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Thermodynamics of the magnetocaloric effect
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The relationship between the behavior of the temperature-dependent heat capacity at constant pressure
measured in different magnetic fields and the magnetocaloric effect in magnetic systems with and without
discontinuous change of entropy is discussed. It is shown that the two are directly related to each other, and if
the behavior of either propertyi.e., the heat capacity or the magnetocaloric efféstknown, the general
behavior of the second one can be predicted. The derived relationships are illustrated using several sets of
experimental data and model examples.
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[. INTRODUCTION Among the three, the magnetic entropy strongly depends on

the magnetic fieldH, while usually the electronic and the
The magnetocaloric effe€MCE) is generally recognized lattice entropies are practically magnetic-field independent.

as the heating or the cooling of magnetic solids in a varyingHowever, for materials with high-electronic specific-heat

dc magnetic field. It was discovered by Warbuend, over  constants, e.g., S¢,CeCuySi,,'° CeB;,'® UBe;5, '’ and oth-

the years, the nature and the behavior of the MCE as a funers, below~10 K the electronic heat capacitgnd entropy

tion of temperature and magnetic-field change were the sukexhibit strong nonlinear dependences on both temperature

jects of many experimental and theoretical studi@sThe and magnetic field, which are difficult to treat theoretically.

fundamentals of the magnetocaloric effect are developedhe electronic contribution to the magnetocaloric effect in

quite well, e.g., see recent reviews by Pecharsky anthis case, nonetheless, can be calculated from the experimen-

Gschneidne?, and Tishin!® Nevertheless, even today ad- tal electronic heat capacity data if they are available. Hence,

vanced research on this magnetothermal phenomenon rié-the magnetic field around a typical magnetic solid varies
mains important from both basic and practical perspectivesrom H, toH, (i.e., it is changed bAH=H,—H,), then the
The fundamental significance of the MCE arises from itsmagnetic entropy of the solid at a constdnis reduced(or
intimate relationship with both the magnetism and the therincreased by ASy,, and bothSg and S, remain constant.
modynamics of solids. This warrants further basic experi-The value ofASy(T)an p depends on botAH and absolute
mental and theoretical studies to bring about a more comtemperaturdsee Fig. 1 and the magnetocaloric effect at an

plete understanding of the thermal behavior of magnetic
solids as functions of both temperature and magnetic-field

change. The applied importance of the MCE is easily appre- ErAgGa ST, P:T*j"
ciated from the fact that for many years it has been used =
successfully to reach ultra-low temperatures in a research 101 1
. {112 : _ r 0%
environment. Furthermore, recent technological & (D), p s
S(Typp= IT’JT

advancementd*strongly suggest that in the near future the 3
MCE may become the keystone for an energy efficient and_§,

environmentally safe near-room-temperature solid-state re-—o o AT Mae
frigeration and cooling technologies, provided all theoretical £ 5} 3 ,
and practical aspects of continuous magnetic refrigeration& ':5 prd
are adequately matured. 9 7

In essence, the magnetocaloric effect in solids is the result <
of the entropy variation due to the coupling of a magnetic _/./// \S(T)HZFIC(T)THZP‘”
spin system with the magnetic field. It is well known that the 0 = — O

0 5 T 10 15 20

total entropyS of a magnetic solid, where the magnetism is
due to localized magnetic moments, e.g., lanthanide-basec.
materials, is the sum of the electronic, lattice, and magnetic
entropies(Sg, S_, andSy , respectively. We note that in a
magnetic solid with itinerant magnetism and/at Bhagne-
tism, the separation of the three contributions to the entrop
is, in general, not straightforward. At constant pressrall
three are functions of temperatufe

Temperature (K)

FIG. 1. The total entropy functions of ErAgGa in magnetic
fields 0 and 53.2 kOe. The magnetocaloric effect in terms of both
the isothermal magnetic entropy changeSy(T),np. and the
¥diabatic temperature changeT ,(T) an p, for the given tempera-
ture T, is shown as thick vertical and horizontal bars, respectively.
The corresponding values of the total entropy are indicated by dots

and arrows, and are listed in terms of the heat capacity in magnetic

S(Mp=[Se(T)+S.(T)+Su(T)Ip. )
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arbitrary and constari is given in terms of thesothermal errors that can reach 20—30% of the calculated MCE values

magnetic entropy changas near the room temperature, and the heat-capacity measure-
ments must be carried out starting as close to the absolute
ASw(T)1an,p=[Su(MH,=Su(Tu, lrp zero as possibl®? It is of considerable interest therefore to
analyze the relationships between the behavior of the heat
:[S(T)HZ_S(T)HJT,P- vl capacity as a function of temperature in different magnetic

The maanitude. the sian. and the behavior of thefields and the magnetocaloric effe@lso as a function of
AS,,(T) 9 is tﬁerefore dgep;endent on the relationship be temperaturg particularly with respect to the magnitude, the

M AH,P " e . .
ween S(T)Hl and S(T)H2 at constant pressure. When the sign, and the positions of the MCE peaks. The relationships

H ) ) i between the behavior of the heat capacity and the adiabatic
magnetic field is changed adiabatically Ay (i.e., whenS  temperature change in the vicinity of the magnetic-phase
is constant the combined lattice and electronic entropieStransition have been recently examined by Tishin,
must change bW (S, +Sg)=—ASy to fulfill the condition  Gschneider, and Pechardkyy considering a closed revers-
thatAS=ASg+AS, +ASy=0. The configurational entropy jple thermodynamic cycle ofi-S diagram. The results ob-

in a solid generally remains constant during a magnetic-fieldained in Ref. 8 are applicable when the magnetocaloric ef-
Change and therefore Only the thermal lattice and eleCtroniféct is quite |arge_ Here we exp|ore the genera| re|ati0n5hips
entropies vary resulting in the measuralsldiabatic tem- petween the two characteristics of the MCESy (T sn P
perature changeAT,y, of the magnetic material. Consider- andAT,(T), p, both as the functions of temperature, and
ing temperature as a function of the total entropy, the magthe most basic thermodynamic property of solids, i.e., their
netocaloric effect in terms Ak To((T) 4y p is a@lso a function  heat capacity at constant pressure as the function of tempera-
of temperaturdsee Fig. 1 and, for a fixedAH and an arbi-  tyre in constant magnetic fieldts, andH,. First we analyze

trary T, it is defined as the magnetocaloric effect associated with second-order phase
_ transitions, which is the most commonly experimentally
ATa@(T)T’AH’P_[T(S)Hz_T(S)Hl]S,P' 3 studied phenomenon and is usually classified as the conven-

Hence, according to Eq$2) and (3), when the behavior of t|r(])nal' MCE Iﬁ}er Wedconsr:der the m?gnetqcalorlchgﬁﬁc:] n
the total entropy of a magnetic solid is known as a functiont e vicinity o Irst-order p ase ‘Fa”S or_matlons_, which has
of both temperature and magnetic field, its MCE is fully recently received much attention in particular with respect to
characterized. reports of the glant magnetocaloric effect |n.such materials
s FeRh and G(Si; _,Geg)),, see references in Sec. lll. As

The magnetic entropy change is also related to the chan [ as we are aware. th relationshins were not di d
of the bulk magnetizatiom as a function of temperature and rt'i)if(?rse € are aware, Ihese refationships were not discusse

magnetic field, and can be calculated from magnetizatio

data (see Refs. 9, 10, 38using the well-known Maxwell
relationship Il. THE CONVENTIONAL MAGNETOCALORIC EFFECT

In this section we consider a fully reversible magnetoca-
(4) loric effect in conventional paramagnetic and/or ferromag-
H.P netic systems. The total entropy of systems considered below
is always a continuous function of temperature regardless of
magnetic field. It is also assumed that hystereses, coercive
fields, anisotropy, and remanence, are all negligible and
) dH. therefore have no effect on the magnetocaloric effect. Fur-
H.P thermore, all changes in the magnetic systems are assumed
(5  to be equilibrium or quasistatic processes. For convenience
we also assume that the magnetic field is always changing by
AH=H,—H; and thatH,>H;. It is easy to se¢Eqs.(2)
through (5)] that all conclusions remain valid even when
H,<H; resulting in the reversal of the MCE sign.

Ha( oM (T,H)
ASy(T)app= fH (T

The adiabatic temperature change is also giveétfas

Hz( T IM(H,T)

AT(:l(£-|—)AH,P: _f C(T,H) X oT

Hy

Equations(4) and (5) are easily derived from general ther-

modynamics, but both fail to describe the MCE during a

truly discontinuous first-order phase transition when

[dM(H,T)/dT]y p does not exist. Analytical integration of

both Egs.(4) and(5) is impossible since both magnetization

and heat capacity are material-dependent and generally un- A- Isothermal magnetic entropy change ASy (T) aw,p

known functions of temperature and magnetic field. Equation From the second law of thermodynamics,

(4) is usually integrated numerically, while numerical inte-

gration of Eq.(5) is hardly ever performed because normally C(Mup

the magnetic field and temperature-dependent heat capacity dSMyp=—7—dT, (6)

is not known with the required details. Finally, the adiabatic

temperature change can be measured dirdstye Refs. 9, whereC(T)y p is the heat capacity at constant pressBre

10, 18-20. and magnetic fieldH; S(T)y p is the total entropy at constant
Although Egs.(2) and(3) completely define the MCE in pressure and magnetic field; aiids the absolute tempera-

solids, the numerical integration involved in evaluating theture. Assume that the heat capacity of a magnetic material is

total entropy functions may result in the accumulation ofmeasured at constant pressure as the function of temperature
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betweenT, andT, (whereT,>T, andT, approaches zejo 4 3C(T)H2,P IC(My, p] 1
in two constant magnetic fieldd; andH, (whereH,>H; = T T - F[C(T)szp—C(T)Hl’p]
andH; is usually zerd. When the entropy of such system is
a continuous function of temperature, the total entropies at (12)
an arbitrary T, where T;<T<T,, and constant magnetic ) )
fieldsH, andH, can be easily calculated from E) as and, correspondingly, we have faxSy(T)an,p being a
minimum for
T C(My, p
S(T)H1,p=f ——dT (7a 1| 9C(Mu,p dC(Mu, p| 1
T1—0 T 7 S - ﬁ[C(T)HZ,P_C(T)Hl,P]
and
>0. (13
T C(Mn,p ing i
S(T)HZ,PZJ’ - 2P 0T (7b) Taking into account Eq.10), one can see that
T,—0 1
According to the third law of thermodynamics, the zero- ?[C(T)HZ,P_C(T)Hl,P]:O (14)

temperature entropy in Eqéra) and (7b) is assumed to be
zero and magnetic-field independent. The magnetocaloric efit both the maximum and the minimum and therefore com-
fect as a function of temperature for a givAm =H,—H,  bining Egs.(10) and(12) through(14), and noting that 17 is
in terms of the magnetic entropy ChanngM(T)AH,Pv is always pOSitiVE and defined except for=0 K, the maxi-
defined by Eq.(2). Hence, substituting Eqs7a) and (7b) ~ Mum in ASy(T) .y p is observed when
into Eq.(2) and integrating betweeh= 0 K and an arbitrary aC(T) 5C(T)
: : ; H,.P H,.P
T that, as shown in Fig. 1, is the same for both entropy C(Th, p=C(Thy and 2 1 ,

functions atH, andH,, we get JaT aT
(15
ASy(T)anp=AS(T)snp= JOT [C(T)HZ;C(T)HJP dT. while ASy(T)an,p is @ minimum when
(8) (T, p=C(Th o and &C(T)HZ,P>‘3C(T)H1,P.
It is immediately evident therefore that greater difference of v z aT aT

the heat capacities in magnetic fields andH, between 0 (16)

K and T results in the greateiASy(T)an p| values at the  Equation(15) indicates that the magnetic entropy change has
sameT. In other words, a large MCE is expected in the the maximum near the temperature at which the heat capaci-
systems where the magnetic field strongly affects the heafes in different magnetic fields are equal and the slope of
capacity. Furthermore, provided that the difference betwee@;(T)HZ’P as a function of temperature is lower than that of

C(T)H2 and C(T)Hl remains the same, the magnetocaloncC(T)Hl’P. Similarly, Eq.(16) shows thath Sy (T) sy p has

ﬁ)f\fsg:ég ;esmggsﬂﬁgwiég SeHr'gltlefeei)r(]‘c):(rag;esiéo be gradually o minimum when the heat capacity in the higher magnetic
: o field rises faster with temperature than the heat capacity in
If ASu(T)an,p has a maximum or a minimum, then the the lower magnetic field when the two are the safine
peak temperature is found by differentiating E&) with when the two heat capacity functions cross aver o
respect to temperature, The relationships between the heat capacity and the mag-
-~ netic entropy change discussed above are illustrated in Figs.
AASu(Tanpl _ [C(Dn, C(T)Hl]P: (99 23, and 4. Figure 2 shows the heat capacity of ErAgGa
aT T ' (Ref. 22 as a function of temperature in three different con-
stant magnetic fields:H,=0, and H,=53.2 or H}
=98.5k0e. For both nonzero magnetic fields the slope of
the high-magnetic-field heat capacity exceeds that of the
C(Mu. p=C(T, p. (10) zero-magfetic-field hegt capacit.y at the temperaturg when
L 2 C(Mu, p=C(Mn,r [Fig. 2@)], i.e., the ASy(T)anp In
Whether theA Sy (T) s, p has a maximum or a minimum can these cases should have a minimum in accord with(E8),
be found by calculating its second derivative with respect tovhich is seen in Fig. @). Furthermore, since the tempera-

It is straightforward from Eq(9) thatASy(T) .y p reaches a
maximum or a minimum when

temperature ture where Eq(16) holds is rising as the upper magnetic
field increases, thASy(T) Ay p Minima for variousAH are
P[ASW(T)ypl | C(Dhyp=C(Mp, p observed at different temperatures. The heat capacity of
— 12 a7 T . (1) py Al,in 0, 20, and 50 kOe magnetic fiefdds shown in

Fig. 3(a@). The temperature where the heat capacity in both 20
Expanding the right-hand side of El1l) we obtain for and 50 kOe magnetic fields is equal to that in the zero mag-
ASy(T)an p being a maximum for netic field remains practically constant due to a well-defined

144406-3



PECHARSKY, GSCHNEIDNER, PECHARSKY, AND TISHIN PHYSICAL REVIEW B4 144406

30

0

ErAgCa ErAglGa

1t

AH=53.2 kOe

N
(5]

FIG. 2. The heat capacity of
ErAgGa in 0, 53.2, and 98.5 kOe
magnetic fields as a function of
temperature (@) and the corre-
sponding  magnetic  entropy
changes forAH from 0 to 53.2
and from 0 to 98.5 kOgh). The
dots in (a) indicate the tempera-
tures where Eq(16) holds, i.e.,
the temperatures where,
ASy(T)anp., is at the minimum
[also indicated in(b) by vertical
arrows.

N
(=)
'
N
T

[
T

ASy,(T) (J/mol K)
iy .

Heat capacity (J/mol K)
> >

)
;]
T

6|

Eq.16

0 5 10 15 20 25 30 0 5 10 15 20 25 30
() Temperature (K) (b) Temperature (K)

\-type zero-magnetic-field heat-capacity anomaly. Thereforenagnetic-energy leveld’, andI',) in the presence of crys-
the ASy(T) A, p Minima also remain practically temperature talline electric fieldfor more details see Ref. 24
independen{Fig. 3(b)]. Also included in Fig. &) is the

ASy(T)an,p calculated from the magnetization data for B. Adiabatic temperature change,AT 44(T) ap p

Dy Al, [Eq. (4)], which is in an excellent agreement with the
magnetic entropy change determined from the heat capaci%t
using Eq.(8). A different heat capacity andSy(T)n p
behaviors are observed in PeNf* when the high magnetic

field enhances the low-temperature heat capacity and the ovxt/n n Fh'g' 1('AT_Pe ?Iat'onSh'pdtiﬁtWﬁeThe ad!?battlc te_m-
lowers it to below the zero-magnetic-field heat capacity forPerature chang ad T)an,p, and the heat capacity at con

; P tant pressure can be analyzed by means of the following
certain temperature range as shown in Figs) 4nd 4b), stant . Lo .
respectively, for 0 and 70 kOe. As a result, there are tWOconS|derat|ons. By definitiofsee Eq(3) and Fig. 1,
temperatures, one where E@.5), and another where Eq. ST —S(T+ATAT 1
(16) hold, i.e., ASy(T)sn,p has a low-temperature maxi- (D, p=S( ad Dawriy.p (17
mum and a high-temperature minimJsee Fig. 40)]. The  for any T. Hence, by substituting Egé7a) and(7b) into Eq.
anomalous behavior of the heat capacity in a paramagnetid7) and integrating betweefi=0 K and an arbitrarylT we
PrNis has been associated with crossing of the two lowestget

For simplicity assume that magnetic field suppresses the
al entropy and therefor®Sy(T) A4 p iS Negative resulting
in a positive adiabatic temperature change whie»H; as

50

-y
o
T

FIG. 3. The heat capacity of
DyAl, in 0, 20, and 50 kOe mag-
netic fields as a function of tem-
perature(a@) and the corresponding
magnetic entropy changes faH
from 0 to 20 and from 0 to 50 kOe
(b). The lines in(b) represent the
ASy(T)an p calculated from the

\A\ heat capacity using Eq8), and
\ _ . the open symbols iib) represent
AH=50 kOe - / the same calculated from the mag-
% A.’A netization data using Edq4).

4

Heat capacity (J/mol K}
AS,,(T) (J/mol K)

10

0 20 40 60 80 100 0 20 40 60 80 100
(a) Temperature (K) (b) Temperature (K)
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AH=70 kOe

FIG. 4. The heat capacity of
PrNis in 0, and 70 kOe magnetic
fields as a function of temperature
(@ and the corresponding mag-
netic entropy change fakH from
0 to 70 kOe(b). The dots in(a)
indicate the temperatures where
Eg. (15) or (16) holds.

|

25 — . . . — 1.0 .
PrNi, / PrNi,
/

20 f /
- _ 4
< H,=70 kOe Y sl
©° <
% 15} 1 3
2 H,=0 kOe /N £
= e 2
5 o P Eq.16 =
g < =
e 10 7 )
® / 0.0
E 4

5 .

/)
/
/ Eq.15
/ q
0 : : . . . : -0.5 .
0 5 10 15 20 25 30 35 0 5

(a) Temperature (K) (b)

TC(M, p T+ATod Danp C(Th, P
J —d J ————dT, (18

0 T N 0 T

which can be rearranged as

JT[C<T>H1—C<T>HZJP - JTmamH,pC(T)HzP 4T

0 T T T
19
By comparing with Eq(8) it becomes
T+ATod Tanp C(Dh,.p
—ASw(T)an,p= J; TdT' (20

10 15 20 25 30 35
Temperature (K)

ASu(T)pp
C(Tolw, p

Equation(23) relates the magnetocaloric effect as the func-
tion of temperature for a giveAH and an arbitraryl with

the magnetic entropy change for the safrté andT, and the
heat capacity in the magnetic field, at the specific tem-
peratureT, [see Eq.(21)]. We also note that in Eq(8)
ASy(T)an p is the function of the heat capacities aficand
therefore AT,(T)anp Iis ultimately the function of
C(T)Hl’p, C(T)Hz'p, and T. Similar to the conclusion
based on Eq(8) for the magnitude of th Sy (T)anp, a

large value off AT, T)an.p| is expected to be observed in
materials where the magnetic field strongly influences the

ATaJT)AH‘p:TX { eXF{ -

—1}. (23)

Noting that 1T is always positive and continuous except heat capacity, i.e., Whe|rC(T)Hz'P_C(T)H1vP| is large be-
for T=0 K andC(T)y, p is positive and defined throughout WeenT=0K and a giveriT. By repeating the above proce-
the limits of integration in Eq(20), and applying the first dure[Egs.(20-23] and noting tha is always positive and

mean-value theorem, a specific temperafiyexists for any

T>0 K where
T<To<T+ATodTanp (21
and Eq.(20) becomes

T+ATodTanp 1
_ASM(T)AH,P:C(TO)HZ,PXfT T

(22

From Eq.(21) it is clear thatT is a function of bothl and
AT,(T)anp. We note that whem T, T),n p is small,

continuous anat(T)Hz,p/T is positive and defined through-

out the limits of integration in Eq20), a different tempera-
ture, T, # T, exists, where

T<T;<T+ATadDanrp, (24

when Eq.(20) becomes

C(Tl)HZ,P T+ATadDan,p
—Xf dT. (25

—ASw(T)an,p= T,

T

Similar to To [Egs. (2D)—(23)], T; [Egs. (24) and (25)] is
also a function of bothT and AT,{T)sn.p, and when

which is usually observed at temperatures much higher thaf} Tad D) an,p is negligibly small,T, in Eg. (25 can be ap-

absolute zero and far from the magnetic phase transitigns,

in Eqg. (22) can be approximated by sinceT=T+AT,. In

the vicinity of phase transition temperature the situation b

comes much more complex and the locatioMgfwithin the
temperature interval delineated ByandT+ AT, T)an p IS

impossible to predict. By integrating the right-hand side of ATad Tanp=— c

Eq. (22) and solving it with respect tA T,T) y p We get

proximated byT but near a phase-transition temperature the
value of T; remains unique and unknown. Thus, E85)

eyields a second obvious solution of EGQ) for the adiabatic
temperature change

Ty

mAsm(T)AH,P- (26)
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2l ErAgGa | ST ErAgGa
1_ / N
| 10} / \ _ ]
‘ / N AH=98.5 kOe
N ] | A /
—_ N
2 8 N 1 FIG. 5. The behavior of the
fo 8t o S T/C(T)y,,p Of ErAgGa between
E = . ] ~1.5 and 30 K in magnetic fields
%6l = AH=53.2 kOe 53.2 and 98.5 kOga) and the
P 5 / adiabatic temperature change of
o ErAgGa for magnetic field change
F o4t M from 0 to 53.2 and from O to 98.5
kOe (b).
2} 2r
0 : : - - : 0 - ' : : :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
(a) Temperature (K) (b) Temperature (K)
Equation(26) relates the magnetocaloric effect as the func- C(T)n, p
tion of temperature for a giveAH and an arbitraryl with [C(Mh, = C(Mp,lp=—TXASY(T)an,pX T 2
the magnetic entropy change for the safrt¢ andT, a spe- 1
cific value of the absolute temperatufig, [see Eq(24)] and J T,
the heat capacity in the magnetic fidit, at T,. Also Eq. Xﬁ(W) (28
(23) can be simplified by recalling that‘—1=x whenx is 1Hy.P

small. Hence, wheASy|<C,, which is a valid assump- g Eq.(29) itis clear that the maximurfor the minimum
tion at high temperature®.g., near the Debye temperature ATadT)an p generally should not coincide with the tem-
and abovg Eq.(23) can be approximated by perature of the corresponding minimufar maximum in
ASy(T)an,p. For anyT>0 the right-hand side of Eq28)
T becomes zero only whemASy(T)yyp=0 or when
- C(TO)HZ,PASM(T)AH'P. @7 dldT[T1/C(Ty)u,,p]=0. It is also obvious that the peak
temperatures of botAT,(T)anp and ASy(T)an,p ap-
Noting Eq.(8), AT.T)an p a@s given by Eqs(26) and(27) ~ proach each other as the magnetocaloric effect and/or
is, at the end, a function of the heat capacities in two magd/dT[T1/C(T1)n,p] approach zero. The analysis of the
netic fields and the absolute temperature. Equati@8sand  equations derived aboy&gs.(23), (26), and(27)] indicates
(26) are general, but unfortunately, the exact valueSpbr  that the sign of the\ T,(T), p peak is always opposite to
T, and therefor€C(To)y, p OF C(Ty)y, p remain unknown. that of the ASy(T)sn.p. Furthermore, since all variables
Furthermore, botT, and T, are also functions of tempera- except the differential oT;/C(T1)n, p with respect to tem-
ture at fixed magnetic fielttl,. perature andASy(T)an p in Eq. (28) are always positive,
Several important conclusions can be drawn from arthen theAT (T)n p Mmaximum will be observed when
analysis of Eqs(23), (26), and(27). First, the adiabatic tem-

ATod T)pn,p=

perature change should increase for the sa&8g(T)ay p d T,
andC(T)y, p as temperature increases. Above Debye tem- C(Mw, p=C(Mn, p and IT\ C(T)n. p =0,
perature the lattice heat capacity of solids approaches the o (29

DuLong-Petit limit of 3R J/mol(atom K and therefore

AT.{T)an,p may be considerable at room temperature and’ when

above, provided Debye temperature is near or below room 5 -
temperature. Second, the adiabatic temperature change is ex- C(T)HZVPSC(T)HlYp and ( 1 )so

pected to be much larger in solids with lower total heat ca- aT C(Tl)HZ,P

pacity provided magnetic entropy change and temperature (30)
remain the same. In principle, similar conclusions can be

derived from an analysis of Eg5). The relationships between the position of the magnetoca-

Noting Eq.(9), differentiating the simplest of the two gen- loric effect maximum and the behavior of the heat capacity
eral equationdEq. (26)] with respect to temperature, and in constant magnetic field€gs. (28)—(30)] is illustrated in
equating (AT, T)an p)/dT to zero, a peak value of the Figs. 5 and 6. At low temperatur¢big. 5a), ErAgGd], the
AT,{T)an p is observed when derivative of T/C(T)Hz,p with respect to temperature is
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25 .
DyAl
7k A
/3
AH=50kOe [
6F _ '
,52'0 St FIG. 6. The behavior of the
35 < T/C(T)HZ,P of DyAl, between
£ =4F ~15 and 100 K in magnetic fields
;; 3 20 and 50 kOg@) and the adia-
[= 5 3t batic temperature change of
o 15l | DyAl, for magnetic field change
=t H",=50 kOe from O to 20 and from 0 to 50 kOe
2t (b).
1 o
1.0 . . ' : 0 - : . :
0 20 40 60 80 100 0 20 40 60 80 100

(a) Temperature (K) (b) Temperature (K)
negative[i.e., EqQ.(30) holdg and the peak oAT.(T),up  With increasing magnetic field. The phase transition in mag-

should be observed Wh@(T)HZ,P< C(T)Hl,P' As seen in  hetic fieldH, occurs at temperaturBy p, , and the enthalpy
Fig. 5(b) the AT ,(T) an,p maxima in ErAgGa indeed occur Of this transformation i\E . This results in the discon-
at approximately 7 K, which is lower than the temperaturesinuous equilibrium change of the entropy B 1, totaling

of the correspondingA Sy (T)ap,p Minima [Fig. 2b)] re- ASy =AEy /Tyy,. Likewise, the phase transition in the
gardless of the magnetic field. A second examifig. 6 magnetic fieldH, occurs afl'ptH , the enthalpy of this trans-

shows the behavior oﬂ'/C(T)H p and AT,(T)anp Of ; AE dth iib . N
DyAl,. As temperature exceeds 23-26 K, the sign of the ormation is Hpr 8N e equilibrium entropy change is
AEHZ/TptYH2 A theoretical analysis of the behavior

differential [Eqgs. (28)—(30)] for DyAl, is changed from ASy,
negative to positive and the locations of tAd,(T),yp  Of the MCE in first-order phase-transition materials is of spe-

peaks are determined from E@9). Furthermore, since the cial interest, because, as far as we are aware, no similar
value of the differential is quite small (i.e., analysis has been performed. Furthermore, magnetic first-
&/&T[Tl/C(Tl)Hz,p]EO near 60 K, see Fig.(8), the posi- order phase transitions have been known in some cases to

tions of the magnetocaloric effecA{T,) peaks practically bring about large, i.e., giant, magnetocaloric effg¢etg., see
coincide with those oA Sy(T),n p [compare Figs. ®) and -

6(b)], i.e., both adiabatic temperature change and magnetic Tty o /'/'.‘f;../----
entropy change peaks are observed whe(T)y p ?%u CDrP 4 Pt
=C(T)n,p [see Fig. &)]. The latter conclusion fully agrees e _/./‘/ '\
with the analysis presented in Ref. 8. /,/-/ f
,/'56\\‘\\ AEy CDy,p a7
- T, T

-~ PrHy g

IIl. GIANT MAGNETOCALORIC EFFECT

S(Myp

The relationships between the magnetocaloric effect and

Tle'H] C(T)Hl dT .
the constant magnetic field heat capacity discussed in the

previous section were derived assuming that the total entropy
of the magnetic material is a continuous function of tempera-
ture. This is the case when phase transispnwhich occur

*

!

ke f e

| PR\ e 0
\3

A

s

in the system, are second ordgrpically found in magnetic A

order = disorder transformations, see the examples for
ErAgGa and DyA§ above, or when there is no phase tran-
sition at all(see the PrNiexample above When the system FIG. 7. A schematicT-S diagram of a magnetic system in the
undergoes a first-order phase transition, then the behavior fcinity of the first-order phase transition in two magnetic fields,

the total entropy as a function of temperature must accourdndH,. The corresponding values of the total entropies at critical
for this discontinuity. Figure 7 shows &S diagram model-  points(dot9 are marked on the plot. It is assumed that the magnetic
ing the system where a magnetic field has small effect on thééeld has smallbut not negligibl¢ effect on the heat capacities both
heat capacity both below and above the first-order phaskelow T, and aboveT,,, and that the heat capacity below
transition, while the phase-transition temperature increasefl:‘,pt,Hl is suppressed by the higher magnetic field.

Temperature
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the experimental data on @&i,Ge,_,), (Refs. 25, 26 and i.e., it is exactly the same as for any other magnetic system
FeRh(Refs. 27, 28 without the first-order phase transformatimee Eq.(8) for
The presence of temperature and magnetic field hystecomparisoft WhenTpy <T<Tpyp ,ASy(T)an p becomes

eses during first-order phase transitions generally requires
the analysis to be performed for a specific direction of the ASu(T)anp=AS(T)an p
magnetic field change. Just like in the previous section, here | |
we assume that the magnetic field always incredses :J'Tm'Hl[C(T)Hz_C(T)Hl]PdT
H,>H,). However, it can be shown that all conclusions re- 0 T
main valid also wherH,<H; resulting in the inverted sign | .
of both ASy(T)an.p and AT,{T)an.p. The presence of T [C (M, =C' (M lp AEy,
hysteresis can be accounted for by introducing different +fT T dT_T

A . . pt pt!Hl
phase-transition temperatures, which are observed during the
magnetic field reduction. Similarly, as it was done in the (32b)
previous section, both magnetizing and demagngtizi_ng angnd whenT=T
therefore phase changes are assumed to be equilibrium prg— )
cesses with negligible coercive field, anisotropy, and rema= Su(T)anp is

ptH,» the magnetocaloric effect in terms of

nence.
AS(T)an,p=AS(T)an,p
A. Magnetic entropy change prt,Hl [Cl(T)HZ_Cl(T)Hl]P JT
When the first-order phase transition occurs at constant ~Jo T

temperature and pressure, and proceeds as predicted by ther- | h
modynamic theory(i.e., the heat capacity is infinite, and the TotH, [C(Th, = CH(TMn Ip
entropy change is discontinuous at constant tempepatiie + J dT
corresponding analogs of Eq§.a and(7b) are

Tpt.Hy T

T [C(Mw,—C"(Tn lp
o[ B

TotH,

S(T) _prUH Cl(T)Hl'P AEy,
Hy P T,—-0 T TotH,

AEy, AEy,
— (320

dT (319 Towr,  Tothy)

T Ch(T)Hl,P
+f T

Toutty When the constant magnetic field heat capacity of both the
and low- and high-temperature phases is essentially the same
[i.e., C'(T)=CNT)=C(T) as, for example, found experi-
Tou Cl(T)Hz,P AEHz m_e_ntally in Dy (Refs. 8, 29], Egs.(329-(32¢ can be sim-
S(T)Hz,p: f e T T plified as follows[the temperature ranges remain the same as
T,—0 pt.H, in Egs.(329—(320]:
T C(Tn,p T[C(T,—C(Mw,lp
+L — = dT, (31b ASM(T)AH’PEJ ZT ! (339
ptH, 0
respectlvely._ _HereTptyHl, TotH, and AEy AEH_2 are the T[C(T)n,~ (T Ip AEy,
phase-transition temperatures and the enthalpies of transfor- A Sy,(T),4 sz dT-
mation in magnetic field$l; andH,, respectively, see Fig. ' T TotH,

7. Also, C'(T) andC"(T) indicate the heat capacities of the (33b
low-temperature (i.e., stable belowT,) and the high-

temperaturdi.e., stable abov& ) phases in their respective AS (T _ T[C(T)Hz_C(T)Hl]PdT

magnetic fields since, in general, the heat capacities of the Su(T)an p= 0 T

two phases are different. Equatio3da and(31b) are given

for the case when an arbitraiy exceeds botT; and AE,, AEy,

TotH,: Following the same approach as in Sec. Il and assum- N Totn N TouH (339
1 12

ing that Totr,™ ot it is easy to see that for any

<Ton, the magnetic entropy change is Equations(10), (15), and(16) therefore provide a good ap-

proximation even for a first-order phase transition since both
AEHl/Tpt,Hl andAEHlem‘HZ are theoretically temperature-
independent constants, and in practice are essentially tem-
T ' perature independent. Furthermore, in materials with first-
(329  order magnetic phase transitions, the magnetic field usually

T[C(Tn,—C'(Mn e
ASy(T)an,p=AS(T)pn,p= J’o dT
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( FIG. 8. The schematic behav-
| ior of the heat capacity of the
: magnetic system in the vicinity of
i the first-order phase transition
| when the magnetic field increases
| the phase-transition temperature
5 (@) and the corresponding model
{ behavior of theA Sy, (b). Both (a)
| and (b) show the two different
e magnetic fieldH; andH}, such
o that H3>H and thereforeT o,
- >Tpt,Hé-

C(Myp
ASM(T)AH,F‘

T 7
pt.H, pt.H'y ptH"y -

N N s -

T

(a) Temperature (b) Temperature

strongly affects the transition temperature but has muchrig. 8 describes well the behavior of both the heat capacity
smaller effect on the heat capacity both beldy, and and theASy(T),p p in Gd(SikGe ), materials where

above Ty, [e.0., see experimental data on ), and <0.5%2%|n FeRh;"?8the magnetic field reduces the phase-

Gd(Si,Ge, ), (Refs. 25, 26]. Thus, it is valid to introduce transition temperaturé.e., T.pt,H2<Tpt,|j|1) and therefore-the-
a further simplification and assume tr@¢T), =C(T)y, at ~ ASu(T)an,p here has the sign opposite to that shown in Fig.

any temperature except &y, andTpt,Hz. Hence, the mag- 8 and is positive.
netic entropy change is expected to be much smaller both

below T . [Eq. (33a] and aboveT ;. [Eq. (330)], but it B. Adiabatic temperature change
pt,A4 ptH, . .
becomes approximately constant and quite large when Since the largest magnetic entropy changes occur when
Ton. <T<Tyn. [Eq. (33D)] Ton. <T<T,4., the same temperature range represents the
pt,Hy pt.H, ) pLH, pLH,
most interest with respect to the behavior of the
AEH1 AEp, ATaT)an,p- Below we show that unlik& Sy (T)an p, the
AS(Mapp=— 7=~ (34 behavior of the adiabatic temperature change betWegn

Toeh,  Tpun, - )
and TotH, IS critically dependent oT. According to the

We note that as follows from Eq(330), in this case schematicT-S diagram(Fig. 9) there are two different tem-
AEy, /o, =AEw,/Tpin,. Equations(32)—(34) indicate  perature regions betweefy,y, and Ty, where the adia-
that during first-order magnetic phase transitions the majopatic temperature change should have fundamentally differ-
contribution to the magnetic entropy change is due to thent behaviors. The two regions are separated by a specific
entropy of the phase transformafcion. It is easy to see fron.emperatureT,,, WhereTpt,ngngTpt,Hz and T,, can be
Egs. (32b), (33b), gnd (34) that ult|mately_, .the value Qf the tound from the following integral equation:

enthalpy of the first-order phase transition determines the
magnitude of the giant magnetocaloric effect in terms of
ASy(T)an p in the temperature rangByH, <T<Tph,-

An example modeling the relationship between the con-
stant magnetic field heat capacity aa&,,(T),y p accord- I
ing to Eqs.(328—(320) is shown in Fig. 8. The heat capaci- B JTpthlc (T)P'HldT— AEn,
ties beIoprt,H1 and aboveTpt,H2 are assumed to be only 0 T Tpt,Hll
minimally affected by the magnetic field ar@(T) is as- (35)
sumed to be slightly lower tha@'(T) [Fig. 8@)]. At both
T=Tpn, andT=Tpy 4, the values of the heat capacity are In other words,T,, is defined as the temperature where the
infinite [shown as vertical lines in Fig.(8], i.e., the transi- total entropy in the magnetic fieltl; equals to the total
tion is an ideal first-order phase transformation. Sinceentropy of the system in the magnetic fi¢ld at the start of
C(T)Hz,p>C(T)H1,p between Ty, and Ty, [see Fig. the first-order phase transition ir_1 this field at temperature
8(a)], the minimumASy(T)ap (€., the peak valyeis TptH,» @s shown by the dotted horizontal line in Fig. 9. In the
observed alpih, and it is gradually reduced towara'%]H2 first region, whenTptyHlsTl<Tm andT, is the temperature

[see Fig. &) and Eqgs.(32a8—(329]. The model shown in atH,, the material does not readh, ;, when magnetic field

Tm Ch(T)P,Hl Tpt,HZCI(T)P,H2
[ [ e

T 0 T

TotH,

144406-9
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Ty
ATad Tanp=— mXASM(T)AH,PE

AEn,

_ 1
C(Toe

X (39)

TotH,

It is straightforward from Eq. 38 that since the entropy of the
P first-order phase transformation in zero magnetic figlel.,
7 AEHllTpLHl) remains essentially constant, the behavior of

~ AToT)an,p is determined by the behavior G7C(T)y p.
e i At low temperaturesT/C(T)y p decreases with increasing
Tm Tpt,H2 temperaturde.g., see Figs.(8) and a)] andAT,(T)an p
| should also decrease proportionally. When the temperature
Temperature exceeds 20—100 Kdepending on the Debye temperajure
' T/C(T)y,p begins to increase slow[e.g., see Fig. @], and
FIG. 9. A schematicT-S diagram in the vicinity of the first- thereforeAT,{T)n p iS also expected to rise proportionally
order phase transition in two different magnetic fields,andH,. betweenTpt’Hl andT,,. When temperature exceeds, i.e.,

The specific temperaturd,,,, is defined by Eq(35) as the tem- WhenTm<TSTpt,H2: the value oA T,((T) oy p becomes de-

perature where the total entropy of the material in magnetic figld .
equals to the total entropy of the material in the magnetic fitJd pendent only on the difference betwe&nand Tpt,Hz [see

at the start of the first-order phase transitionTgty,,. The two ~ above and the arrow markingT((To) in Fig. 9, ie., above

horizontal arrows show th& T,y in two different regionsT,, ~ Tm the magnetocaloric effect is nothing else than the differ-

<T;<TpandTp<T,<Tpu.. ence between the temperatL.lr-e of the materlallm the magnefuc
field H, and the phase-transition temperature in the magnetic

- S(Myp

is changed fromH; to H, regardless of the value of field H:
ATad(T)an.p- On the contrary, whef ,<T,<Tpn,, the

material's temperature rises Bt before the magnetic ATad(T)AH,pZ(Tpt,HZ—T)s,P- (39

field reacheH, due to magnetocaloric effect starting from

anyT,, see Fig. 9. As we show below, in the case of an ideal .
first-order phase transformation, the final temperature of the Hence, regardless of the fact thaSy(T)snp remains
sample in this second fegiOfTr(]<T2$Tpt,H2) cannot ex- large(giany and approximately constant betwe'dég;LH1 and

ceed Ty . Toth,, the magnetocaloric effect in terms &fT,((T)an p

Consider the simplest case when the magnetic field affeci@hould be rapidly reduced abolg,. This drastic reduction

the phase transition temperature but has practically no effe@f th@ ATadT)an,p is easily understood because as the mag-
on the heat capacity both bEIowptHl and aboveTptHz. netic system approaches the phase-transition temperature,

Furthermore, for simplicity we assume that the heat Capaci-rpthz’ its heat capacity becomes infiniter in reality, ex-

ties of both low-and high-temperature phases are the sanf@mely large and practically no further temperature change
[see Eq.(34) indicating that in this cas@Sy(T)y p re-  OCCUrS In response to the changing magnetic field as long as

mains practically constant for aify < T<Tpy ] This is the two different phases coexist. Unlike in the case of the
L - Tl T2 conventional magnetocaloric effect for a second-order phase
shown in Fig. 10a). Taking into account that

transition, the total entropy remains constant when material’s
| ) | A temperature reach€§,t,H2 during the magnetic field increase
C(Mu,=C'"(My,=C(My,=C(TMu,=C(T), 36  py equilibrating the corresponding fractional change of
ASu(T)an,p by _AEHlept,H21 rather than by the increased
the relationship betweelT,(T),y p and heat capacity thermal lattice and electronic entropies.
when Ty py <T<Tp can be analyzed similarly as done  The example modeling the behavior of batSy (T)sn,p

above, and Eqs(17)—(27) remain valid even for the first- and AT,(T)an,p according to Eqs(37)—(39) is shown in

order phase transformation. Noting E¢34)—(36), Equation  Fig. 10. Hence, as the magnetic field changeél increases,

(20) becomes the peak values of the magnetocaloric effect in terms of both
magnetic entropy change and adiabatic temperature change
remain essentially constant, while the peak wiffthr both

T+ATad Daw,p C(T)PdT~ AEy, the giantASy(T)an.p and the gianA T, T) s p] increase

—ASw(T)an,p= fT T " Toun, due to the rising difference betwedy,, and Ty, and
(87 Tpm, and Ty, respectively.

Equations(35) and (39) result in another important con-
and therefore the corresponding analog of &) is sequence characterizing the giant MCE behavior in some

144406-10
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\. FIG. 10. A schematic behavior
\ of theAS,, (a) andAT 4 (b) in the
: vicinity of the first-order phase
\ transition. It is assumed that the
\ magnetic field affects only the
. phase-transition temperature and
\ that the heat capacities of both
: low- and high-temperature phases
\ are the same and are completely
\ magnetic-field independent.

ASM(T)AH,P
ATacI(T)AH,P

— e — e —— . — . — — . — . —

(a) Temperature (b) Temperature

magnetic systems undergoing a first-order magnetic phaseagnetic fields is expected in materials in which the mag-
transition. Assume that either the magnetic field change isetic field strongly influences the magnetic ordering tem-
small, or its effect on the phase-transition temperature ierature. This conclusion provides a guideline supporting the
small. Then, the difference betwediy; and T, is not  search for best magnetic refrigerant materials, i.e., those that

large enough for equatiof85) to be valid. In this case may have the largest possibleT,(T)n p in the smallest
magnetic fields.
Tm=TptH,- (40) An example of the experimental behavior of both the heat

capacity and the total entropy in the system with first-order
phase transformation, @&i,Ge,), is shown in Fig. 11. The
sample was prepared by arc melting of pure components
(Gd, 99.95+ wt.%; Si and Ge, both 99.99 wt.% purg and
ATad T=Tpin ) am,p=(Tpth,~ Tpth,)s ps (41)  then heat treated at 1300°C for 1 h. The heat capacity in
magnetic fields 0, 20, 50, and 75 kOe and the direct
providing an easy estimate of the maximum adiabatic temAT,(T),, » measurements were carried out in an adiabatic
perature change without thermodynamic or magnetic meaheat-pulse calorimetéf. In zero magnetic field, the phase
surements as long as bo y, and T, are known. More-  transition (determined from the temperature of the heat ca-
over, a larger giant adiabatic temperature change in smaflacity peak occurs on heating éltpt,HlsZGQK[Fig. 11(a)].

Therefore regardless of the value of tA&y(T)sy p, the
maximum AT,(T),np OCCUrS atTpt,Hl and its value

straightforwardly determined from E@39) as

52

250

Gd,(Si,Ge,) Gd,(Si,Ge,)
200 } s

: FIG. 11. The heat capacitiy)

l and total entropy (b) of
<.l I < Gdy(Si,Ge,) at constant pressure
© g in magnetic fields 0, 20, 50, and
S I\ ! { S 75 kOe. Note that although the

o o 3 g,\ g’: e heat capacity at the phase-
g0t Q :, \ g“ :f\ E transition temperature is theoreti-
o o | \ 81 & ® cally infinite, during actual experi-

.o I I \ 46 mental measurements large, but

ol / \ / | . finite values of the heat capacity
SR J \ are usually recorded.
= —*:-—-"—t; |
wuly
0 1 L L 1 1 L L
260 270 280 290 300 310 320 260 280 300 320
{a) Temperature (K) (b) Temperature (K)
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20

ol Gd,(Si,Ge,)) TN. 1, Gdi(SiGe)
s AL\ .

’ \ a . FIG. 12. The njagnz_etlc entropy
< I \ \ change(a) and adiabatic tempera-
= < A,l \‘ ‘\o‘ ture changeb) of Gd;(Si,Ge,) for
g At ";_10 ;’-’ T, \‘-.__ e 1 magnetic field changes from 0 to
= z 1 : \% 20, 50, and 75 kOe. The lines in
3 = H ® both (a) and(b) represent the val-
':E l;; \ ues calculated from heat capacity
2 (Fig. 12), the symbols in(b) rep-

resentAT .4 directly measured for
magnetic-field change from 0 to
2r 50 kOe.
260 270 280 290 300 310 320 260 270 280 290 300 310 320
(a) Temperature (K) (b) Temperature (K)

The phase-transition temperature in 20 kOe magnetic field ifsee Fig. 1()] is associated with the fact thAtSy (T) an p
atTpt’sz 277 K. As also seen from Fig. (), for the small  is not a constantFig. 10@) but slowly decreases with tem-

est magnetic field changeAH=20kOe), the behavior of PeraturelFig. 12a)].

AT, T)an p is defined by Eqs(39)—(41), i.e., the tempera- IV. CONCLUSIONS

ture T,, coincides with PptH,- For larger magnetic field _ _ _
changes(50 and 75 kO the specific temperatur&,,, is The behavior of the magnetocaloric effect both in terms of
located above Ty, and therefore the behavior of the isothermal magnetic entropy chang&y(T)an e, and

. : the adiabatic temperature changd,,{ T) an p is closely re-
ATadT)an p is defined by Eqs(35), (37)—(41). We note that 5464 1 the behavior of the heat capacity at constant mag-
since EqQ. (36) is only approximately valid for the

. > Y | . netic field and pressure. The thermodynamic analysis indi-
Ggs(s'zGez) material [i.e., C'(T) is not exactly equal t0  cates that when the heat capacity in two different magnetic
C(T), see Fig. 1ta)], Egs.(35 and(37)-(41) only provide figlds,C(T)y, ,p andC(T)y, p is known, the temperature of

an approximate description of the magnetocaloric-effect befhe MCE peale) can be easily predicted from the relation-
havior. The major difference is that the MCE both below

ship between the two. Conventional magnetocaloric effect,
Toin, (~269 K at H=0kOe and aboveTy, (~277,  \hich is observed in magnetic systems without discontinu-
~295, and~308 K atH=20, 50, and 75 kOe, respectivgly ous entropy changes, depends on the degree to which the
in Gds(Si,Ge,) is not reduced to zero compared to the ideal-heat capacity is effected by the magnetic field. A large mag-
ized behavior, i.e., when the heat capacity follows 8§).  netocaloric effect is expected to occur in systems where the
Experimental behavior ofASy(T)anp [Fig. 12a)] heat capacity is strongly influenced by the magnetic field. In
closely resembles that predicted theoreticiligs.(32) and  Systems with discontinuous magnetic entropy changes, the
(33), and Fig. 8a)]. Despite only approximate validity of Magnitude of the magnetocaloric effect is largely defined by
Egs. (35-(41) for Gd(SiGe), the behavior of the difference in the entropigsr the enthalpigsof the low-
AT.dT)anp (Fig. 12b)) also follows the model described and 'hlgh'-magnenc-ﬁ'eld phases. Thls'explalns the macro-
above. First, for the lowest magnetic-field chang&H( scopic orlgm_of the giant mag_netocalorlc effect observed ex-
— 20kOe) the observed maximutiT ,T) sy p=7 K, while perimentally in some magnetic systems. Generally, the large

that predicted from Eq(41) should be~8 K. The small magnetocaloric effect is expected to occur in the systems

) : ) . with large enthalpy discontinuities, and in the systems in
difference can be attributed to a nonideal first-order phase- hich magnetic field strongly influences the temperature of

transition proces§.e., the phase transition does not occur atye firstorder phase transition rather than the heat capacity
constant temperature, see Fig).WhenAH increases t0 50 iy and above the phase transformation. Although the
and 75 kOe the two different regions 8fTo(T) sn,p DAV~ thermodynamic analysis presented above does not explain
ior are clearly distinguished in Fig. 8. Below ~279 K e microscopic origin of the anomalous behavior of the
(for 50 kOg and ~290 K (for 75 kO8 AT,{T)an,p Varies  magnetocaloric effect in first-order phase-transition materi-
slowly [also see Fig. 1®)] while above these temperatures als, it may be combined with a more detailed mean-field
the MCE decreases rapidly indicating that thg values are  calculations of the free energg.g., see Ref. 3in the future
approximately 279 and 290 K for the respective magnetiao gain better insights on both the nature of the first-order

field changes. The slow reduction AfT,T)n p between phase transitions and the existence of the giant magnetoca-
TotH, (~269 K) and T,, instead of the predicted increase loric effect.
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