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Anomalous magnetocaloric effect in YbAs associated with the giant quadrupolar interaction
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We report a theoretical investigation that predicts the existence of anomalous magnetocaloric effect in the
YbAs compound. The YbAs cool upon magnetizing and warm upon demagnetizing, in the temperature range
between 33 and 84 K for external magnetic field change from 0 to 23.5 T. The anomalous effect can be
observed on the negative part of magnetic entropy changes, upon variation of the external magnetic field, in an
isothermic process. This study was carried out using a model Hamiltonian, which takes into account the
crystalline electrical field and the quadrupolar interactions within the molecular-field approximation.
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I. INTRODUCTION

The magnetocaloric effect is the ability of some magne
materials to heat up when they are magnetized, and
down when removed from the magnetic field in a thermo
namic cycle.1 The two thermodynamic quantities that cha
acterize the magnetocaloric potential areDSmag ~the isother-
mal magnetic entropy change! and DTad ~the adiabatic
temperature change! which are observed upon changes in
external magnetic field.

Before the Brown report,2 the magnetocaloric effect wa
mainly investigated in order to reach ultralow temperat
values by nuclear adiabatic demagnetization technique.
cently, Pecharsky and Gschneidner3 discovered, experimen
tally, a new material, namely Gd5~Si2Ge2!, which exhibits
the giant magnetocaloric effect at the critical Curie tempe
ture of ;275 K. The effect was associated to the stro
first-order magnetic and structural transitions. This mate
has some potential applications such as effective work
substances for magnetic refrigeration in the roo
temperature range. Also, a fairly large number of theoret
works have been carried out in order to understand the
croscopic physical mechanisms that govern the magnet
loric effects, mainly in rare-earth intermetallics materials.4–7

The magnetic system YbAs studied in this work is
particular interest since it is a heavy fermion compound ch
acterized by competition between magnetic interaction
Kondo hybridization.8 Early studies, using the Mo¨ssbauer
effect, predicted a first-order paramagnetic-antiferromagn
phase transition atTN50.58 K in YbAs.9 Later, neutron-
diffraction investigations in YbAs single crystal proved th
existence of long-range antiferromagnetic order, and
mean-field calculation indicated that the magnetic mome
are stabilized by quadrupolar interactions.10 More recently,
investigations in YbAs, using nuclear magnetic resonanc11

showed the existence of a weak antiferromagnetic order
low TN;0.4 K. This critical temperature is in good agre
ment with previous specific-heat measurements, wh
showed a narrow peak at aboutTN50.49 K.12,13

The crystalline electrical field~CEF! in this compound
presents cubic symmetry as determined by inelastic neu
scattering that yield the following CEF-level scheme:G6
~doublet!, G8 ~quartet!, and G7 ~doublet!.14 Unexpectedly,
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the G8 quartet was found to be split into two componen
which has been interpreted in terms of a bound state inv
ing a phonon and theG6→G8 crystal-field excitation.15,16

Later, the neutron-scattering experiments point out the e
tence of a giant quadrupolar interaction.14 Using a theoretical
model in which the CEF and quadrupolar interactions
considered, we have observed the splitting of theG8 level
and obtained an anomalous magnetocaloric effect, i.e.,
YbAs cool upon magnetizing and warm upon demagnetiz
in the temperature range between 33 and 84 K. Curves
2DSmag versus temperature showed a negative region
external magnetic field changing from zero to 2, 5, and 10
analyzed in this work. In addition, the critical magnetic
field for the disappearance of the anomalous effect was th
retically predicted and estimated to be equal tohC523.5 T.

II. THEORY

The Hamiltonian that describes the crystal-field and q
drupolar interactions for the YbAs compound is given by

H5HCF1HQ2gmBhY •JY , ~1!

where HCF5B4~O4
015O4

4!1B6~O6
0221O6

4! ~2!

and HQ52lQ^O2
0&O2

0. ~3!

Relation ~2! is the single-ion CEF Hamiltonian, where th
On

m are the Stevens’ equivalent operators.17 The parameters
B4 and B6 determine the splitting of the 2J11 degenerate
Hund’s ground state. Relation~3! gives the quadrupolar in
teraction, wherelQ is the quadrupolar parameter associa
to the quadrupolar order̂O2

0&5Q5^(Ji
z)22J(J11)&. The

last term in the Hamiltonian~1! represents Zeeman intera
tion, whereh is the external magnetic field. In our theoretic
model, the bilinear exchange interaction was neglected s
the antiferromagnetic order temperature is very low and
molecular-field approximation, this interaction term vanish
for T.TN50.4 K.

The magnetic entropy can be obtained from the fun
mental thermodynamic relation
©2000 The American Physical Society22-1
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FIG. 1. Energy states obtained from th
model Hamiltonian using Furrer parameters f
YbAs ~Ref. 14!.
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S~T,h!5S 1

T
D (

k51

2J11

Ek exp~2Ek /kT!

(
k51

2J11

exp~2Ek /kT!

1k lnS (
k51

2J11

exp~2Ek /kT!D . ~4!

The temperature dependence of the above magnetic
tropy is not trivial, since for a given pair~T, h!, the Q
5Q(T,h,Q) must be determined self-consistently in order
obtain the proper energy eigeinvaluesEk to update relation
~4!.

We are interested in the isothermal magnetic entro
changes2DSmag that occur for changes in the external ma
netic field. This quantity is obtained from relation~4!:

2DSmag~T,h!5S~T,h!2S~T,h50!. ~5!

III. RESULTS AND DISCUSSIONS

The crystalline electrical-field and quadrupolar para
eters used in this work was obtained from adjusting the
ergy spectra of neutrons scattered from single-cry
YbAs.14 They are:B4520.0187 meV,B650.000 12 meV,
andlQ50.035 meV. Using these model parameters we h
constructed the energy diagram showed in Fig. 1. The c
talline electrical-field interaction partialy splits the ninefo
degenerated Hund’s magnetic state, the quadrupolar inte
tion splits theG8 ~quartet! into two double and finally the
external magnetic field removes all degenerated states.
that the above parameters lead to a doublet as the gro
state in YbAs.

Figure 2 shows the temperature dependence of the
drupolar order which disappears atTQ584 K. This quadru-
polar phase transition can be correlated to the observed
linear relation between the Knight shift and magne
02442
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susceptibility in this temperature range, leading to the cha
in the hyperfine coupling parameter.11

In Fig. 3 is displayed the temperature dependence of m
netic entropy for different magnetic fields, applied in th
^100& crystalographic direction. We can note that forh
50 T, in the limit T→0 K, we got the valueR• ln(2) for
magnetic entropy, whereR is the universal gas constant. Th
result is expected since the ground state is theG6 doublet. As
a small magnetic field is applied, theG6 doublet level splits
and we obtain the proper limit: limT→0 Smag50. In the high-
temperature limit, we get Smag5R• ln(2J11)5R ln(8)
;17.2 J/mol K, since the Yb element hasJ5 7

2 as total an-
gular moment. From Fig. 3, it is evident that the entro
associated to the quadrupolar order (h50 T), at critical tem-
peratureTQ584 K, releases about 57%~9.8 J/mol K! of the
total magnetic entropy available, the remaining entropy
longing to the crystalline electrical field, as a Schottky effe

As shown in Fig. 3, the magnetic entropy decrease w
the intensity of the applied external magnetic field in lo
temperature region (T,30 K) as expected, since the ma

FIG. 2. Temperature dependence of the quadrupolar order
YbAs.
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netic field is responsible for the alignment of magnetic m
ments, reducing the magnetic disorder. On the other ha
for temperature interval (30,T,84 K) an anomalous be
havior in the magnetic entropy is theoreticaly predicted
YbAs, the entropy increasing with external magnetic fie
This picture is more clearealy observed in Fig. 4, wh
shows the magnetocaloric potential2DSmag(T,h) vs T, ob-
tained from relation~5!. The negative2DSmag(T,h) values
exhibit the anomalous magnetocaloric effect, where the m
netic system loses heat when magnetic field is remove
reduced. The temperature interval, where the2DSmag(T,h)
assumes negative value, is reduced as the intensity of
magnetic field is increased. For a magnetic field higher t
the critical value,hC523.5 T, the2DSmag(T,h) vs T curves
no longer present negative values, i.e., the anomalous m
netocaloric effect desapears. The predicted anomaly in m

FIG. 3. Magnetic entropy versus temperature in Yb
for different values of magnetic field.h50 ~solid line!,
h52 T ( • • • ), h55 T ( ), h510 T (-••-••-••-),
andhC523.5 (̄ ).

FIG. 4. The temperature dependence of2DSmag in YbAs
for magnetic-field changes:h:0→2 T ~solid line!; h:0→5
T ( • • • ); h:0→10 T ( ): and h:0→hC

523.5 (̄ ).
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not considered in YbAs. This can be observed by taking
quadrupolar parameterlQ50 in the model Hamiltonian,
which leads to positive values for2DSmag(T,h) vs T in all
temperature range.

For the sake of illustration, Fig. 5 shows a normal~solid
lines! and the anomalous~dotted line! behavior of magnetic
entropy vs temperature forh50 and hÞ0. The arrows
DSmag and DTad indicate the isothermal magnetic entrop
changes and the adiabatic temperature change for exte
magnetic field changes from 0→h0→0, in a typical magne-
tization demagnetization process (A→B→C). In a revers-
ible Carnnot cycle, the isothermal heat absortionQC and
expulsionQH at constant reservoir temperaturesTC andTH ,
respectively, are directly related to the refrigerant capac
QH2QC5THDSmag2TCDSmag5DTadDSmag. The concept
of refrigerant capacity is well developed and used to prov
a general analysis of magnetic refrigeration efficiency in R
18.

Consider now~in Fig. 5! only the curve 2, which repre
sents the magnetic entropy forh5h0 and the anomalous en
tropy curve~the magnetic entropy in zero field! associated
with anomalous behavior. It can be observed that, in
temperature regionTC,T,TH , the effect of applying an
external magnetic field is to increase the magnetic entro
Therefore, if an external magnetical field is isothermica
applied, in this anomalous temperature region, and then
abically removed, the temperature will not be reduced a
more, as in a normal temperature region. On the contrar
will increase.

The main advantages in the present approach for the t
perature dependence ofDSmag ~the isothermal magnetic en
tropy change with external magnetic field! is the fact that it is
not necessary to know information about the electronic a
lattice contributions to the total entropy, since these con
butions depend only on temperature. Therefore the total
tropy changes is equal to the magnetic entropy changes

FIG. 5. Scheme of temperature dependence of magnetic
tropy. Curves 1 and 2 represent the normal magnetic behaviors
zero field, and with applied magnetic field, respectively. The dot
curve shows the anomalous entropy~AE!.
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this way, the magnetic model Hamiltonian used in this wo
is a good theoretical framework.

IV. FINAL COMMENTS

It is out belief that the magnetocaloric experimental d
in YbAs can put an end to the controversy in the origin of t
observed splitting of the excitedG8 quartet state, which ha
been a puzzle for a long time. Also, we showed theoretic
the existence of an anomalous magnetocaloric effect in Y
compound associated with the quadrupolar interaction. T
02442
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is still to be verified experimentally. The investigations
magnetic systems which present quadrupolar interaction
have an impact on experimental investigation in order
design new materials presenting large magnetocal
effect.19
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