View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Repositorio da Producao Cientifica e Intelectual da Unicamp

PHYSICAL REVIEW B 70, 094410(2004)

Calculation of the giant magnetocaloric effect in the MnFeR 45ASy 55 compound
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We report the theoretical investigations on the giant magnetocaloric compound MyFsfs The mag-
netic state equation used takes into account the magnetoelastic effect that leads the magnetic system to order
under first order paramagnetic-ferromagnetic phase transition. The model parameters were determined from the
magnetization data adjustment and used to calculate the magnetocaloric thermodynamic quantities. The theo-
retical calculations are compared with the available experimental data.
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[. INTRODUCTION tential, namely, the isothermal magnetic entropy change,
ASyae and the adiabatic temperature chan&,y, observed
In the last five years much scientific and technologicalupon changes of the external magnetic field for the
efforts have been focusing new materials that present thEeMnR, 4sAS, 55 compound. The model used is appropriate
magnetocaloric effect, especially near room temperature, dugecause of the strong magnetoelastic interactions observed in
to the possibility of the use of these materials as refrigerantthis compound around the magnetic transition.
in magnetic refrigeratioh? The interest in this research area The MnFeR,As, compounds present hexagonal
considerably increased since 1976 when G. V. Browe-  crystallographic  structure for 0.%¥5x<0.66° Below
scribed a near-room temperature magnetic refrigeratomnd above these limits, orthorhombic and tetragonal
which when compared with conventional gas compressiongtructures are observed, respectively. In the hexagonal
expansion engines showed potential advantages in energyystallographic phase, decreasing temperature from, e.g.,
savings and elimination of harmful CFCs and HCFCs. How-350 K, three kinds of magnetic phase transitions appear,
ever, further improvements were necessary, mainly in refrignamely P-AF, P-AF-F, and P-F, depending on the As concen-
erant substances, and in 1997, a giant magnetocaloric effegtition (here P=paramagnetic, AF=antiferromagnetic, and
was discoveretin Gos(Si,Ge,). F=ferromagnetig The last case, i.e., P-F, occurs in the com-
Recently, O. Tegus, and co-workers reported the gianpound MnFeR 45AS, 55t0 be modeled in this work. The giant
magnetocaloric effect in the MnFgiRAS, 55 (Ref. 5 com-  magnetocaloric effect is associated to the strong magneto-
pound. Both these materials, £8i,Ge,) and elastic interaction observed in the temperature dependence of
MnFeR, 4sAS, 55 present the essential requirement, for a rethea andc hexagonal lattice parameters?it is notable that
frigerant material, of the reversibility of the ferromagnetic- for this compound the magnetic transition, though of first
paramagnet phase transition. Also, the origin of the gianorder, is not accompanied by a structural transition, but there
magnetocaloric effect is due to the strong first order magare only great and abrupt changes in the values of the lattice
netic phase transition that both materials present. This poirparameters, keeping the same crystallographic symmetry. In
can be easily understood by the Maxwell thermodynamidhis case a low hysteresis is expected for the transition, as is
relation that predicts high entropy changes when the magnebserved experimentally, and this is one of the interesting
tization presents discontinuity at the critical temperature. Théeatures of this compound for the magnetic refrigeration
investigation performed by Morellonet al. in  technology.
Gds(Sip 45G&y 554 leads to the conclusion that the magnetic  In this work the temperature dependence of magnetization
first order phase transition occurs coupled to anwas adjusted with the model and the best model parameters
orthorhombic-monoclinic crystallographic phase were determined. The magnetocaloric effect for the
transformatiorf. Differently, in MnFeR 4sAS, 55 the magneti-  MnFeR) 4As; 55 compound, expressed as baf§,,4 and
zation discontinuity(first order transitionis not associated AT,q is theoretically predicted and compared with available
with a structural transition. experimental data on the literature.
In order to study the origin of the first order magnetic
phase transition, Bean and Rodbélproposed a model to Il THE MODEL
describe the first order magnetic phase transition considering The dependence of the exchange interaction on the inter-
that the exchange interaction parametar Curie tempera- atomic distance is phenomenologically considered via the
ture in molecular field approximatigiis a strong function of dependence of the critical temperature on the volume change
the inter-atomic spacing. This model was proposed to explaiin the following way:
the experimental evidences of a first order transition in the
MnAs I?:ompound’. Te=To(1 +pw). @
In this work, we theoretically describe the two thermody-In this equationw=(V-Vy)/V, is the cell deformations
namic quantities which characterize the magnetocaloric pomeasures the slope of the critical temperature curve on the
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cell, andT, is the magnetic ordering temperature in the ab- i 2J+1
sence of the deformation. sinh <—>
Without external pressure, the Gibbs free energy, for a Z= (8)
ferromagnetic system described by the Zeeman effect, distor- sinh{—J
tion and exchange interactions, under the molecular field ap- 2]

proximation, is given by The temperature and magnetic field dependence of the

3/ ] 1 magnetic entropy is not trivial, since for a given set of model
G=- §<JT1>NI(BTC02_ HgugINo + iwz— TS parameters (To,7), the magnetic state equationg
=o(T,H, o), relation 4, must be solved self-consistently.

2 After the magnetic entropy calculation, the isothermal

magnetic entropy changeAS,,, that occur for changes in

In this equationJ is the ion total angular momentum in the . ) .
d g the external magnetic field, can be directly determined

lattice, N is the number of magnetic ions per unit volurkg,

is the Boltzmann's constanig is the Bohr magnetong ASpadT) = S(T,H,) - S(T,Hy). (9)
=M/gugJNis the normalized magnetization at absolute tem- ) )
peratureT, g is the Landé factorH is the external magnetic  In order to study the adiabatic temperature change, the

field, K is the compressibility, an8 is the magnetic entropy. lattice entropy, which will be considered in the Debye ap-

The above free energy minimizes under the deformationProximation, must be included in the total entrofy(T,H).
The other contributions to the total entropy of the magnetic

system will be neglected.

Sol(T,H) = Smag(Tu H) + Sal(T), (10

2

7230+

NkgKToB0%. (3)

Using (3) into (2) and minimizingG with respect too, the
magnetic state equation is obtained as in Zach and co-

2
workers papet: ST =-3R In[l - eXﬁ(- %)}

—B) = 2 Lo BEDY | L r(l)
IRy O T T ) +1m<—)3J®D/Tﬂ an
(4) Op/ Jy expx)-1
where In this equation®p, is the Debye temperature. The adiabatic
temperature chang@diabatic magnetocaloric effectAT,q
1 J gugd 9/ (23+1*-1 3 that occurs for changes in the external magnetic field is given
Y==|3To| — Jo+ = H+-| = |Tono~|. b
T J+1 kg 5\ [20+1)] y
(5 —ATag=T1—Ta. (12)

HereB; is the Brillouin function. The last term in the argu- ~ This quantity, for a given pair of curve§,(T,H;) and
ment of the Brillouin function comes from the elastic defor- S(T,H,), is determined by the adiabatic process condition,
mation. The parametey controls the order of the magnetic Sq(Hq,T1)=So(H>, T>).

phase transitions and is given by We used a small piece of MnFgRAS, 55t0 measure the
’ low temperature specific heat, using the relaxation method
7= 5 [430+1)] NkgK To 32 (6) and a Quantum Design PPMS equipment. From the low tem-
2[(23+1)*-1] o perature part of the measured curve, we obtained a Debye

. _. temperature of 158.5 K for the compound.
From the Landau theory of phase transitions, the condition

n>1 leads the magnetic system to undergo a first order Il. APPLICATION OF THE MODEL
phase transition. Otherwise, if<1, the second order mag- ) ) )
netic phase transition occurs. It is worth noticing thatyif Entering the model parametessandTj into relation(4),

=0 the relation(4) reduces to the regular magnetic statethe temperature dependence of the magnetization can be cal-
equation where the Brillouin function presents only the lin-culated for a magnetic system in which the magnetic ion is
ear term ino and the magnetic phase transition is always ofcharacterized by the atomic factogsandJ. In order to re-

second order kind and occurs Bt To=Tc. produce the saturation magnetization of about 125 kg1t
The magnetic entropy can be obtained from the usual reteported in Ref. 5, we have put, in relatiof), the external
lation magnetic fieldH=1 T to be consistent with the experimental
data and assumetr:3/2 andg=2.48 as effective values of
aIn(Z2) the total angular momentum and Landé factors of Mn in the
Snad T.H;To, 7)) =R. {m(z) T ] , (7) " crystal. The best model parameters obtained wgré.4 and

Tp=296 K. Figure 1 shows the calculated and the experi-
whereR is the gas universal constant adds the partition mental dat&of the temperature dependence of the magneti-
function which, in our case, is given by zation in MnFeR 45ASg 55
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Using the determined; and T, model parameters into peaks are predicted to exist near the Curie temperature,
relation (7) the magnetic entropy versus temperature curvevhich means that the lattice entropy increaggise to the
was obtained and the temperature dependence ohfhg, lattice vibration energyto balance the decrease of the mag-
curves were constructed for magnetic field changes from 0 taetic entropy(due to the alignment of the magnetic ion mo-
2T and from 0 to 5 T, as displayed in Fig. 2. It is worth mentg. When the magnetic field is reduced to zero the same
noticing, in Fig. 2, the good agreement between the theoretAT,q is obtained, but with opposite sigcooling). The ex-
ical predictions and the experimental data. perimental data of Tegton AT,4vs T displayed in Fig. 3

From relation(10) the adiabatic temperature change waswas measured with a continuous registration of the tempera-
calculated considering the same model parameteand T,  ture change upon fast increase of the applied magnetic field
determined above and the Debye formula, relatith, with  from O to 1.45 T. In the temperature region of the magnetic
the measured Debye temperatufg,=158.5 K. Figure 3 phase transitiof300—315 K the AT.q is little sensitive in
shows the temperature dependence ofAfigy in the mag-  the changing of the Debye temperature. Note that we do not
netic phase transition region, calculated upon change of exconsider in our model the linear term in specific heat, there-
ternal magnetic field from zero to 1, 1.5, 2.0, 2.5 T. Sharpfore, the value®,=158.5 K is probably underestimated.

25

MnFeP, ,.As

0.45" "0.55

FIG. 2. Temperature depen-
dence of ASnag for
MnFeR 45ASps5 for  magnetic
field changes from 0 to 2 T and
from0to 5 T. The solid lines rep-
resent the theoretical prediction
and the squares and the open
circles show the experimental data
from Ref. 5.
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FIG. 3. Theoretical prediction
for adiabatic temperature change
for MnFeR 4sASps5 upon mag-
netic field changes from 0 to 1,
1.5, 2, and 2.5 T. The open circles
are experimental data from Ref.
13.
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However, our calculations show that the value\dt,y ob-  data. Our total angular momedt3/2 (assumegland gyro-
tained using variations in the Debye temperature of aboumagnetic factorg=2.48 (adjusted to fix the experimental
+30%, i.e.,0p=150+45 K are almost the same values assaturation momepi} are different from those considered by
that one obtained usin@®p=158.5 K. On the other hand, Tegus!® namely,g=2 (assumey and J=2 (estimated from
strong influence INAT,y as well as iNAS,,,4is observed for  the saturation momentThe calculated magnetocaloric quan-
small changes in the magnetic model parameteasd T, tities AS,,g and AT,4 are in good agreement with the pub-
lished experimental dafa.
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