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Magnetic cooling by the application of external pressure in rare-earth compounds
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A method for cooling by the application of pressure was recently proposed. As in any(othgneti¢
adiabatic cooling technique, the cooling results from a change in the magnetic entropy of the system under
investigation. As opposed to the well known method of adiabatic demagnetiz&iigmaramagnejsor to the
magnetocaloric effectfor ferromagnets and antiferromagnetthe entropy change does not result from the
application of an external magnetic field, but from the application of external premracaloric effegt The
pressure-induced change in the magnetic entropy may be obtained by different mechanisms including pressure-
induced structural or/and magnetic phase transitions, pressure-induced changes in the dégceaddietion
electron hybridization in Kondo systems, pressure-induced valence transitions, and pressure-induced spin
fluctuations. The present work illustrates this new concept of adiabatic cooling on the basis of recent experi-
mental data. The data are discussed within a simple model balancing the total entropy as a function of
microscopic thermodynamic parameters of the system under investigation. Implications for a possible technical
use of this effect are addressed.
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[. INTRODUCTION structural phase transition will change the point symmetry at
the rare-earth ion. In general this will result in a different
Ever since Warburg188Y) first observed the heat evolu- splitting of its (2J+ 1)-fold degenerate ground-statemul-
tion in iron upon the application of a magnetic field, thetiplet by the crystal field CEF), which governs the thermo-
so-called magnetocaloric effe@ICE) has been subject of dynamic properties of the system at low temperatures. Hence
intensive investigation. The effect is a consequence of théhe external pressune may well serve to change the mag-
variation in the total entropy of a solid by the magnetic field.netic entropy in the very same way as an external magnetic
It was first Debyg(1926 and Giauqu&1927) who proposed field does in the MCE. In analogy to the magnetocaloric
the principle of adiabatic cooling, or more specifically the effect, the associated effect has been given the name baroca-
technique of adiabatic demagnetization. In the first stage, aloric effect (BCE). Other mechanisms equally resulting in a
external magnetic field is applied isothermallige system is  pressure-induced change of the magnetic entropy exist for
in contact with a heat sinkthus reducing the magnetic en- which examples will be given below.
tropy of the system. In the second stage, the magnetic field is In what follows we briefly discuss the general thermody-
removed adiabaticallythe system is isolated from the heat namics underlying the BCE in analogy to the MCE. Models
sink). In order to keep the entropy unchanged, the system ifor the calculation of the total entropy of rare-earth com-
forced to lower the temperature. Progress in the theoretical ggunds are introduced which allow one to calculate the
well as experimental characterization of the magnetothermatxpected BCE on the basis of microscopic parameters of the
properties of materials has renewed the interest in the invesystem under investigation. We compare these models
tigation of the MCE for two reasongi) the MCE can yield with actual direct measurements of the BCE obtained in the
information on magnetic phase transitions not obtainable byare-earth compounds CeSb, HoAs, ;R&,Ge;, and
other experimental techniques, afid its potential for the EuNi,(Si,Ge). In Sec. IV we compare our results obtained
implementation of magnetic cooling machinémagnetic by the BCE with the MCE and future developments and
refrigerators.! These days, magnetic refrigeration proved toimprovements are discussed.
be one of the most efficient cooling techniques in a wide In the BCE, the extensive caloric effedis., the change
range of temperatures up to room temperature and abdve. of magnetic entropyAS upon isothermal pressure chahge
Up to now, all magnetic refrigerators suffered the drawbackare found to be comparative in size to the values found for
of needing large magnetic fields of a few T in order tomany of the rare-earth compounds by means of the MCE.
achieve cooling effects in the K range. The directly observed intensive caloric effecise. the
Despite the fact that the entropy change need not be inchange of temperatur&T upon adiabatic pressure change
duced exclusively by an external magnetic field, its imple-are found to be less than theoretically expected as a conse-
mentation by variation of a different external thermodynamicquence of nonfully adiabatic conditions of the experimental
variable has hardly been investigated. IMu et al®> pro-  setup. This fact remains an inherent problem of the proposed
posed to implement adiabatic cooling by the application ofconcept of cooling, which to a large extent may be improved
pressure in the vicinity of a pressure-induced structural phasas compared to the present experimental setup. Eventually, it
transition in a rare-earth compound. A pressure-induceds the value of the entropy changeS which in terms of
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with C denoting the total heat capacity of the syste\iT,,q
AS =const may be written[Eq. (3)]

ATad:fxl( T IS(T,X,K)

C(T.X,K)  aX dX.. (6

T,K

X2

The intensive and extensive caloric effects are coupled via
the adiabatic equatio®):

Entropy

JS
S(T, X2, K)=S(T. X1, K) + —=[xkATag+t O(ATZy).
v

Temperature For AT,4 follows in first order(i.e., assumings«T),
FIG. 1. A schematic of adiabatic cooling. The adiabatic tem- AS(T,X,K)x. x
perqture changAT,q4 strongly depends. on the slope $T,p,H) AT = ! 2, (8)
the (isothermal entropy changkSy .y, is kept constant IS(T,X,K)/dT
. . L L . and withC=T(9S/dT) [Eq. (5)],
magnetic refrigeration in combination with a regenerésee ( ) [Ea. 6]
below) represents the crucial value which is subject to be
optlmlzed. ATad:AS(T,X,K)Xlﬁxzm. (9)
Il. THEORY The same result is obtained by linearization of E). (i.e.,
. assumingC=const). These strong assumptions are hardly
A. General thermodynamics justified in any real system; nevertheless F®). has some

As any other adiabatic cooling technique the BCE takegmportant consequences valid for nonlinear cases (do:
advantage of the fact that the total entrd®yf a solid con- AT,¢*AS; large intensive caloric effects require large ex-
stitutes a thermodynamic state function depending on theitensive caloric effectsii) AT,4=T/C; the intensive caloric
modynamic variables like the temperat(igpressure, and  effect is large for either very low asC—0 (T—0) or for
magnetic fieldH; hence high T asC—const (T high enough The factAT .4 1/C is

also depicted in Fig. 1. For more quantitative conclusions the
d S S specific relation of the entropy on the control variaKlg.e.,
ds= aT dT+ ap dp+ 9H dH. D 559X in Eq. (3)] must be considered.

PH TH TP In the BCE and in elastic heating/cooling the entropy
Apparently, varying only one of the external variabfe®r  changeAS is caused by external pressyréeing the control
H, denoted as theontrol variable X and keeping the tem- variableX. In principle, as in the MCE we may take use of
peratureT and the other variablg (H or p) constant, leads the Maxwell relations, i.e.,
to a change in entropyEq. (1)] (Fig. 1, step 1-2):

(as) (av) 10
AS=S(T,X;,K) = S(T,X;,K) el )y T,
X
:f 2(&S(T,X,K)) dx. @ and Eqgs.(3) and(6) become
X1 2 T,K p2( IV
. ] w
The extensive quantith S upon an isothermal change bff py \ T b.H
is given the name extensive MCE; hence in the general case
we may callAS the extensive caloric effect P1 T IV(T,p,H)
Subsequent adiabatic change Xffrom X, back to X; ATad:_f (C(T p,H) T ) dp. (12
leads to a change in temperatuxd 4 as the total entropy P2 e p.H
must be conserve(Fig. 1, step 2-3): From these equations the change of volume appears as the
source for the BCHEin analogy to the change of bulk mag-
S(T, X2, K)=S(T+ATaq,X1,K). (4)  netization in the MCB. It is noteworthy to address a few

important remarks at this point. The Maxwell relatipq.
(10)] is strictly valid for constant magnetization and constant
magnetic field only. Hence Eq10) is of limited, practical

Accordingly the intensive quantiti T, 4 is given the name
intensive caloric effectRecalling the second law of thermo-

dynamics, use for the BCE, as opposed to the MCE, where the corre-
dS(T,X.K) C(T,X.K) sponding relatio@S/dH = dM/JT represents the basis of in-
(—> = ( —) , (5)  direct determinations ah S andAT,q4.®" Nevertheless Eq.

dT X,K T X,K (10) may be used in the case of elastic heating/cooling or of
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purely structurally and valence driven BCE, respectiveBe  with N the number of atoms in the system aBg the Debye
below). The continuation of the formalism of macroscopic temperature.

thermodynamics on general grounds is not being pursued We may now discuss the pressure dependence of these
any further here. We note however, that in analogy to thehree entropy terms. The effect of pressure ufpis most
MCE, the extensive BCE may be determined indirectly byfamiliar, and results in elastic heating and cooling, respec-

integration ofC, i.e., tively. Pressure generally leads to an increase in the stiffness
of the lattice and the phonon density of states is shifted to
AS, _ JTC(T’DZ)_C(T’pl) dT 13) higher energies. In the Debye approximation this shift results

1P T ' in a scaling of® with volumeV,

T

The intensive BCRA T4 may then be calculated via E@L). 19
, 19

0
However, this indirect determination of the caloric effect is ®D(V)=®D(VO)<V
of less practical importance for the BCE as opposed to the
MCE, too, because quantitative data®ft p>0 is scarce. with I' the (phononi¢ Gruneisen parameter defined by this
We will thus focus on the direct experimental observation ofrelation. The intensive caloric effedT,4 may be calculated
the intensive BCEAT and its modeling on the basis of Eq. with the adiabatic equatiof) via Egs.(18) and(19), or by

(4) balancing the total entropy of the system. means of Eq(12) using the thermal expansion coefficient
a=1N(dV/JT) and the relation ¢BV=I'C)y , with B
B. Modeling of S(T,p) the isothermal bulk modulus:
Equation(4) balances the total entropy pp T r
ATadzf TSdp~TsAp. (20)
S=S,+S.+5, (14 p, B B

with S,,, Se, andS, the magnetic, electronic and phononic At low temperature the e!astic heating, i.e., cooling, is thus
contributions, respectively. Here we discuss the case of raréound to be linear both in pressure and temperature. The
earth compounds only, for which the magnetic entr8pyis magnitude of elastic heating in solids is of the order of typi-

determined by the 2+1 CEF split energy levels of the cally a few 10 mK/0.1 GPa hydrostatic pressure fbr

ground-statel multiplet of the rare-earth ions, <20 K. The effect of pressure upon the electronic t&m
may be neglected for most of the compounds presented be-

B 1 e low, except for the important case of heavy-fermion com-
Sm:SCEF__NkZ pilnpi,pi=-e 5™, (19 pounds, e.g., in Kondo systems where the application of
pressure generally results in a strengthening of the
with Z the partition functionN the total number of rare-earth 4f-conduction electron hybridization and hence to larger
ions in the system, ang; the thermal population factors of

the energy levelg; . The latter are determined by the Hamil- C. Implementations of the BCE

tonian
ona We shall restrict the terrbarocaloric effectto a change
A~ A N mAm A n AS or AT upon pressure-induced changes of thagnetic
H="Hcert 7'[exch:nzr% BnOn'— gamel (Hext Ap(J))J entropy $, only. In rare-earth compounds,, is dominated
' by the CEF entropyscee [Eg. (15)] which is determined by
+)\Q(<©g>©g+ 3(0320%)], (16)  five major factors{i) the specific type of rare-earth iofii)

R the point-symmetry of the rare-earth sitgi,) the charges of
with B]! andO]' the Stevens CEF parameters and operatorghe ligands and the rare-earth idiv) the screening of the
respectively.H,, is an external magnetic field, aiy and  charges and the degree df Bybridization due to conduction
\q are the mean-field parameters for isotropic bilinear anclectrons, andv) a superimposed Zeeman splitting due to an

biguadratic exchange. internal or external magnetic field. The application of exter-
For low temperatures the electronic entrofy may be nal pressure may influence these factors in a direct manner. A
taken to be linear i, pressure-induced structural phase transition may affect
the associated effect may be called a structurally driven
Se=7T, (17 BCE. On the other hand a pressure-induced magnetic phase

transition implies an internal magnetic field resulting in large
Zeeman splittingv) which in many cases is comparatively
larger than by externally applied magnetic fields. The mag-
netically driven BCE may hence be considered the analogue
to the MCE. Further, many Kondo systems show a distinct
pressure dependence in the degreefo€dnduction electron

with y the Sommerfeld factor. At low temperatures the lat-
tice entropy may be obtained by integration@f[Eq. (13)]
in the Debye approximation,

T\3rop/m  x%
C|(T)=9Nk(—)f

——dx
Op/ Jo (e°—1)? hybridization, and hence allow for a coolifiy). Finally, we
127 T3 may even realize cooling by the virtual exchange of the type
TN k( _) —pT3, T<@p, (18 ofrare-earthioni) via a pressure-induced valence transition,
5 Op e.g., EG" —EW". All of the above described mechanisms
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for the change 08, (Scep) have proved to lead to an effec- ~ Unfortunately, PiLa; - ,NiOz must be synthesized under
tive cooling, as will be shown in Sec. Ill. The diversity in & high oxygen pressure. Up to now, only powder samples are
mechanisms |eading to a BCE may be regarded as a Speciﬁ(ya"able. It is concluded that efficient COO“ng IS preferably
feature of this kind of caloric effect that makes the BCEachieved on ceramic or single-crystalline material.
worthwhile to be studied not only from an applicative but _ _
also from a fundamental point of view. B. Magnetically driven BCE

Pressure-induced magnetic cooling by use of a magnetic
phase transition has been realized in two rare-earth monop-
Il EXPERIMENT nictides, namely CeSb and HoAs both crystallizing in a cu-

i 11-14
A. Structurally driven BCE bic NaCl structurgspace groug-m3m).
The rare-earth nickelate i, ,NiO5 represents the first 1. CeSb
compound studied for the occurrence of a BCE. It is also this The CEF splitting in CeSb constitutes a doublet ground
compound for which the concept of cooling by adiabaticstate with an excited quartet at40 K.'* Despite its simple
pressure application was first proposed byllktuet al® The ~ chemical structure CeSb shows one of the most complex
results on Pila; ,NiO; are summarized briefly here. Magnetic phase diagrams ever fouiRkfs. 16 and 17, and
Prla; ,NiO; is a perovskite system and undergoes greferences therejn Below Ty~ 16 K antiferromagnetic or-

temperature-induced structural phase transition from orthoggicrl‘(?n Oscg?][;rigm‘éarrigt% OnI)aglgitciaz vl?/irtﬁsue;Jr\;Vg? dgi,f\fﬁrem
rhombic Pbnm(T<Tgpy) to rhombohedral R3¢ (T g g P

—) spins along 001) and paramagnetic plan€3). The first
>Tgpp Space group. The transition temperatlig-T may (~) sp 9001 p d planéd)

y / magnetic phase found beloWwy with stacking sequence
be tuned seamlessly by the Pr conteriind is found to shift  _ ¢ js followed by at least 14 more experimentally observed

to a lower temperature by the application of hydro-magnetic phases before the system eventually realizes the
static pressurd Tsp(x=1)~700 K, dTspr/dx~1000 K, AF.|A phase with+ + — — sequence folf <8 K. All of
dTspr/dp(x=0.5)~—50 K/GPa; dTspr/dp(x=0.4)  these magnetic phase transitions are found to be of first or-
~—23(2) KIGPa(Ref. 8]. Hence pressure-induced phaseder. The free energy and thus the magnetic entropy of the
transitionsPbnm— R3c may be realized over a temperature respective phases are almost indistinguishable as found, e.g.,
range up to 700 K at modest pressufese Ref. 5 and ref- DY an analysis of the specific heat peaks of the intra-magnetic
erences therejn The CEF splitting, and hence the magnetic ransitions which are weak, if at all observable. Thus one

; ; implify the magnetic phase diagram into a magneti-
entropy Sy, in orthorhombic and rhombohedral symmetry May SIMp _ _ ;
differ considerabl (Fig. 2 and allow for a pure structurally~ Cally ordered region folf <Ty with correspondingly lovs,
driven BCE. and a paramagnetic region with larggy. Uniaxial pressure

BCE measurements have been carried out Or@long (00 7 s found to increaseTy by dTy/dp

. =8 K/GPa:' Therefore, uniaxial pressure applied at a tem-
Pr,.La, _,NiO; above room temperatit®n x=0.66 and at : :
|0\)I(V tén;(peraature@ on x=0.5 aFr)ld 0.4. All measurements perature slightly abov&y(p=0) may drive the system from

. : the paramagnetic into the ordered state with correspondingl
were carried out on bare powders and hydrostatic pressurg, b 9 P gy

yielded an effective cooling of a few 0.1 Kf@=0.5GPa A5 je. in an extensive caloric effect. Subsequent adia-
in Py gdl-89 3NiO; at T=350 K in competition with elastic  patic release of pressure will bring the system back into the
heating (note that the cooling by the BCE takes place whileparamagnetic phase involving an intensive caloric ettt

pressure is applied For lower temperatures, where elastic  |n Fig. 4 we show the schematic setup for the measure-
contributions become less of a problem, the BCE has beement of the BCE on single crystals under uniaxial pressure.
found in competition to friction effects1/C, which are an  The sample is placed on a socket. A piston transfers the
inherent problem of powder samples. uniaxial force onto the sample. The socket and the piston are
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FIG. 3. Schematics for the magnetically driven BCE: only for T
(A) caloric effectsAS, AT can be achieved, while fofB) the FIG. 5. Temperature dependence of the observed intensive BCE
applied pressure is not sufficient to drive the system into the orj, cesp forp=0.26 GP4|[001]. Inset: Evolution of the sensor
dered state. temperature upon a pressure releaspe0.52 GPa.

made from ZrO in order to minimize the thermal conductiv- Figure 6 shows the modeled entropy curves at ambient and
ity. A thin support disk of Teflon or tif0.1 and 0.02 M g|eyated pressure together with the resulting intensive BCE.
reduces the risk of crushing the sample. The temperaturg, o narameters used for this calculation are listed in Table 1.
evolution is tracked by a Au/Fe thermocouple glued on ONere CEE parameteB?l is taken from Ref. 15. and assumed

of the free surfaces of the sample. Typical sample sizes were' o independent of pressure. The mean-field paramiegers

2.5 2.5 2.5 mnt. :
. . and Ao at ambient pressure are chosen to mai¢hTy(p
Figure 5 shows the measur@ddependence of the inten- ~0), (i) S(T) at p=0 resulting from integration of the

sive BCE AT for p=0.26 GPa. A representative time- measurect, data(gray line, Fig. 6, (iii) the magnetic mo-
_evolut|on .Of the sensor temperatuit) is shown in the ment of C&" as measured by neutron diffractith.y is

Inset of F'g' 5. As ex.pected, the fast pressure releasg 'S %ken from Ref. 19 angB is extrapolated from the Debye
sociated with a drop in temperature. A maximum cooling Oftemperature of other monopnictic®e! Both values are as-

:g gz (é)g;d IgﬁeOtgstir(\e/?[ﬁerurggrcgnr?é?:fizlrj]r(\e/vitrr? lter?esespo(():]lc(eiumed to be pressure independent. Hence elastic heating/
- g i ooling is neglected in accordance with the experimental
and the piston;T(t) eventually relaxes back to the initial findings. The two mean-field parameters for-0 are ad-
temperature. The temperature dependencA Dfis charac- justed to reproduce the pressure-dependence of the ordering

terized by a triangular shape. temperatured Ty, /dp=8 K/GPa (Ref. 17 and a pressure-

The observed BCE may be calculated by means of th«ie .
. . . , ndependent magnetic entroy, for T<Ty(p=0). The
adiabatic equatiort4) with the total entropy modelled ac- IatteF criterion cc?mes from the facts théDNt(rE)e m)agnetic

cording to Hamiltoniar(16) with phases belowy are energetically almost indistinguishable,
and (ii) no cooling effect belowT \(p=0) can be observed

r R0 A0 A4
Heer=B4(04+50,). (21) experimentallyfi.e., S(p=0)=S(p>0)].
Piston
S rt 3 5
u ) 2 =
diskc /S 3
O &
N
Sample
Socket
TIK
I 5mm | o _
[« > FIG. 6. Calculated entropy curves and resulting intensive BCE

in CeSh. The gray line in the upper curve represents the total en-
FIG. 4. Setup for the measurement of the BCE under uniaxiatropy S from integration(13) of experimentak, values at ambient
pressure. pressure.
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TABLE |. Parameters for the model of the BCE in Ce@lig. 6).

p (GPa BIX 107 (meV) Ap (neV) Ng (neV) BX10° [RIK3] yx 10° [R/K]
0 0.89 524 37.0 2.4 1.35
~0.26 0.89 690 30.5 2.4 1.35

The calculated BCE satisfies the experiment except for @arly with pressure and is shifted to higher temperatites
factor 2.5 for the magnitude of the BCE. The value of theAt higher pressures a pronounced shoulder at the high tem-
maximumAT is expected to be about the difference of theperature side appears up to around 18 K. Note that these
two ordering temperatureby(p=0) andTy(p>0). Subse- shoulders spread out well into a temperature region where
quent BCE experiments on gred,;Ge; have revealed that the sample is supposed to stay in the paramagnetic state at
corrections due to the heat load of the temperature sensor aady given time and thus cannot result from a magnetically
due to the thermal conductivity between sample and its endriven BCE(Fig. 3, case B
vironment are well necessary. These correction factors aris- As opposed to the case of CeSb, the nature of'Hmeing
ing from the dynamics of the thermometry may well be asa non-Kramers ion allows the magnetic entropy of HoAs to
large as 3(see the Appendix Unfortunately, the low sam- be more sensitive upon a change in structure. Indeed the
pling rate(2 meas./secdid not allow for the application of observedAT within the paramagnetic state may be ascribed
these corrections. The pressure dependence of the mean-fietdthe additional splitting of the CEF states due to tetragonal
parameters\p and Ao shown in Table | are in accordance distortion induced by the uniaxial pressure as is shown in the
with the p—T phase diagram. Especially the tendencygf ~ following. Based on the elastic constamts the tetragonal
to become smaller with pressure is consistent with a weakdistortiont=(c—a)/a=A(c/a) may be calculated:
ening of the quadrupolar order eventually driving the system
at the critical end point into the AF-I phaSé. Cyy+2Cs,

Finally it is worthwhile to address two comments on the t=—— > P- (22
pressure dependence of thgaramagnetic CEF in CeSb, €11+ C11C12— 2C1,
which is completely neglected in the above model. Uniaxial
pressure is expected to distort the structure of the crysta}N
Correspondingly the CEF cannot be described in cubic sy
metry. The tetragonal distortion results in an additional smal

ith valuesc;; found from literature for other monopnictides
ErSb, PrSb, YbAE? one yieldst~ —0.8%/GPa. Based on
fhe extended point-charge model including screening effects
0RO . T of the CEF by conduction electrons we may parametrize the
term =B;0; in Hamiltonian (21). As a consequence the npondistortedcubic) case and extrapolate the CEF splitting in
quartet at~40 K is split into two doublets. Note however, the distorted (tetragonal case. The change in symmetry
that any change in symmetryscannot s_pIit the CEF Ievel_s iNtQauses the appearance of a non—ngoparameter and the
mo_re than doublet states, as Ce:onshtu';es a Kramers ion glease of the reIatiorBj=58°, Bg: _2182 valid for cu-
(J=5/2). Thus the ground state remains unchanged. Thgic symmetry only. Details of this calculation are given
spl|tt|ng_ of the quartet will have a negligible mfluen_ce on the gisewheré? The CEF parameters for the cubic and tetrago-
magnetic entropysy, due to its low thermal population & 5| case are listed in Table II, the resulting splitting schemes
<20 K. Similarly, a pressure dependence Bf will only together with the associated entropies are depicted in Fig. 8.

shift the quartet slightly keeping, almost constant foll  ynger tetragonal distortion the ground-state doublgt is
<20 K. Hence at low temperatures the chang&gfresults

almost entirely from the Zeeman effect upon the ground-state
doublet of CeSb and the above made approximations ne

. O 0.1 GPaexp.

glecting the pressure-effect on tlearamagnetic CEF are o 0.2GPaexp.

Il iustified 0.4 A 0.3 GPaexp.
well justinea. —— MF calculations
(scaled by 0.25)

2. HoAs

AT [K]

HoAs orders belowTy=4.4(1) K in the antiferromag-
netic type-Il structure with the moments aligned along the
cube edge$®?3As for most of the rare-earth monopnictides
pressure is expected to incredsg.?* The cubic CEF causes
the J ground-state multiplet of Ho to be split into al'{
ground-state doublet, B{?) triplet at 0.20 meV, and &',
singlet at 0.63 meV. The remaining 11 CEF states are more
than 9 meV above the ground-state level, and hence do nc
contribute to the magnetic entropy at low temperatdfes. 0 5 10 T“f( 20 25 30

Figure 7 shows the directly observed BCE as a function of a
initial  temperature for a pressure release up 10 FIG. 7. Measured BCE in HoAs together with a model calcula-
0.3 GPa|[001]. The maximum cooling increases almost lin- tion (CEF parameters from Table)ll

BCE
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TABLE Il. Model parameters for the BCE in HoAs as shown in Figure#Q: CEF parameters from
inelastic neutron scatterin@ef. 14, t>0 values from extended point-charge model calculaji¢al$ values
in meV).

t[%] BYx10° BIx10* Bjx10°  BIx10"  Bgx1CP Ty (K) Apx10°  ngx1CP

0 —3.02(5) —3.87(30) 4.41) 15.2 20
-02 -072  -303 -152 ~3.94 8.27 5.9 19.3 20
-03 -109 —304 —152 ~3.99 8.35 6.7 20.5 20

split into two separate singlet states and the triplet slfé’fé empirically, e.g., by the resonance-level model proposed by
into a singlet and a doublet. The resulting magnetic entropyschotte and Schotfé. In the metallic Kondo compound
[Eqg. (15)] is significantly reduced and hence explains theCe;Pd,(Ge; (space groug=-m3m) this reduction inS,, is
BCE above the N point (Fig. 8 and inset The resulting  significant, as the two crystallographic Cesites both con-
intensive BCEAT can now be calculated by use of Hg)  stitute a quartet CEF ground-state with an excited doublet
with the lattice and electronic entropies modeled as destate atAcg=60 and 46 K, respectiveRf The magnetic
scribed in Sec. Il B. Specifically, we have us@g =230 K  entropy associated to the quartet ground-s&je RIn4 is
extrapolated from non-magnetic LaAs and LéAsind y  not reached untilT=10 K, far within the paramagnetic re-
~10 mJ/K mol.**% Both contributions are only weakly gion of the compoundTo=1.25 K, Ty=0.75 K). The ob-
pressure dependent and elastic heating may well be neerved hybridization is strong with a linear specific heat term
glected in this temperature range. The solid line in Fig. 7y up to 8 J/(mol Ce K).?°3°The application of pressure is
shows the best fit, which well explains the shape of the BCEexpected to influence the magnetic entropy twofdid: a
—except close to the magnetic phase transition temperaturegduction of cell volume is generally found to increase the
where fluctuation phenomena must be considered too. As idegree of 4-sd hybridization>*? and (ii) uniaxial pressure
the case of CeSb the observed values of the BCE are consilkads to a structural distortion, so that the quartet ground-
erably smaller than the calculated ong@e., in Fig. 7 the state is split into two doublets. Both effects will redugg
calculation has been downscaled by 0.25 to fit the observednd thus allow for a BCE®

data. Note that the present data acquisition ré@® meas./ Figure 9 shows the observed cooling effect upon uniaxial
seq did not allow for corrections due to the dynamics of the pressure release alofg11). No significant BCEAT is ob-
measurement as was done in the case of the BCE iserved for temperatureb=10 K, where the full magnetic
Ce;Pd,Ge; (see Sec. IV and the Appendlix entropy is recovered. On the other handTer 10 the appar-
ent AT express directly the sensitivity &, upon uniaxial
pressure. A maximumT of —0.75 K at 4.4 K and 0.3 GPa

In Kondo compounds it is generally found that the hybrid-could be observed. Note that these values have been cor-
ization between the #and conduction electrons leads to a

reduction of magnetic entropy as experienced experimen- 00
tally, e.g., by an analysis of specific heat data and describet

C. BCE in a Kondo system

20

BCE AT [K]

— i 1.0 »
X, —
w 10 =
T MF
t=0.3%o0 T
5 . — 0.5 2 4 6 8 10 12 14 16
— 1.70 . . Temperature Tq [K]
— 4 6 8 10
o4 — =1y ] FIG. 9. Experimentally determined and calculated temperature
------------------- 0.0
| T T T T T T

o —

dependence of the BCE in ¢fed,(Ge; for a pressure release pf
2 . S
=0, 0.3%o +MF TK] =0.3 GPa as a function of initial temperatuFg (values for calcu-
lation listed in Table 1l). The experimental data are corrected for
FIG. 8. Left: expected CEF scheme of HoAs under the influencehe dynamics of the thermometry and refl&ct in Egs. (A7) and
of tetragonal distortion and molecular figlsix lowest levels only. (A8) (Appendix. A representative temperature evolution is shown
Right: calculated total entropies in HoAs for the nondistorted in Fig. 14 (AppendiX. The inset shows schematically the effects of
=0, distortedt=—0.3%, and Zeeman split cases with —0.3% uniaxial pressure(i) a tetragonal distortion leading to a splitting of
(dashed line: nonmagnetic entrgpfue to the distortion, cooling the ground-state quartet, afi) a broadening of the CEF states due
aboveT) is possible(arrow in insel. to strengthened hybridization.
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TABLE Ill. Model parameters for the BCE in GBd,(Ge; EuNiGe, EuNi,SigsGe, 7 —> EuNi,Si,
[B (mJ/mol Ce K) and y (mJ/mol Ce K)]. Acgr corresponds to 200 | '
the weighted average CEF splitting of both®Cesites. dvalent
Eu2+: 4f7 85,
p[GPd y(La) B(la) &y Acer(K) Ax (K)  Ag(K) P s
0 5067) 2.575) 15(3) 52 0.542) 0 % H=Tug 2 vivalent
0.3 5067) 2575 153) 52  0.662) —04(2) =0T T Eush 1457,
singletGS
Su=0
: 50 1+ T ey =0
rected for the dynamics of the temperature serisee the X !
Appendi®, while for the previous measurements on CeSb antiferro ok
and HoAs these corrections could not be applied. - - -
As in the previous examples the modelingS{fT,p) al- 0 1 p[Gsa] ’

lows for the calculation of the BCE via E@4). While the

nonmagnetic pargy of the total entropy may be taken from FIG. 10. Generalizedx-T and p-T phase diagram of
specific heat data of L®d,Ge; by Kitagawaet al?® and  EuNi(SiGe, ), (Refs. 36 and 37

written Sy= y(La)T+ B(La)/3T3, the magnetic part may be

expressed a$,=6yT+ Scge, Where &y reflects the en- D. Valence driven BCE

hanced linear term i€ and Scgr the reduced CEF entropy. | . h foh .
The latter may be expressed within the resonance-leve| Yalence transitions represent another type of phase transi-

model proposed by Schotte and Schéften the nondis- tion well-known to exhibit a strong pressure dependence due

torted case the quartet ground state may be treated as ghthe different radii of the ion in the respective valence

effective S=3/2 system, while in the distorted case the quar_states. Eu compounds are especially well suited for a valence

tet is split into two doublet states wits==1/2 ands  driven BCE, as the change from divalent magnetic’ Eto

— +3/2. The free energy due to the CEF is hence given bytrivalent nonmagnetic EUl implies drastic changes in the
- magnetic entropy. Among the Eu compounds with an inter-

= (A /m)de 6 mediate valence reg!me and a strongly temperature depen-
3 In( 2 e Ei WT) . (23 dent valence, EuN{Si,Ge, _,), shows a very sharp and al-
- e+ Ay =1 most complete valence transitidh. In the ternary
with compounds EuNGe, and EuNjSi,, the Eu ion is found in

the magnetic divalent (& 8S;,) and nonmagnetic trivalent

FCTEF: - kT

Ay 1 (418 7F,) states, respectively. Both compounds crystallize in
Ei=— > ize, the tetragonal ThGBi, structure type (space group
I4/mmmn). The compounds Eub(Si,Ge,_,), exhibit ELf*
Ay 3 ions with antiferromagnetic ordering fdr<40 K at Si con-
Ess=+ > izf’ centrationx<<x. (x.~0.15), while forx=x. an intermediate

valence regime with a strongly temperature dependent va-
E. —A lence is observed. The hydrostatic pressumas found to
56 CEF have the same effect as Si dopingi.e., chemical pressure.
whereA, and A4 expresses the degree of-4d hybridiza- Hence a generalizedk(p)-T phase diagram can be drawn
tion with a value of the same order as the Kondo enéy  for EuNix(SikGe, ,), as shown in Fig. 10. The temperature-
and the splitting of the ground-state quartet, respectively, anthduced transition was found to be of first order forlose to
whereEs g are included for the sake of completenétese the critical pressure and continuous for largeThe pressure
two states are hardly affected by the hybridization dependence of the valence transition temperalyris linear
Starting from the values foy(La) andB(La) taken from  with dT,/dp=105 K/GPa. X-ray-absorption spectroscopy
LagPdy,Ge;, we may fitA, and 8y from specific heat data measurements on EuNBi,Ge, ), estimated the mean va-
of Ce;PdhGe; atp=0. These values refle&(T,p=0), and lence of Eu to change from2.2 to ~2.85, forx~0.2.%
are listed in Table Ill. The effect of uniaxial pressure upon The magnetic entropy differencaS,,=RIn8 between
the degree of hybridization and the splitting of the CEF levelthe E?* and EU* state is amongst the largest to be real-
is associated to a change & and A4, respectively. The ized practically (Eu*": J=7/2—octet ground-stateS=0
values found in order to describe the observed BCE are listeg>no CEF splitting; EG": J=0-ssinglet ground-staje
in Table Il with the corresponding temperature dependencélote thatAS,,=S;; ., =RIn8 does not show any tem-
of the BCE shown in Fig. 9. Uniaxial pressure of 0.3 GPa isperature dependence! Based on the Clausius-Clapeyron rela-
thus found to increase the degree dt<d hybridization by  tion an entropy chang&S~ 18 J/Kmol is estimated from the
about 20% with a simultaneous splitting of the ground-stateobserved dT,/dp value and the volume shrinkage of
quartet by about 0.4 K. At temperature$<3 K the model AV/V=-3.5% belowT=T, .38 The entropy change esti-
overestimates the BCE, as it does not take into account shomated by the analysis of specific heat measurements on EuNi
range order effects of the quadrupolar and dipolar magnetig(Sig 15G€) g5, and EuN(Siy 1,656 g759, Yields a slightly
moments. smaller valueA S~14.5 J/Kmol®’ The valueR In 8 must be
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considered as an overestimation because the mean valen
values are found to be 2 ard3, respectively.

The BCE may be estimated in a similar way as done for
all other compounds. The nonmagnetic entr@ymay be

estimated forT<T, from direct integration ofc,/T data 02+

taken at ambient pressure on Eyl8ig 1:Gey g5)». Note that %

for T<T, the E®* is nonmagnetic. A fit to Eqg17) and 7 034

(18) yields y=0.092(2) mJ/Kmol and®=265(5) K with j

the latter value in agreement with dsbauer measurements 04

[0©p(EuNi,Ge,)=300 K and ©p(EuNi,Si,)=210 K).3* . prosere

T T T T

The magnetic entropys,, may be modeled by a sigmoid : A S S

function superimposed t8y with AS,,=14.5 J/Kmol and a L L S S L S B B B |

width reflecting the experimental data at ambient pressure 20 %0 TRV 120

The transition temperature may be assumed to change with

dT,/dp=105 K/GPa upon hydrostatic pressure. The change FIG. 12. Directly observed BCE in EubliSio 1sG&, g5 (inset:

in Sy by pressure, i.e., elastic heating/cooling, is neglectedepresentative time evolution of the temperaturrows denote

The resulting total entropy curveXT,p) are shown in Fig. the direction of measurement.

11 together with the expected extensive and intensive BCE.

Already at modest pressures, an extensive.and intensive BCRnishes at  the  transition temperaturdl, (p=0)

as large as _14.5 J/Kmol and -14 K, respectively, are expected 3g (48) K for cooling (warming and decreases above

over a considerable broad temperature range. ~ . .
The BCE measurements on EulBio;:Geya), Were aboutT=80 K|[= Tv(p>0)]. The poollng above 120 K is

mostly caused by elastic heating from the pressure-

carried out in a pressure cell allowing for hydrostatic - ) ]
pressuré® The sample was cut into a cylindrical shage ( transmitting medium and from the sample itself and to a

=4.28 mm, m=350.3 mg). Sodium chloride was used aslesser extent also from the BCE of the sample originating
the pressure transmitting medium. Figure 12 shows the effom pressures at the very edge of the pressure distribution
fective cooling observed in function of temperature. A repre-Se€ below. The observed hysteresis may be explained by
sentative time-evolution of the measured temperature ighe first order nature of the valence transition. However, the
shown in the inset of Figure 12. The observed cooling of theflirectly observed BCE is found more than one order of mag-

sample is clearly caused by the valence transitionA#&s hitude smaller than expected from the estimation made
above. The severe lack in adiabaticity of the hydrostatic

setup is likely to be responsible for most of this reduction.

T
5 tfs]

80 Similar measurements on CeSb under hydrostatic pressure
_ have revealed a reduction T of about a factor 14 ... 21
2 6o at 20 K, as compared with what is expected from
é calculations®® Thus the modest, observed values/5f do
0 40 /‘/,»" — Szg ' GPa not necessarily contradict the above made estimations. While
--.p=02GPa the non-adiabaticity is found to reducel(T) almost uni-
20 - =--p=0.5GPa formly, it cannot explain the shape of the observed BCE
14 S— E— deviating from What is e_xpecte((ﬂiig. 11). Figure 12 clearly
1o ’/ ‘.\ shows an effective coollng_ up ©>80 K fo_r the p=0.34
- 104 ! ! \ and 0.48 GPa data sets, in agreement wiiih /dp. Thus
g g ! | \ one may feel confident in the value of mean pressure acting
§ 6 ',' i on the sample. The deviation in shapeAdf(T) is apparent
9 4 ! | . if additional broadening of the transition fpr>0 is consid-
2 /’ \\ ‘-\ ered too(Fig. 13. The use of a solid pressure medium is well
0 £ > : expected to result in a nonuniform pressure distribution
0 < ; around the sample. In combination with the large pressure
-2 - \, 1 ! .
\ ' ; dependence of,, we may expect considerably broadened
“+ N\ ! | transitions forp>0 as well as to a lesser amount for=0
o 7 \\ H :' i due to remanent pressure. Note that differenceE,iand in
b= _12' ‘C'\ ! ” the width of the transition were earlier ascribed to internal
_12: \ ;‘ ; stress depending on the respective sample preparation
] NS ; technique?*®®
| T | In spite of the strongly reducefT, one may feel confi-
40 60 80 100 120 dent in the principle idea using a valence transition in Eu for

Temperature T [K]

pected true, extensive, and intensive BCE in ExRiy 15, g5) 5.

pressure-induced magnetic cooling. Further improvements in

FIG. 11. Calculated total entropies and estimations for the exthe experimental setup or the use of single crystal samples
will allow for the measurements of considerably larger.
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erators make use of the magnetic Stirling cycle proposed by
Heeret al? and Brown® Basically, the adiabatic step-23
(Fig. 1 is replaced by two steps alon§(T,X,) and
S(T,X,), respectively, while isothermal steps at the corre-
sponding end points are used to pump heat from or to the
refrigerator. As opposed to simple adiabatic cooling the pro-
posed mechanism may be cycled. Technically, the steps
along S(T,X) are implemented by use of a regenerator. In
the Ericsson-like magnetic refrigeration cycle the regenerator
is a fluid in which the refrigerator is immersed in, while in
the active magnetic refrigeration cycle the refrigerant itself
40 60 80 100 120 constitutes the regenerator. The regenerator provides a tem-
Tomperature TIK] perature gradient along whic®(T,X) is varied (2-3). In
tion (line) to the p=0.34 GPa data set of the BCE in €nd points of the gradient, which result from the isothermal
EuNi,(Sig Gy g, (Warming; see Fig. 12 The estimation as- Steps, further feed the gradient. Thus the temperature gradi-
sumes a non-adiabaticity=[AS/(AS+AT)]~0.95 and a sub- ent within the regenerator increases with every cycle until
stantial broadening of the transition at elevated preséumadened eventually heat losses and the limited working range of the
by a factor of 8 as compared =0). The drawing shows sche- refrigerant(see below saturate it. At present we see no prin-
matically the reduction oAT due to nonadiabaticitgin correspon-  cipal hindrance which would not allow for an implementa-
dence with Fig. L tion of a Stirling cycle using the BCE.
The primary factor, which determines the capacity of heat
IV. DISCUSSION pumped with the above cycle, is the extensive caloric effect
. . AS (per mass of refrigeration matenialhus we may briefly
In the previous sections the BCE has been demonstrate&mpareAS obtained in BCE and MCE materials, respec-
ccopic mechanisms to altr the magnetic entropy by pressuri/cl- [N GeSb and EUNSiy :8ee9, he extensive ca-
Thep verification and understandirgllg of thesepymci,lclcr:an|smgerC effect accounts forAS—O.6R_—5 JKmok-19 J/Kkg
. i ; nd AS=14.5 J/Kmot- 39 J/Kkg with modest pressures of
make the study of this effect interestipgr s¢ and may help . ~0.2 GPa, respectively. These values may well be put in
for a better understanding of these compounds. We W'Spelation to Gd withAS~9 J/Kkg atAB=5 T and to giant

though to post some remarks with respect to a possible tech- : -
nical use of this effect in refrigerators. The close relation'MCE compounds like GISiy 7456, 2) and MNFeR 4fiso s

oth with AS~18 J/Kkg atAB=5 T, respectively’
fbee(fgeig E)he c?s%i E)n?hg/lﬁlélgr?i?t?etgxcc;?r%aerst;?321?;\;\/8039 Another factor limiting the practical use of a refrigerator
the I?;CE isppet obtainable. In ,fact thep resent work Consti_Fnaterial represents its working ranfjei.e., the temperature
> Y . . - P span for whichAS>0. While this span is restricted to a few
tutes the first review on this topic, to our knowledge. The

. . . ; . K in the case of CeSbh, HoAs and {R&,,Ge;, it may reach
pbserved, intensive caloric effesfl is considerably reduced very large values in a valence driven BCE. Note that
in the BCE as compared to what one may expect from cal-

culations. This reduction is a direct consequence of the no AS,, 3. in Eu is principally not temperature dependent,

adiabaticity while measuring T. Future experimental setups n_[hus the worklng range of E.UE('S'XGel‘X)Z is solely lim-

X AR . .~ ited by the shift inT, (Fig. 11). At pressures ofp
may improve this situation considerably, e.g., by use of piezo ' (0.2) GPa, extensive caloric effecksS over a tem-
actuators for the force generation. Nevertheless nonadiaba- ">\~ i

e : : - : ture span of =50 (20) K can be realizeftompare to
ticity remains an inherent problem of this new cooling tech-P€'@ : :
nique, while for the MCE adiabatic conditions for the mea-€9 CA(Sh7L&29 and MnFeR,Asyss both with I

surements oA T require less effort. The comparison between — 30(12) K forAB=5(2) T].*
the intensive caloric effect in the BCE and MCE, respec-
tively, must also be discussed in context of indirect determi-
nations as often applied for the estimation of the MCE. External pressure has been found an effective tool to alter
These are based on measurementshdfJT(H) via a Max-  the magnetic entropy of some rare-earth compounds. The
well relation or on specific heat datatldt>0 andH=0 (see  associated extensive and intensive caloric effe&t§ @nd
Sec. Il A. In fact, the majority of MCE data found in the AT) have been demonstrated for,Pa; ,NiO;, CeSb,
literature is determined in this way. The invalidity of the HoAs, CgPd,;Ge;, and EuNk(Sig 1:Gey gg),. The underly-
analogous Maxwell relation for the BCE and the inaccessiing microscopic mechanisms resulting in a pressure-induced
bility of quantitative specific heat data fpr>0 do not allow  change of the magnetic entropy include structural or/and
for the corresponding indirect determination of the BCE.magnetic phase transitions, hybridization effects in Kondo
Thus the intensive caloric effedT represents the only vari- compounds and valence transitions. Both caloric effA&s
able which is directly accessible by the experiment. and AT could be modeled based on microscopic properties

The reduction of the observed intensive B@AH must  of the compounds. The obtainable extensive caloric effects
not be considered a primary obstacle for the technical use afS are compared to corresponding values found for the
the BCE. Present realizations of the MCE in magnetic refrigMCE. The size and the temperature span ®8 in

AT[K]

V. CONCLUSIONS
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EuNi,(Si,Ge,_,), may well be compared with the best
known MCE materials. The study of the BCE on other com- sg CON
pounds may reveal a better understanding of their respecting 7
thermodynamic and magnetic properties. The practical im-— i
portance of the BCE is subject to further studies of this new £
issue.
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FIG. 14. Observed temperature evoluti@ircles together with
fitted evolutions for the sensor and sample temperafy(¢) and
T.(t) in Ce;PdyGe; at a pressure release of 0.3 GP&all] (see
Sec. Il O. Inset: schematic heat conduction mod@! environ-

A closer look at the evolution of the measured temperaMment, 1: sample, 2: sengor
ture T(t) reveals thafl does not drop down instantaneously _ _ _ _

. . and a;g=710/Cy, app=n12/Cq, a=n1,/C,, b=a

but continuously and that this relaxation is distinctly slower g, +1§2177§nd[1): b212_ 4Zi§a21l. Thezéargﬁetéaﬂ can f‘:,%
than the time needed for the release of pressbig. 14.  5g55ociated with the heat load of the sensor. The measured
EventuallyT(t) relaxes back to the temperature of the envi-temperature evolutions may now be fitted in E42) yield-
ronmentTo. The evolution of the sensor temperatliemay  ng a;; and the true, though not directly measurable cooling
be described within a simple model depicted in the inset off the sampleAT. The evolution of the true sample tempera-
Fig. 14. The samplél) stays in contact with the senst)  yre may be then reconstructed via E43). In practice the
and the envwonmer(()) via effective thermal congl.uctlvmes fits in Eq. (A4) have proved to be unstable with large corre-
712 @nd 7;0. The environment acts as a heat siik., Qo |ations between the fitting parameters. Hence the model may
—). The BCE is assumed to cause an instantaneous drqgps simplified by assuming, to relax exponentially, the heat
AT in the sample temperature. The temperatures of th@oy from the sample to the sensor and the environment is

sample and sensor then obey then combined to an effective thermal conductivity,. The
twodifferential equation$Al) and(A2) reduce to

APPENDIX

. 1
Tl(t):C_l{ﬁlz[Tz(t)_Tl(t)]"‘7710[T0_T1(t)]}, -
(A1) T0=E [To-Ta(D)] (AS)

. 1

with C; and C, the specific heats of the sample and the, . . _ _
sensor, respectively. The exact solutions fby(0)=T, with solutions {T;(0)=To+AT, T5(0)=To),
+AT andT»(0)=T, are T (t)=To+ATe ¥, (A7)

T1
CoshJ_ZBt To(0)=To+ AT_—
where the two relaxation constants arg=C, /710 and 7,
=C,/n4,.The resulting curved(t) and T,(t) are essen-
: (A3)  tially indistinguishable from Eqs(A3) and (A4) within the
parameter range of interest,(< ;). The fitting of the ex-
2a N5) perimental data in EJA8) can now be donewithout numeri-
To(t)=To+ AT 2 e~ b2)tginn ¢ (A4)  cal difficulties and yields the true BCAT as wellas the
VD 2 evolution of the sample temperatufe(t) (Fig. 14).

e—t/rl_ e—t/rz A8
Ti(t)=To+ATe @2 Tz[ ] (A8)

ajptap—ayx . VD
— —————sinh——t
o) 2
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