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We have measured and calculated the magnetocaloric effect in macroscopic samples of oriented
high-spin molecular clusters like Mpand Fg as a function of the temperature and both the
intensity and the sweeping rate of the applied magnetic field. We have observed a high magnetic
entropy variation around the blocking temperature of the magnetic moment of molecules and
calculated the shift of the entropy variation and cooling temperature, with the sweeping rate of the
magnetic field. ©2000 American Institute of Physid$§0003-695000)02746-7

In recent years, there has been increasing interest in utietic fieldH, applied along the easy axis of the molecules,
lizing the magnetocaloric effect in refrigeration at both roomthe moment of the molecules whose magnetic moments are
temperature and cryogenic temperatures. This has beeigned along the positive easy axis directids,. , is un-
mostly induced by the pioneering work of Schull and compensated with the momemd,_, of the particles having
Bennett using superparamagnetic clusters and the recerthe opposite orientation. These two moments verify the fol-
very important discoveries by Pecharsky and Gschnéiderlowing differential equations:

The actual situation is such that several “green” devices

have been constructed to cool down from room temperature dM /dt=-T .M, +I"_M_,

using magnetic materiafs® The broad spectrum of materi- (1)

als that may work as refrigerants covering the temperature dM_/dt=—T_M_+1'. M.

range fran 4 K to room temperature is associated with the
possibility of getting ferro and ferrimagnetic materials or-

dered in such temperature regiﬁq‘é? In the range of the ticles, I' . =v. exp(~U.(H)VIT). The molecular clusters
hydroggn and h_ellum I|qL!efact|on Femperatures, superpargy Mn1; and Fg havej mostly, uniaxial magnetic anisot-
magnetic materials showing blocking temperatures in th|§Opy and the variation of the magnetic anisotropy barrier

interval, compete with ferro and ferrimagnetic materials. 'nheightU+ on the external magnetic field applied parallel to
this letter we present results obtained in a family of magnetiqhe easyfaxis of magnetization ik, = U (1= H/H,)?
+ - a/ -

nanocomposites, the so-called molecular clusters, from . ; _
which we have deduced the occurrence of an extremely high MTheo\rgat?]zztg:teorL;T?n;(;tﬁ;t?;i%r:gt;g momet =M.,
entropy change in the Kelvin regime. -
Magnetic molecular clusters like Mp and Fg dM (M—Mgg)
bridge the atomic and mesoscopic scales and they have the gy ="' —
advantage with respect to magnetic nanopatrticles that a mac-
roscopic sample of molecular magnets consists of a larg@herer =dH/dt is the sweeping rate of the external applied
number of chemically identical entities that are characterizegnagnetic field,'=T",+T _, Mgq is the equilibrium mag-
by a unique set of parameters. The high value of the spimetic moment which is given by
S=10 of these molecules together with their small blocking
temperature around few K, suggest testing these materials for r--r,
very low temperature magnetic cooling. It is important to Med H)= WMS 3
point out that experimentally it is easy to prepare a macro-
scopic sample of these clusters having all molecules andndMg is the saturation magnetic moment of the sample.
their easy axes parallel to each other and to the applied mag- The infinitesimal change in the temperature of a mag-
netic field. netic sample produced when a magnetic field is applied adia-
In zero magnetic field the total magnetic moment of onebatically is expressed as
oriented molecular cluster is zero. In the presence of a mag-

beingI' . the rates of the transitions between the two pos-
sible directions of the magnetic moment of individual par-

11,12

@

dH, (4)
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TABLE I. Values of the parameters characterizing the barrier height depen- 0.0 05 1.0 15 20
dence on the external applied magnetic field. 0.005 v T T T T T T
0.004 | re 4
D (K) b (K) Ha (T) 0.003 - _
Mny, 0.66 9.0 10.0 0002 | ze .
Fe 0.27 4.0 4.6 S 0001 |
£
L o0sF3”
: . . = 2401
whereCy is the heat capacity of the magnetic sample. The 0.06 - S5 |
total magnetic entropy changeS,; of the magnetic system 004 | E O
due to the application of the magnetic field is 0.02
ASy(T.H me“ aM) dH (5) 0 2 3 5
WTH== o g T(K)

whereH .« is the final applied magnetic field. This change FIG. 1. Low field magnetization data for §¢) and Mn, (b). The inset(b)

in entropy is associated with the alignment of the spins in th hows the temperature variation of the thermal remanent magnetization
.o . .. TRM) for the Mn;, sample.

system parallel to the magnetic field. Using E§) it is

possible, therefore, to calculate exactly the entropy change in

the molecular clusters as we know the theoretical expressions M(*)To=25T}, (1, is the experimental resolution time;is

for both M(T) and M (H). the attempt frequengyof the magnetic anisotropy is, there-
In the above expressions we have not considered thi?re: Y =66 K for Mny, and 27 K for Fg.
existence of quantum phenomena, that is, the relaxation due '€ calculation of the entropy chang&S, has been

to the tunnel of the magnetic moment across the anisotrop§€/ved from isothermal demagnetization measurements
barrier height® The occurrence of the quantum tunneling of Which have also been simulated using E@$and(3). In the

the magnetic moment in these molecules has been intef@S€ of magnetization measurements performed at small field

sively discussed in the last years and for the purpose of thignd temperature intervald, S, can be approximated from

letter we are only interested in the modification we have toFa- (7)

introduce in the variation of the barrier heigbt with the 1

field due to this quantum effect. The effective barrier height  |ASk|= 2> T =1 Mi=Mis)udH;, (7)
Ue(H) is the full barrier when the system is off resonance e
and a reduced barrier, due to tunneling, on resonance. ThighereM; andM;., are the magnetization values measured
effective barrierlU«(H,T), for both Mn;, and Fg, has been in the fieldH at temperaturd; andT;. ;, respectively.

experimenta”y determinéﬂl5 In F|g 2 we ShOW the entropy Variation f0r Wde'
duced for a field variationfo3 T from saturation to zero

field. The continuous line represents the theoretical values of

the entropy variation deduced using E@) and simulated

) isothermal demagnetization curves. The agreement between

~_The values oD, b, andHj for both samples are given hem and the experiment is remarkably good. We have also

in Table I. _ _ ~ simulated, for both samples Mpnand Fg clusters, the en-
The samples we have studied consist of small Cryst_all|te§ropy variation for different values of the sweeping rateof

of average length 1m (Mny;) and 2um (Fe). The ori- e anplied magnetic field =0.01 Hz,r =10 Hz, and =100

entation of these samples was achieved by embedding thg, see Fig. 3. From these results it is clearly deduced that
microcrystals in Araldit epoxyni a 5 Tmagnetic field for 24

h. The orientation was confirmed by performing magnetiza-
tion measurements as a function of the magnetic field applied ]
parallel and perpendicular to the orientation direction. Mag- 254
netic measurements have been carried out using a supercon-
ducting quantum interference device magnetometer.

In Fig. 1 we show the low fieldd =100 Oe, magnetiza-
tion for the two samples, Mp and Fg, when they are first
cooled in the absence of the applied field. The zero field
cooled (ZFC) magnetization data are, therefore, due to the
induced moment along the bias field causing the asymmetric
change in the relaxation ratés, andI’_ . The temperature 0
at the maximum,T,=3 K for Mny,, see Fig. 1b), and ' ' ' ; i 0 o
T,=0.9 K for Fg, see Fig. 1a), corresponds to the blocking T(K)
temperature above which the magnetic moment of the mol-
ecules behave superparamagnetically. In the inset of Fid;/G. 2. Entropy variation for the Mp sample deduced from isothermal

1(b) we show the variation with temperature of the termaldemagnetization curves froh=3 T to H=0 T. The continuous line rep-
resents the theoretical fit of the experimental values. The value of the sweep-

remanent magnetizatio(ﬁ—RM) for the M_nlz sample WhiCh ing rate,r=7x10"2 Hz, used in this fit corresponds to the time needed to
clearly goes to zero aff=T,. The barrier height,U switch off the magnetic field from 3 T.

2

(6)
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H 2
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M2t~ T T T ated with the entropy variation of Figs. 2 and 3. This has
L 5 been done by taking into consideration the temperature and
field dependence of the heat capacity for both samies.
The large values obtained f&T indicate the possibility of
cooling down to the mK regime and to reduce the rate of
evaporation of helium liquid.

In conclusion, these results indicate that the so-called
molecular clusters owing high spin and large magnetic an-
isotropy, have high potentiality to work as magnetic refrig-
erants in the helium liquid regime.

-48 (JIkg-K)
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