric properties include both binary and ternary (pseudobinary) compounds
DyAl, (26, 37, 90-93), HoAl (90, 94), ErA}, (26, 37,90, 92), (GglEry s9Al,

(95), (Dyp sHo 5Al, (90), and (Dy_,Er)Al, (24,26, 37,77,96). The MCE values

of AS, of DyAl, have been determined by Hashimoto et al (90) from magneti-
zation and by Gschneidner et al (26, 37) from magnetization and heat capacity
measurements, and in general the results from the two studies are in good agree-
ment, i.e.—AS, of 116 (90) and 110 mJ/chK (26,37) fa a 0 to 5 Tfield
change and &= 43 K from both groups, in spite of the fact that the reported
Curie temperatures ar8 K apart [55.9 K (90) and 63.9 K (26, 37)]oEeaki

et al (93) also determinedS, from magnetization measurements foH=7 T

and reported a value 6£135 mJ/cm K for AS, and aT. of 56.1 K. Taking

into account the difference inHs, the MCE is essentially the same for all these
groups. TheRCR(S) for DyAl, is quite large, about 5000 mJ/éii%010 (90) and
4750 (26, 37)]. Other studies on DyAhdicate that only 23% of the theoretical
entropy is utilized in the MCE for a field change of 7.5 T, which compares with
52% for ErAlL (Tc=13.6 K) and 16% for GdAI(T. =167 K) (91). The authors
thought that the decrease in the utilized entropy with incredgimgsults from the
increasing lattice contribution to the heat capacity with increasing ordering temper-
ature, which would lead to a higher thermal load requiring more energy to heat the
sample itself. Theoretical calculations of the influence of crystalline electric fields
on the MCE were carried out on DyAIErAl,, and DyNj (92), and the authors
showed that the calculatedAS, and AT,4 values were in good agreement with
experiment.

The MCE for HoAl was reported by Hashimoto et al (90); Daudin & Bonjour
(94) measured the heat capacity at 0, 2, 4, 6, and 8 T and presented entropy
versus temperature curves but derived neithi€gy nor AS,. The MCE values are
AS= —156 mJ/cmK, §Tryum= 26 K, andRCRS) = 4200 mJ/criat T, = 28 K
for a 5 Tfield change (90). These values, as one might expect, fall between those
of DyAl, and ErAl. A AT,4= 12 K was estimated from the entropy curves (94) at
the Curie temperature of 33 K, whick b K higher than that given by Hashimoto
et al (90).

Both AT,qand AS,, have been reported for Erptby Hashimoto et al (90) using
a direct measurement and magnetization studies, respectively, and by Pecharsky,
Gschneidner and co-workers (26, 37) using heat capacity and magnetization meth-
ods. The results reported by the two groups are in fair agreement: The former
give Tc =11.7 K, AT,y =9.4 K, ASy = —215 mJ/cm K, and RCRS) = 3440
mJ/cn? for a AH=5 T; for the same field change the latter gilie=13.6 K,
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AT,q=11.1 K,ASy=—241 mJ/cM K, andRCRS) = 3610 mJ/cr The latter
values are probably the more reliable because these authors used a higher purity
Er metal to prepare their ErAmaterials.

Several ternary (R, BAl, phases, where R and Rre different lanthanide
metals, have been investigated. Zimm et al (95) studieg {¢&t}, g9 Al , using heat
capacity measurements. The zero field heat capacity showed two small rounded
peaks at~15 and 30 K, which gave a rounded magnetocaloric peak at 23.5 K,
AT,q=8.9 K, andéTegyuu=42 K foraAH=7 T. The AS, values were not
reported by the authors.

Hashimoto et al (90) determined the MCE of (R¥l 0, 5)Al, using magnetiza-
tion data. They reported S, = —133 mJ/cmK, 8 Tryuw= 36 K, andRCRS) =
4200 J/cm for a 5 Tfield change. The MCE values for these two ternary alloys
are consistent with those observed in the binary RRI= Dy, Ho, Er) and the
(Dy;1_Enr)Al, alloys.

A series of pseudo-binary (RQy,Er,) Al, alloys were studied by Gschneidner
and co-workers (24, 26, 36, 37, 96) using magnetic susceptibility, dc magnetiza-
tion and heat capacity measurements, wheraddelaki et al (77) studied the
(Dyq sErg 5Al, composition. The Curie temperatures decrease linearly with in-
creasingx from 63.9 for DyAl, to 13.6 K for ErAl, except forx=0.25, which
shows a slight dip from the straight line established by the other compositions
(37). As is seen in Figurea3the AT,4 and AS, values have an inverse depen-
dence orx; they are the largest for ErAlnd decrease in a fairly smooth fashion
to DyAl,. TheRCRS) andRCRT) values shown in FigurelBexhibit an unusual
trend in view of thex dependence oA T,qandAS,,. This suggests th&T gy iS
an important quantity in determining the cooling capacity of a material, and may
have a bigger impact than the maximuxg,, or AT,4 (see Equations 10 and 11).
Because of a spin re-orientation transformation in some of these (Bxy)Al,
alloys, special care must be used when evaluating the MCE properties from heat
capacity data (26). As the authors have shown, this is one case where determining
the MCE properties by another technique (magnetization) proved to be critical and
helped to avoid reporting erroneous data. Gschneidner et al (36, 96) suggested that
(Dyo sErg.5Al, might be a useful alloy as an active magnetic regenerator material
in a magnetic refrigerator for liquefying hydrogen gasldeaki et al (77) noted
that the MCE AS,)) was increased by10% by grinding a (DysEr, 5)Al, alloy
relative to the as cast material.

GdPd

GdPd, which orders at 40 K, has been extensively studied for its MCE properties
(24, 26, 36, 95-97), and it serves as a low-temperature standard against which
the properties of other materials, which order magnetically between 25 and 55 K,
are compared. Barclay et al (97) was the first to report on the MCE properties of
GdPd. Based on zero field and 5 T heat capacity data, they reported a value of
AT,q=9.0 + 1.0 K for a 5 Tfield change at 37.5 K (they gave =40 K). In
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view of more recent data, this value seems to be too high by about 30%. Zimm
et al (95) measured T4 directly and obtained a value of 7.0 K forH=5T,

and this was confirmed by Pecharsky et al (24, 26), who obtained a value of 6.8
K (26) and 6.7 K (24) from two different sets of heat capacity measurements.
Other values have been reported for larger magnetic field changes7fdfield
changeAT,q= 8.7 K(95); for afield change of 7.5 3 T,q= 9.6 K (36, 96), while

later measurements by the same group (24) reported a significantly lower value of
AT,4=28.6 K for this sameAH; and for a 10 T field changey Tq=10.1 K (24).
Although the heat capacity as a function of magnetic field and temperature has
been measured three timesS, values have not been reported.

Gadolinium Silicides

The pseudo-binary system €81,—GdGe, is the only silicide system studied
with respect to its magnetocaloric properties. Three different phase regions exist
in the Gd(Si,Ge,_,), alloys (98). The binary Ggbi, is orthorhombic, and almost
50% of Si can be substituted by Ge without a change in the crystal structure and
with little change in the magnetocaloric properties of the materials (40, 98). The
Gd;(Si,Ge,_,), alloys with 0.5< x < 1.0 are ferromagnetic and order magneti-
cally between~336 K (x=0) and~300 K (x=0.515) and display conventional
magnetocaloric behavior (99). The MCE and cooling capacity are 5 to 20% lower
than that of Gd; however, all alloys from this phase region order magnetically
at temperatures higher than that of pure Gd despite almost 45 at% dilution by
nonmagnetic Si and Ge atoms (98). A summary of the ordering temperatures and
magnetocaloric properties are listed in Table 1.

When the concentration of Ge in the £&8i ,Ge, _,), alloys increases to 0.24
x < 0.5, 50% of the Si(Ge)-Si(Ge) covalent bonds are broken, which causes a
change of the crystal structure from the room-temperature orthorhomb®&i,&d
type to the room-temperature monoclinic 8i,Ge,))-type (98). This change
is accompanied by drastic changes of magnetic and magnetocaloric properties
of these alloys when compared with 05x < 1.0 (see Table 1) (39,40, 42).
The temperature and magnetic field—induced transition from a paramagnetic to
a ferromagnetic state in these alloys is a simultaneous first order magnetic and
crystallographic transformation (100). The observeq, values become several
times larger than those in any other known magnetocaloric material, thus leading
to a giant magnetocaloric effect in all alloys with 0.24x < 0.5. When direct
MCE measurements were carried out under non-equilibrium conditions (34), at
least for the Gg(Si,Ge,) composition, the result was erroneous and MCE was un-
derestimated, thus supporting the conclusion that the giant magnetocaloric effect
is due to a first order phase transition in this alloy.

When the amount of Ge in the g&i,Ge;_,), alloys increases to 8 x < 0.20,
the remaining Si(Ge)-Si(Ge) covalent bonds are broken, which causes a second
change of the crystal structure from a room-temperature monoclinSz@e,)-
type to a room-temperature orthorhombic ;Gé,-type (98). Magnetic and
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TABLE1 The magnetic ordering temperature and magnetocaloric properties of the
Gds(SiyGey )4 phased

Tc Ty —ASy 5Trwam ATag AH  RCP(S)
Composition (K) (K) (mJ/cm3K) (K) (K) (M  (MJ femd)
Orthorhombic
G0sSiy 336 — 617 72 88 5 4442
Go5(Si3Geyd® 331 —  55.0 64 73 5 3520
Gds(SisGe)° 323 - 653 68 86 5 4440
GO5(Si, Ge 9P 313 — 707 66 85 5 4666
GO5(Siy 0Ge10) 306 — 705 68 80 5 4794
Monoclinic
G5(Sib,Gey) 276 — 140 24 150 5 3360
Go5(Siy 75809 246 — 298 14 188 5 4172
G0(SihGey) 140 — 538 9 118 5 4840
Gos(SipGe3 )¢ 130 — 240 20 105 5 4800
Orthorhombic
Gds(Sip ¢Ge; ») 121 135 166 20 92 5 3320
GO(Sip 3583 67)° 68 128 287 21 112 5 6027
GO5(Sip 1G85 g9 40 127 177 25 88 5 4425
GdsGey 20 125 128 27 72 5 3456

4From References 39, 40, 42, 99.
bUnpublished information. AO Pecharsky, Ames Laboratory, Ames, lowa.
°KA Gschneidner Jr & VK Pecharsky, unpublished results.

magnetocaloric properties change again, but the giant magnetocaloric effect is
preserved in all alloys with G x < 0.20 (see Table 1). The transition appar-
ently remains a first order transformation, but its mechanism presently remains
unclear.

Besides the large magnetocaloric effect, two additional features make Gd
(SiGe,_,), alloys unique and likely candidate magnetic refrigerant materials for
the use in highly efficient magnetic refrigerators. The first is the fact that their
Curie temperature can be tuned betwe&20 K and~336 K by varying the Si
to Ge ratio (40). This in turn allows one to tune the maximum magnetocaloric
effect between~20 and~336 K. The second is the fact that, unlike FeRh (see
below), the giant magnetocaloric effect in the(R,Ge,_,), alloys, where 0<
X < 0.5, is reversible, i.e. it does not disappear after the first application of the
magnetic field as occurs in FeRh. The difference in the behavior of the MCE in
FeRh and GgSi,Ge,_,), alloys is most likely associated with the difference in
the nature of the first order phase transition, which in the former case is a magnetic
order-order transformation, whereas in the latter case it is a simultaneous mag-
netic and crystallographic phase transition, i.e. it is a magnetic order-disorder and
a crystallographic order-order phase transformation.



Annu. Rev. Mater. Sci. 2000.30:387-429. Downloaded from www.annualreviews.org
by Fordham University on 11/22/12. For personal use only.

MAGNETOCALORIC MATERIALS 411

Unfortunately, substitution of small amounts of both Si and Ge by Al, Fe,
Co, Ni, Cu, and C in the G{Si,Ge,) alloys destroys the first order magnetic
phase transition and the giant magnetocaloric effect, although the MCE remains
quite large, larger than in any other material except pure Gd and several Gd-R
alloys (41). Addition of small amounts of Ga, i.e. §68i; 95{5€; 93G& 09, t0 the
Gd;(Si,Ge,) alloy, however, not only preserves the giant magnetocaloric effect, but
also raises the temperature of the first order phase transitier1 0, from~276
to ~286 K (41), thus extending the range of the giant magnetocaloric effect. More
studies are needed to fully understand the effects of various alloying additions on
the first order phase transition in €8i,Ge,_,), alloys, where O0< x < 0.5.

EuS

The MCE properties of EuS were reported by Hashimoto et al (31, 101). Because
Eu is divalent in EuS, it has &f 4 configuration, the same as trivalent Gd, and
thus it might be expected to have good MCE properties. Indeed, this is the case;
ASy=—364 mJ/criK at To= 16 K for a 10 T field change, which is larger than
that of (Dyy;Er 9Al, (ASy = —250 mJ/cm K and To=17.7 K) for the same

field change. ThR&®CR(S) is also quite large: 8730 mJ/Erifor (Dy, 1Erp Al it

is 8010 mJ/cri. Thus it would appear that EuS would be an effective magnetic
refrigerant below 20 K.

Zinc Alloys

Shao et al (74, 75) prepared nano-size amorphous powders gf34Bgl,s alloy

by rapid solidification followed by ball-milling to 360 nm. Some of these powders
were rolled into ribbons (bulk). They measured th€&,, directly for the powder
and bulk materials foAH =1 T. The nano-size powder had a broad maximum at
287 K with aAT,4=1.1 K, whereas the bulk sample had a rounded maximum at
299 K with aAT,y=2.2 K. The value for the bulk material 1s50% lower than
that of pure Gd metal (see Figurb and/or Figure 4) for the same field change.

The MCE properties of GdZn and several two-phase mixtures of GdZn and Gd
containing different proportions of the two phases were reported by Pecharsky &
Gschneidner (102). The MCE properties of GdZn with=270 K areA§, =
—85.9 mJ/crK, AT,y =10.6 K, andRCRS) = 11,160 mJ/crhfor a 10 T field
change. These properties ar80% smaller than those of pure Gd metal. The
authors showed that a two-phase mixture of-&&dzn can be used as effective
active magnetic regenerator material, because by changing the ratios of the two
components, the profile of thaS, versus T and the\T,4 versus T behaviors
can be changed or adjusted to more nearly match the desired behavior for the
thermodynamic cycle chosen for a particular refrigeration/cooling application.

ErAgGa

The MCE of ErAgGa was determined from low-temperature heat capacity mea-
surements as a function of magnetic field (89). The adiabatic temperature rise,
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AT,y=11.5Kfora 10 T field change, is about 50% smaller than that gAlEy,

which orders ferromagnetically at 3.1 K. The smaller value is probably due to the
fact that ErAgGa forms a low temperature (3 to 5 K) nonmagnetic atom disordered
(NMAD) spin glass system.

3d TRANSITION METAL-BASED MATERIALS

3d Metals

The magnetocaloric effecih\T,q, has been measured in Fe, Co, and Ni at their
respective Curie points, 1042 K (788), 1386 K (1113C), and 633 K (360C).

They all exhibit normal caret-like magnetocaloric peaks. The magnetocaloric effect
in Fe has been measured in three magnetic fields of up to 0.8 T by Potter (103) and
at 3.0 T by Hirschler & Rocker (104); in Co in 10 different magnetic fields of up
to 2.32 T by Rocker & Kohlhaas (105); and in Ni in four different magnetic fields
of up to 1.50 T by Weiss & Piccard (106), in four fields of up to 1.78 T by Weiss &
Forrer (107),at3.0 T by Hirschler & Rocker (104), and at 1.78 T by Hashimoto et al
(31). The maximun\ T,4values reportedare 5.2Kat3.0 T (104) and 2.0Kat0.8 T
(103) for Fe; 3.25Kat2.32 T (105) for Co;and 1.8 Kat 3.0 T (104),0.57 Kat2.50 T
(106),1.26 Kat1.78 T (107),1.32Kat1.78T (31),and 0.13Kat0.09 T (108) for Ni.

Itis difficult to make a meaningful comparison of these values because the mea-
surement field varies considerably—between 0.8 and 3.0 T. However, comparing
the rate of change oA T,y per tesla one can see a trend developing, keeping in
mind thatA T, versus the magnetic field, as shown earlier, is not a linear function,
but decreases as the field increases. For Fe the values are 2.5 and 1.7 K/T; for Co
1.4 K/T; and for Ni 0.60, 0.38, 0.71, 0.74, and 1.4 K/T, respectively. The high
value (1.4 K/T) reported by Noakes & Arrott (108) for very small field changes in
Ni is not at all unreasonable since the rate of change of the MCE decreases with
increasing field. In the case of Ni, the magnetocaloric effect reported by Weiss
& Piccard (106) is probably in error (it is about half of the other three values).
Averaging the values we have 2.1 K/T for Fe, 1.4 K/T for Co, and 0.68 K/T for
Ni (discarding the values of Weiss & Piccard, and Noakes & Arrott). The values
are consistent with the trend of the effective magnetic moments of Fe 2322
Co (1.72ug), and Ni (0.61ug) (109).

The adiabatic temperature rise for Fe is quite large when one considers that
the field dependence &fT,,is 2.4 K/T for a 5.0 T field for Gd, which has an
effective moment of 7.94 at its Curie temperature of 294 K. It is also reasonable
to assume that the relatively largel,4in Fe is associated with a large increase of
T/C, (see Equation 9), and therefore the apparent reductioiéd T compared
with that in Gd is practically offset by a nearly threefold increasg jpmovidedC,
remains about the same for both Fe and Gd near Tpsir

Another measure of the cooling power, as noted above, is the product of the adi-
abatic temperature rise and the peak width at half the peak height & STewmw
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RCHT), i.e. relative cooling power for a given magnetic field. R@RT) values

are 286 K for Fe at 3.0 T, 182 Rfor Co at 2.32 T, and 63 Kfor Ni at 3.0 T.
These numbers are also consistent with A, trend noted above, despite the
value for Co being for a field of 2.3 T, which is 0.7 T less than that for Fe and Ni.
The corresponding value for Gd at 3.0 T is 365 Which is significantly larger
than those of Fe by virtue of its largefT,4 value (7.3 versus 5.2 K).

Although theirRCRT) values are lower than those of Gd, which is known to
be an efficient magnetic refrigerant (22), both Fe and Co should be reasonably
effective for magnetic cooling or heating applications in the vicinity of their Curie
temperatures. As far as we are aware, &, magnetocaloric effect values have
not been calculated for any of thes#rBetals.

3d Metal-Based Alloys and Intermetallic Compounds

The magnetocaloric effect of a solid solution alloy of Si in Fe, §z85Si; gsa3has

been measured directly by Hirschler & Rocker (104). For a magnetic field change
of 3 T, the magnetocaloric effect has basically a normal caret-shape peak, with a
maximum & 5 K observed at 1013 K, which is slightly lower than that of pure
Fe (AT,g=5.2 K at 1042 K). Below the Curie temperature, the MCE behavior
displays a shoulder at 973 K. The relative cooling power between 983 and 1043 K
is quite largeRCRT) = ~300 K2,

Another solid solution alloy, Mg,,£C, 775 has been studied by Znamenskii &
Fakidov (110). The MCE in this alloy has been measured directly between 77
and~130 K in magnetic fields from 0.13 to 1.38 T. FAH larger than 0.42 T,
the MCE is positive down to 77 K, but for smaller magnetic fields, the MCE
becomes negative at the lowest temperature of the experiment, which indicates
the presence of antiferromagnetic interactions inyMeCu, 775 Except for the
negative sign, the MCE in My,:Cu, 775 has normal caret behavior peaking at
95 K (AThax= 0.145 K for AH = 1.38 T) with a very low relative cooling power
RCRT) =~3.6 K? between 83 and 108 K.

Several 8-based intermetallic compounds, Mn@AsP,), Ni,(Mn;_,V,)Sn,
Ni(Mn,_,Nb)Sn, Mn;_, ,Cr AIC,_,, (Hfj g3T8 17)F&:,x FERN, and GiTe, have
been investigated with respect to their magnetocaloric properties. Kuhrtetal (111)
report direct MCE measurements for MngAgP,) in magnetic fields up to 7 T.

In low magnetic fields (below 3 T), the MCE for boi=0.09 and 0.08 shows

a double-peak behavior consistent with an antiferromagnetic ground state and a
magnetic field—-induced metamagnetism, but when the magnetic field is increased
to 7 T, the MCE behavior becomes conventionak[7 Tmagnetic field, the MCE
maximum occurs at-225 K and~233 K in Mn(As) P 09 and Mn(Ag 91P.09-
respectively, withAT,q peaking around 1.3 K. The relative cooling power for
AH =7 T is quite low:RCRT) for both alloys is approximately 70%

The magnetocaloric effect in two series of alloys, ¥in,_,M,)Sn (where
M=V, Nb, andx=0.1, 0.2, 0.3, 0.4) and Mn, ,CrAIC,,, (wherey=0,
z=-0.16,-0.08, 0, an&z=0.1, andy=0, 0.06, 0.15, 0.26), has been measured
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indirectly (magnetization) by Maeda et al (112). Low magnetic field (1.4 T) mea-
surements indicate that the Curie temperature in the serigMiNi_,V,)Sn is
lowered from~305 to~160 K asx increases from 0.1 to 0.4. The MCE in these
alloys exhibits conventional behavior, and the relative cooling power also decreases
from ~440 mJ/cm (x=0.1) to~350 mJ/cm (x= 0.3) and then increases+at00
mJ/cn? for x= 0.4 for AH=1.4 T. When the magnetic field is increased to 7 T,
theRCRS) for Ni,(Mng gV )Sn also increases te2.4 J/cn.

The temperature of the maximum MCE decreases #8300 K to~190 K in
a series of Mg_,_,Cr,AlC,_, alloys, wherey=0, z=—-0.08;y=0,z=0;y=0,
z=0.1;y=0.06,z=0.1;y=0.15,z=0.1; andy=0.26,z=0.1. They all exhibit
the normal MCE behavior, the maximuRCRS) is ~580 mJ/cm for y=0,
z=—0.08, and the minimumy-360 mJ/cm, is observed ay = 0.26,z=0.1. For
comparison, th&@CRS) in Gd for AH=1.4 T is~890 mJ/crm.

Herbst et al (113) reported the indirect MCE (magnetization) for low magnetic
fields (0.9 T) in the three (Hfslag 17)F&.« alloys, wherex=10.09, 0, and-0.09.

All three materials order antiferromagnetically near room temperature and have a
relatively low MCE (-5.6,—16, and—11 mJ/cri K, respectively), which shows
almost conventional behavior. The relative cooling pouREHS), is quite low
totaling at~178, ~247, and~254 mJ/cm for x=0.09, 0, and—0.09, respec-
tively. Although no quantitative MCE data are given, Herbst et al mention that at
x=—0.02 the sharpness of the magnetic phase transition indicates the possibility
of the giant magnetocaloric effect withAS,, exceeding 220 mJ/chK.

The intermetallic FeRh is the first known intermetallic material reported to
display the giant magnetocaloric effect near room temperature (43, 45). Direct
measurements of the MCE of a heat-treated and quenchgRizgalloy (43)
indicated that it could be as large a43 K at 307 K in a magnetic field of 1.95
T, but later (45) it was reported to be8.2 K for AH=2.5T. The MCE behavior
in this material is unusual because of its sign (it is negative for a positiie,
its extreme sensitivity to processing history, and its irreversibility. The MCE in
FeRh displays an inverse skyscraper behavior with the large relative cooling power,
RCRT), of —166 K? between 296 and 316 K.

The compound GiTe, displays a conventional MCE (measured directly), which
reaches 1.1 K at 316 Ki2 T magnetic field (31). The relative cooling capacity,
RCRT) =41 K?is quite low.

The limited amount of available experimental data indicates that, in general,
the MCE in transition metal-based alloys is lower than that in lanthanide-based
alloys for the same temperature range. This is consistent with the lower avail-
able theoretical magnetic entropy in the magnetic transition metal atoms. This
makes them unlikely candidates for use as magnetic refrigerant materials below
~300 K, but they may be useful materials for magnetic refrigerators/heat pumps
rejecting heat well above room temperature. However, if nés&@sed alloys are
found, with a giant MCE similar in magnitude to that observed in FeRh, but re-
versible, they could be an excellent source of highly effective magnetic refrigerant
materials.
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MIXED LANTHANIDE-3d TRANSITION
METAL COMPOUNDS

Manganese-Based Intermetallics

The ternary compound NdM8i, has been reported to order magnetically at 32 K
with a magnetocaloric effecthT,q, of 8.4 K for a field change of @t6 T (114).
This value is comparable to that observed in{Br, g Al ,, which orders at 31.6 K
[AT,4=10.4 K for a field change of 0 to 7.5 T] (37), when considering the dif-
ferences in the magnetic field [i.AT, 4 per T is 1.4 K/T for the NdM#Si, versus
1.39 K/T for the (Dy 4Erg 9Al, phase]. Just below the Curie temperatur@§

K) a small negativeA T, 4 peak was observed at high magnetic fiekB(T). The
magnitude of| AT,y increased with increasing field, and the peak temperature
shifted to lower temperatures. Fa 6 Tfield, the peak occurred at 26 K with a
AT,y=-0.44 K.

Iron-Based Intermetallics

The adiabatic temperature rise was measured fon, YiE#e, YFe;, and HoFg
for a magnetic field change of 1.58 T by Nikitin et al (115). The Y&ed YFg
phases exhibited a small caret-like magnetocaloric effect of 1.25 and 1.42 K at 530
and 533 K, respectively. The magnetocaloric effect for Edvel HoFg is more
complex because there are two magnetic sublattices, the lanthanide and the iron,
that are orientated antiparallel to each other and order at substantially different
temperatures. The lanthanide ions order-880 K for both ErFe and HoFg,
whereas the Fe ions order at 575 and 571 K, with a compensation temperature of
490 and 389 K, respectively. These behaviors give rise to a small broad positive
AT,q0f 0.20 and 0.18 K at the respective Er and Ho magnetic lattices’ ordering
temperatures+¥330 K); a small sharp negativeT,40f —0.10 and—0.11 K at the
respective compensation temperature (490 and 389 K); and a small sharp peak for
AT, (0.31 and 0.56 K) at iron magnetic lattice ordering temperatures, 575 and
571 K, respectively. For the Yre@nd YFeg phases the magnetocaloric effect is
about the same as that of Ni metalT,q=1.26 KforAH =1.78 T), which orders
about 50 K higher than the two Fe intermetallic compounds.

The magnetocaloric effect was measured for a series of -y, alloys by
Nitikin et al (116), (see Table 2). As is evident, the Curie temperatures increase
in more or less a linear fashion from Yf® TbFe, while the magnetocaloric
properties decrease from both end members, reaching a minimumsa @45.
This behavior is due to several factors. One is that the effective magnetic moment
on Fe increases from 1.44; for YFe, to 1.7 ug for TbFe,. In addition, below the
compensation temperatures the Th ions are aligned with the applied magnetic field
while the Fe spins are antiparallel. As the magnetic field is increased the magnetic
moments on the Tb lattice increase and those on the Fe lattice decrease; above
the compensation temperature the opposite occurs. Finally, when one takes into



Annu. Rev. Mater. Sci. 2000.30:387-429. Downloaded from www.annualreviews.org
by Fordham University on 11/22/12. For personal use only

416

GSCHNEIDNER® PECHARSKY

TABLE 2 Magnetic ordering and compensation temperatures, and
magnetocaloric properties of some (Yh_,) Fe, alloys for a
magnetic field change of 0to 1.5 T (116)

Composition T, ATag  STrwam RCP(T)  Teomp?

X K K (K) K2 (K)

0 528 129 27 34.8 -
0.20 575 070 36 25.2 400
0.33 595 043 40 17.2 250
0.45 618 021 30 6.3 450
0.80 665 051 30 153 -
1.00 697 072 20 144 -

aCompensation temperature

account the concentration changes<agries, the magnetic moment on the Tb
sublattice is found to be equal to that of the iron sublattice wher®.5. In any
event the magnetocaloric properties are relatively small, evexs£dy and 1.0.

Cobalt-Based Intermetallics

The cubic Laves phases Dyg&d10Co,, and ErCg have been studied for their
magnetocaloric properties. All three phases exhibit a first order magnetic/structural
transition. DyCg orders at 142 K, but itdA S, MCE peak is rounded and much
broader than one would expect for a first order transition, even broader than that
for a typical second order magnetic phase transition (88), = —150 mJ/cmK,
3Tpwuv= 34 K andRCRS) = 5,100 mJ/cm for a field changé & T (93).

HoCo, orders at 83+ 1 K, which shifts to high temperatures with increasing
magnetic field (117). The adiabatic temperature rise is somewhat small, 5.1 K for
a 6 T field change, and the magnetocaloric peak is not particularly sharp for a first
order transition, especially on the high-temperature side where it falls off rather
slowly. This behavior may be due to the metamagnetic character reported for this
phase. For small magnetic field change®(6 T), a small negativaT,4(~—0.5
K) was observed below the Curie temperature, but for field changes 2.0 T or greater,
the negative adiabatic temperature change is no longer evident (11 A eas
calculated by Bldeaki et al (93) and its value-@24 mJ/cmK fora AH=7T)is
consistent with the\ T4 The shape of tha S, versusT is somewhat broader than
the typical caret-shaped peak, especially so considering the rounded peak shape.

ErCo, also exhibits a first order magnetic/structural transition at 31 K, which
shifts to high temperatures with increasing applied magnetic field, i.e. it is 46 K
at7Tand 54 Kat 14 T (93, 118). TheS,, values were obtained from both mag-
netization and heat capacity measurements, and the agreement was only fair. For
example the peak values were 298 (93, 118) and 334 MK 8), respectively,
while the temperatures of the peaks wer#2 K apart (41.5 and 34 K, respec-
tively). The shapes were distinctly different, the&, values from magnetization
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measurements rose rapidly on the low-temperature side of the peak, typical of a
first order transition, remained somewhat constant for almost 5 K before they fall
off with a caret-like shape on the high-temperature side of the peak (118). The
adiabatic temperature rise as determined from heat capacity has a shape similar to
the AS, peak derived from the heat capacity, as one might expect. The value of
AT,qis 12 K for a 7 Tfield change, which is better than that of Ho(see above)

and that of (Dy 4Erg gAl,, 10.4 K for a 7.5 T field change at its Curie temperature

of 31.6 K. The authors (118) believe the discrepancy between the heat capacity
and magnetization measurements for the magnetocaloric properties arises because
“the boundary conditions used in the derivation of the approximate formula for
simple ferromagnetic materials are not appropriate for more complex transitions
asin ErCg.”

Nickel-Based Intermetallics

The heat capacity of ENi, which orders at 6 K, was measured at0, 1,3and 4.3 T
from ~4 to 20 K by Tokai et al (119). The entropy versus temperature curves for
each field were derived and plotted, buta§, or AT,qVvalues were reported. We
have estimated from these graphs th&, =95 mJ/criK and AT,y=3 K at 6
K for a 4.3 T field change, which are reasonable but not outstanding values.

The adiabatic temperature ris&T,q of GANi was determined by Zimm et al
(95) from direct measurementsTat (71 K) to be 7.4 K for a magnetic field change
of 7 T, which is a reasonable value. They also measwrgg for field changes of
1, 3, and 5 T. The curves are typical caret-like for all four field changes.

The MCE values have been measured for a number of the piNise with
R=Gd, Th, Dy, Ho, Er and Gg,Dy, ¢. Zimm et al (95) determinesil ., for GdNi,
(Te =75K) for field changes of 1, 3, 5, and 7 T. Thd .4 values are not partic-
ularly large (5.81 K for the largest field change), but the peaks are rather broad,
and still retain the caret-like peak shapeld€aki et al (93) calculated S, using
magnetization measurements and also found it to be significantly smaller than
that of several other RMor RCg, phases, which is consistent with Zimm et al’s
observation. They (93) reported GgNo have aT.=70 K, andAS,=—137
mJ/cn? K for AH = 7 T. The peak was somewhat broad §ym = 44 K), and
the resultanRCHS) was slightly larger than those of Hogand ErCg but sig-
nificantly less than that of DyNi

TbNi, which orders ferromagnetically at 38 K, exhibita\d .4 value of 11 K
for a 0 to 7.5 Tfield change according to Gschneidner et al (96), as determined
from the heat capacity measurements. This value is about twice that o5, GdNi

The MCE properties of DyNj which orders at 21 K, have been studied by
several authors (92, 93, 120). Th&,, value was reported to be283 mJ/cri K
for afield change oAH =7 T (93),—252 mJ/cmK for AH=5T (120), and-212
mJ/cn? K for AH=5T (92). The value by Tomokiyo et al (120)is20% greater
than the other two values reported (92, 93), taking into account the differences
in the field changes. The MCE peak for DyNiamples is different, somewhat
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sharper for the Tomokiyo et al sampl&-m= 16 K) compared with the von
Ranke et al sampledfyym=23 K) (92), whereas th&CHRS) for the former
(4040 mJ/crd) is about 15% smaller than that for the von Ranke et al sample
(4790 mJ/crd). These differences could easily be accounted for in the sample
preparation because there are many intermediate phases in the Dy-Ni system,
most of which melt incongruently, including DyjNimaking it difficult to prepare
single phase materials. von Ranke et al (92) also determiigg=8.2 K, and
calculated the MCE properties using crystalline electric field theory and found
good agreement with the experimental data.

Tomokiyo et al (120) determined the MCE effeats,,, of HoNi, and ErNj,
from magnetization measurements foH =1, 3, and 5 T. For the 5 T field the
AS, values were-234 and—252 mJ/cmK at the Curie temperatures of 19.5 and
8 K, respectively. ThesA S, values are consistent with the value they reported
for DyNi,.

The adiabatic temperature rise at the Curie temperature of ;{334 9)Ni,
(27 K) was 10.6 K for a 0 to 7.5 Tield change, which is fairly good (96). It
is about the same as that of ThNind lies about halfway between GdPd and
(Dyo sEro Al .

Several lanthanide-nickel-aluminum ternary (RAINi foeRGd, Dy and Er)
and quaternary [(GfEr;_,)AINi] alloys have been studied. The ternary compound
DyAINi was studied for its MCE properties. DyAINi orders magnetically at 28 K
and has a smalAT,;= 6.4 K for a 0 to 7.5 Tmagnetic field change (96). Further-
more, its MCE peak appears to be quite broad, Afig, is nearly constant from
28to~35 K, with a slight temperature drop-0.2 K) with increasing temperature.
Above ~35 K the published results are probably not reliable.

Of the 10 (GqEr;_,)AINi alloys studied, only ErAINi exhibits one order-
ing temperature (35, 121); others exhibit several (up to 4) magnetic transitions
(35,96,121, 122). The multiple magnetic transitions give rise to broad-peaked
magnetocaloric effects (both T, andAS) for most alloys. The three exceptions
are (G@ »Ero.sdAINi, (Gdg 4Ty s0AINI, and (Gd, 45E1, 559AINI, which exhibit
broader caret-like peaks, approximately 50% broader than that for the ErAINi
compound for a 0 to 5 T field change. TheT,4 values are 6.3, 6.7, 6.1, and
5.5Kforx=0, 0.20, 0.40 and 0.45, respectively, while the corresporiiiggm
values are 23, 34, 38, and 38 K, respectively (35, 121). Fog ¢ ) AINi,
(Gdy 4Er0.60AINI, and (Gdy 4gEr 55AINI, the magnetic ordering temperatures
are similar enough that the MCE still has one peak and has not begun to flatten
out to give rise to a table-like (96, 122) or skewed caret-like (35,121) peak, as
observed for alloys witlkk > 0.5, and a much broadéT g, value (two to three
times that of the ErAINi compound). Although magnetocalatit,,values for the
Gd-rich (GdEr;_,)AINi phases are-50% smaller than those of the RAlhases,
their flathess may be a distinct advantage for certain magnetic refrigeration cy-
cles. For an Ericsson cycle one would like to have a congt&jtvalue, which is
found in (G@ 540y 49AINi from ~15 to~45 K (122). Indeed, Takeya et al (122)
showed that this alloy could be substituted for some complex multicomponent
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multilayered (three or four) RAlphases in an Ericsson hydrogen gas liquefier.
Korte et al (35, 121) noted that the skewed caret-like magnetocaloric effect curves
may actually be better active magnetic regenerator (AMR) materials than those sub-
stances with normal caret-like behaviors because the AMR thermodynamic cycle
operates best asT,4rises at a rate of abod K per 1 K, which is better approx-
imated by the skewed caret-like magnetocaloric peaks than the normal caret-like
behavior which may rise at rates much higher than this, i.e.2kper 1 K.

Amorphous Alloys

Only few amorphous alloys have been studied with respect to their magnetocaloric
effect. The major effort in studying the MCE of amorphous materials focused on
various alloys containing lanthanide and transition metals, which were prepared
by rapid solidification (melt spinning) of arc-melted alloy buttons (76, 123-127).
This class of materials generally shows quite broad magnetic ordering transitions,
which result in much lowepM/dT| at constant magnetic field, and therefore, the
observed pealhS,, (T),y and AT,4(T) A are considerably lower (Equations 4
and 9) than those of their crystalline alloy counterparts.

Most of the amorphous R,M, alloys, where M=transition metal, display
nearly a conventional MCE (bothS,, andAT,4) behavior. Amorphous GdFe, 5
has a peak 0f10.2 mJ/criK at 286 K forAH =1 T (123). When Fe is partially
substituted by Ni in GglFe, 1 Nig 15 the MCE peak temperature is reduced to
172 K, and the peak MCE value is63 mJ/cni K (—9.0 mJ/cm K per T) for
AH=7 T (123). Complete substitution of Fe by Co also causes the reduction in
the peak MCE temperature in the amorphoug £500; 35 alloy (124). TheAS,
reaches only-30 mJ/cniK (—3.8 mJ/cmiK per T), and theA T,4reaches 2.8 K for
AH=8T as calculated from heat capacity data by Liu et al (124). Theid 5
alloy has maximum MCE at 124 K reachingp8 mJ/cmiK (—7.2 mJ/cniK per T)
and 3.3 K forAH=8 T as calculated from heat capacity (123,124). N,
calculated from magnetization data is significantly higher, reachB@mJ/cniK
(—12.9 mJ/crK per T) for AH =7 T (125). When nonmagnetic Cu is introduced
in amorphous Gd-based alloys, the MCE peak temperature is 141 K §o00¢k,
andAS, peaks at-65 mJ/cmi K (—9.3 mJ/cmiK per T) for AH=7 T (123) and
AT,gat 3.6 KforAH=8T (126).

Amorphous alloys containing Dy were studied for the following composi-
tions: Dy /Fey 3 (123,124), Dy Fey1Nig1g (123,125), Dy Nig 5 (123, 125),
Dy L 5(126), Dy, ;215 (127), and Dy 571y 7 (127). Their peak MCE temper-
atures are considerably lower than those of the corresponding Gd alloys varying
from 108 K (Dyy /&y 3 to 48 K (Dyy Nig 3. The maximumAS, and AT,4 are
slightly different from those observed in Gd-containing alloys, but the difference
generally is within experimental error, indicating that the nature of lanthanide
metal has almost no effect on the MCE of this class of amorphous alloys. As dilu-
tion of lanthanide metal increases (P¥r, 5 versus Dy oZr, ;), the shape of the
MCE behavior becomes extremely broad, almost flat, with a veryA&y (127).
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When Er is substituted for Dy, a further reduction of the peak MCE temperature
is observed: amorphous EFeg, 3 hasAS, of —106 mJ/cm K (—13 mJ/cni K
per T) and aAT,q of 3.6 K at~35 K for a magnetic field changd 8 T (124).

Only one amorphous alloy of different chemical nature has been studied (128);
its composition is FgysCoy 765001880 o The low magnetic fielddH=1T) MCE
measured directly also shows conventional behavior reaching 0.11 K at 645 K. At
low temperatures, the MCE behavior becomes anomalous, showing a positive and
then a negative deviation from smooth behavior as temperature increases from 390
to 465 K. This behavior was thought to be associated with temperature dependence
of magnetic anisotropy constant (128).

Although the amount of experimental data characterizing various classes of
amorphous magnetic alloys is not extensive, it is possible to predict that these ma-
terials could only be suitable as magnetic refrigerant materials at low temperatures
(<20 K), where the lattice heat capacity is low. As noted above, this is associated
with intrinsically low |aM/aT|, which translates to a lowT,4 away from abso-
lute zero; thus these alloys are hardly suitable for practical magnetic refrigeration
applications.

Manganites

The lanthanum-manganese perovskite compounds {(Mg)MnO,, where M=

Li, Na, K, Ca, Sr, Ba, and Y, have recently been heavily studied for the magne-
tocaloric properties since the discovery by Morelli et al (129) that several of these
phases have reasonable, but not outstanding, magnetocaloric effect values (about
one-third of Gd metal at best) in the temperature range from 250 to 350 K. Sub-
sequently, others (130-139) have found that several of these phases have values
comparable to that of gadolinium S, = —23.7 mJ/cm K, for a 0 to 1 Tfield
change (see Table 3). The lanthanum manganites with the highest magnetocaloric
effectvalues are (La,Ca)MnOzphasesfor 0.28 x < 0.33withA S, values rang-

ing from—18.2 to—21.8 mJ/cmK per T. It should be pointed out that Morelli et al
(129) also measured the magnetocaloric effect foyg@a, ;MnOg; they found

a much smallenS,, value,~—4.8 mJ/cm K (as estimated from the 1and 2 T

field changes), but a much wider breadth of the péaky, =62 K, than what

Guo et al (133) reportedy Sy = —32.7 mJ/cM K and 8 Ty = 11 K for a field
change of 1.5 T. This discrepancy needs to be examined. It could be due to differ-
ences in the sample preparation, or slight differences in composition. The ordering
temperatures for these alkaline earth metal substitutes range from 225 to 260 K.
Although theirA S, values may be comparable to Gd, they are significantly smaller
than those observed in the &8iGe,_,), system, e.gAS, = —143 mJ/cm K

for Gay(Si,Gey) (Tc=275K) and—538 mJ/cm K for Gds(SiGe;) (Tc = 140 K)

for AH=5T (see Table 1), which corresponds+88 and—108 mJ/cmK per T

(40). TheRCRYS) of Lay L& 3dMNnO, for the two measurements is comparable
and fairly large 208 (128) versus 240 mJ#(h33) per T and suggests that compo-
sitions neak=0.33 (Lg_,CaMnOy) are potential magnetic refrigerant candidate
materials, along with lower calcium concentration materials<0x2< 0.3.
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From the known magnetic/structural/electronic {L&a)MnO; phase dia-
gram (140), these compositions exhibit a ferromagnetic insulator/ferromagnetic
metal transition for 0.18& x < 0.28, or a ferromagnetic metal/paramagnetic insu-
lator transition for 0.28< x < 0.50, which probably accounts for their enhanced
magnetocaloric properties. To date only one direct measurement of the adiabatic
temperature change has been made (141). ATg, value of Lg Ca ,MnO4
(2.1 K for a 3 Tfield change af- =260 K) was calculated from heat capacity
measurements and is about what one might expect for the composition of this ma-
terial and itsAS,, relative to the other perovskite phases. In view of the reported
AS, values and the ability to adjust the magnetic ordering temperature from 40
to 350 K (see Table 3) by varying the La to M ratio and the chemical nature of M,

a great deal of fundamental and applied research can be expected in the next few
years on these materials.

EPILOGUE

Research in the last few years on the magnetocaloric effect has led to several excit-
ing discoveries and has advanced the technical aspects of magnetic refrigeration
such that it appears that magnetic cooling and refrigeration may be competitive
with the common vapor cycle gas compression technology.

Several new magnetocaloric substances with substantial cooling capacity have
been discoveredaj the lanthanide aluminides ([fr,_,)Al, for the 10-70 K
range; b) the (R,R)AINi phases (R and Rlifferent lanthanide metals), which have
multiple magnetic transitions and thus unusual MCE temperature dependences in
the 5 to 65 K ranged) the La manganites, some of which have MCEs comparable
to Gd between 220 and 290 K; and) the tunable giant MCE G(Si,Ge,_,)4
materials for the unheard of 40 to 290 K temperature span. The latter two along
with the well established Gd and Gd-R alloys offer considerable promise that
practical near room-temperature magnetic refrigeration/cooling is just around the
corner.

Indeed, technical advances (though just briefly discussed in this review) toward
a commercial reality for air conditioning and refrigerater/freezers, have generated
much interest in understanding the fundamental aspects of electronic and magnetic
phenomena, especially as related to the magnetocaloric effect. One important as-
pect is the role that first order magnetic transitions may have on the giant MCE,
especially since such a transformation may exhibit strong hysteresis and kinetic
effects. Although complete answers do not exist today, they will surely blossom
forth in the not-too-distant future.
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NOTE ADDED IN PROOF

After this manuscript was completed, an excellent review by Tishin (142) describ-
ing various aspects of magnetocaloric effect and magnetic refrigeration appeared
in the literature.
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