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Anomaly in the magnetocaloric effect in the intermetallic compound DyAl2
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It is well known that the intermetallic compound DyAl2 is ferromagnetic and exhibits a change in the easy
direction of magnetization from̂100& to ^111&, for a critical applied magnetic field in thê111& direction.
Using a simple model which includes the crystalline electric field and the exchange interaction we have
theoretically investigated its magnetic entropy along the three main crystallographic directions. An anomalous
behavior was theoretically predicted to exist in the magnetic entropy, which consists in the increase of entropy
when the magnetic field is applied in the^111& direction. Comparisons between the theoretically predicted
anomaly in DyAl2 with the recent discovery of a magnetic anomaly in PrNi5 are also presented.
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INTRODUCTION

Magnetic refrigeration is based on the magnetocaloric
fect, the ability of some magnetic materials to heat up wh
they are magnetized, and cool down when removed from
magnetic field in Ericsson thermodynamic cycle.1 Improve-
ments in the energy efficiency of magnetic refrigerators
quire working with substances having large magnetocal
effect. The two thermodynamic quantities that characte
the magnetic caloric potential areDSmag ~the isothermal
magnetic entropy change! andDTad ~the adiabatic tempera
ture change! which are observed upon changes in the ex
nal magnetic field.2 Therefore improving in magnetic refrig
eration, require investigations on the microscop
mechanisms that are responsible for increases in these
thermodynamic quantities, so a detailed understanding of
dependence of theDSmag on the temperature and extern
magnetic field are useful.

Since Brown3 described a practical near-room tempe
ture magnetic refrigerator using magnetocaloric effects,
more recently, the discovery4 of the giant magnetocaloric
effect in Gd5~Si2Ge2!, the interest in this research area h
been considerably enhanced.5,6 It was recently show7 that
PrNi5 presents an anomalous increase of magnetic entrop
applied magnetic fields at low temperatures. This anom
was completely understood and was associated with
crossing of the two lowest crystalline electrical field~CEF!
levels.

In this paper, a similar anomalous behavior of the m
netic entropy in DyAl2 is theoretically predicted to exis
when this intermetallic compound@which crystallizes in the
Laves phase structure (C15) and order ferromagneticaly a
Tc562 K# is submitted to an external magnetic field point
along the^111& direction. This yields an anomalous magn
tocaloric effect in which the magnetic entropy of DyAl2 in-
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creases~in a certain temperature region! when the compound
is placed in an external magnetic field. This anomalous
havior is clearly observed in the negative part of the curve
2DSmag(T) vs temperature.

To carry out this investigation we have used a mo
Hamiltonian which takes into account the CEF in cubic sy
metry, and the exchange interaction. The CEF was treate
the so-called point charge model, and the exchange inte
tion through the use of a molecular field approximation.
order to obtain a full description of CEF anisotropy effec
on the dependence of the magnetization on magnetic fi
and temperature, we have used a two-dimensional and th
dimensional mean field theory when the magnetic field
applied alonĝ 110& and ^111& direction, respectively. It was
also possible to determine the critical magnetic field and
critical angle where the magnetization vector jumps from
^100& to the ^111& direction. The results are in good agre
ment with the experimental data.

THEORY

The magnetism of DyAl2 is described using a magnet
Hamiltonian that includes the CEF in cubic symmetry, a
the Zeeman exchange interaction terms.

H5HCEF1Hmag, ~1!

where

HCEF5B4~O4
015O4

4!1B6~O0
6221O6

4! ~2!

and

Hmag52gmB~BW 1lMW !•J. ~3!

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

m are the Stevens’ equivalent operators.8 The parameters
447 ©2000 The American Physical Society
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B4 and B6 determine the splitting of the 2J11 degenerate
Hund’s ground state~Dy has total angular momentumJ
515/2!. The CEF parameters used in this work areB4
525.531025 meV and B6525.631027 meV obtained
from the work of Purwins and Leson.9

Relation~3! is the single-ion Zeeman-exchange magne
interaction, whereg is the Lande´ factor,mB is the Bohr mag-
neton,BW is an external magnetic field,JW is the total angular
vector operator, andMW 5gmB^JW & is the magnetization. Fo
DyAl2, at low temperature and without external magne
field, the easy magnetic direction is^100&, which will be
taken as thez-quantization direction. Under an external ma
netic field applied in thê111& direction, the spontaneou
magnetization will rotate from thê100& direction to the
^111& direction, therefore, as suggested by Bak,10 we must
consider a three-dimensional mean field theoretical mode
this model the Zeeman-exchange term includes the th
components of the magnetization vector and is written in
following way:

Hmag52gmB~Bm
x Jx1Bm

y Jy1Bm
z Jz!, ~4!

where

Bm
x 5B cos~a!1lMx, ~5!

Bm
y 5B cos~b!1lM y, ~6!

Bm
z 5B cos~g!1lMz, ~7!

Mh5F(
n

expS 2
en

kBTD G21

(
n

^enuMhuen&expS 2
en

kBTD .

~8!

In Eq. ~8!, en and uen& are the eigenvalues and eigenve
tors of the total Hamiltonian~1!, cos(a), cos(b), and cos(g)
are the direction cosines, and the other symbols have t
usual meaning. The component of the magnetization in
direction of the applied magnetic field,Mh is obtained using
the three mean field equations~5!, ~6!, and~7!, together with
relation ~8!; in other words, the Hamiltonian~1! was diago-
nalized numerically and Eqs.~5!–~7! solved self-
consistently, using an iteraction procedure for each gi
value of the magnetic field and temperature. The molar m
netic contribution to the entropy and heat capacity were
tained using the usual relations

Smag~B,T!5R lnF(
n

expS 2
en

kBTD G1
^E&
kBT

, ~9!

where ^E& is the mean energy andR is the universal gas
constant.

RESULTS FOR DyAl2

Using the two CEF parameters cited above and the
change parameter9 l541.6 T2/meV for DyAl2 and carrying
out the procedure discussed above, we have obtained
plotted the magnetization vs magnetic field applied in
^100&, ^110&, and^111& crystallographic main directions~cal-
culated atT54.2 K!, see Fig. 1. The solid line and the sym
c
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bols represent the theoretical and experimental results,11 re-
spectively.

The jump observed in Fig. 1 indicates the change in
easy magnetic direction from̂100& to ^111& that occurs, for
T54.2 K, at the critical fieldBc55.8 T. In Fig. 2 the angle
Q(B), formed by the magnetization vector and the init
^100& easy magnetization direction is displayed~see the inset
of Fig. 2!; this theoretical result was also calculated atT
54.2 K. Here we note that at the critical field, the ang
where the jump of the magnetization vector occu
@Q(Bc)512.6°#, is predicted. There is a discontinuous b
havior of the variation of the direction at the critical angl
from the previous value toQ554.73°, which corresponds t
the ^111& direction in which the external magnetic field
applied. The magnetic field dependence ofQ(B) was deter-
mined using the magnetic field dependence of the three c
ponents of the total angular moment, i.e., tan(Q)
5A^Jy&

21^Jz&
2/^Jx& ~see the inset of Fig. 2!.

In order to study the influence of the jump in magnetiz
tion on the magnetic entropy, we have used the relation~9!,

FIG. 1. Magnetization vs magnetic field applied in the^100&,
^110&, and^111& directions for DyAl2 calculated atT54.2 K, using
the exchange parameter and the CEF values from Ref. 9. The
lines and the symbols~^100& squares,̂ 110& triangles, and̂ 111&
circles! represent, respectively, the theoretical and experimenta
sults.

FIG. 2. The average thermodynamic value of angle vs magn
field applied in the^111& direction calculated atT54.2 K. The
angle gives the direction of the magnetization vector in the^100&-
^111& plane, as shown in the inset.
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considering the external magnetic field applied in the th
main directions. Figure 3 shows the magnetic entropies w
the magnetic field is applied in thê100& direction~B50, 1,
2, and 5 T!. We can note the normal and expected behav
i.e., the magnetic entropy decreases~in all temperature
range! when the applied magnetic fields are increased. Fig
4 shows the magnetic entropies when the magnetic fiel
applied in thê 110& direction for the same changes in ma
netic fields as in Fig. 3. Note that, as in Fig. 3, the norm
behavior in the entropy versus temperature and magn
field is also observed. In contrast, for a magnetic field
plied in the ^111& direction ~see Fig. 5! an anomalous and
unexpected dependence of the entropy on applied mag
field is theoretically predicted in the low-temperature regio
This anomaly consists in the increase of the entropy, fo
given temperature, when the magnetic field is increas
Two points must be made in relation to Fig. 5:~1! The tem-
perature region where the anomaly appears becomes
rower when the applied field is increased and~2! The set of
entropy curves forBÞ0 T ~full lines! have a normal behav
ior.

Figure 6 shows the change in magnetic entro
2DSmag(T) for applied magnetic fields changing from 0–

FIG. 3. Theoretical magnetic entropy vs temperature in Dy2

for different magnetic fields applied in thê100& direction. The
dotted curve represents the magnetic entropy in zero magnetic

FIG. 4. Theoretical magnetic entropy vs temperature in Dy2

for different magnetic fields applied in thê110& direction. The
dotted curve represents the magnetic entropy in zero magnetic
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0–2, and 0–5 T. The negative region of2DSmag(T) evi-
dences the anomaly in magnetic entropy for applied field
the ^111& direction.

DISCUSSION

The DyAl2 compound presents a jump in the magnetiz
tion versus magnetic field~applied in thê 111& direction! at
Bc55.8 T. This jump reflects the discontinuity, theoretica
calculated, of the angle formed between the^111& direction
and the magnetization vector direction. ForT54.2 K we ob-
tain a change in the angle ofDQ(B5Bc)'42°. This discon-
tinuity is very large and can be described as a first or
phase transition in the easy magnetic direction. The natur
the first order phase transition in systems of cubic symme
~as it is the case of DyAl2! has already been investigate
within the framework of a three-state Potts model.12

We can see in Fig. 5 that the applied magnetic field in
^111& crystallographic direction yields an anomaly in th
temperature region below the crossing point between the

ld.

ld.

FIG. 5. Theoretical magnetic entropy vs temperature in DyA2

for different magnetic fields applied in thê111& direction. The
dotted curve represents the magnetic entropy in zero magnetic fi
The open squares mark the crossing points of the magnetic entr
calculated both with applied fields and with zero magnetic field

FIG. 6. Theoretical temperature dependence of the isother
2DSmag in DyAl2 for a magnetic field change in thê111& direc-
tion, from 0 to 1 T~curve A!, 0 to 2 T~curve B!, and 0 to 5 T~curve
C!.
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450 PRB 61P. J. von RANKEet al.
tropy curve calculated atB50 T ~dotted curve! and the en-
tropy curve for a given nonzero magnetic field. As the fie
increases the temperature in which the crossing occurs
crease; forB51, 2, and 5 T wehave the following tempera
tures:T545.8, 40.7, and 32 K, respectively. These syste
atic theoretical results strongly suggest that, not only
magnetic field, but also the temperature plays a fundame
role in the change of the easy magnetic direction in DyA2.

The temperature dependence of the isothermal varia
of magnetic entropy is obtained by subtracting the entro
calculated under an applied magnetic field from the magn
entropy in zero magnetic field, i.e.,2DSmag(Ti)5S(Ti ,B
50)2S(Ti ,BÞ0). This physical quantity has practical im
portance since it gives the magnetocaloric potential13 of the
magnetic material~refrigerant!. The magnetic entropy of the
refrigerant is decreased to the extent ofDSmag(Ti) and,
therefore, the magnetic refrigerant losesDSmag(Ti) in the
form of heatQi[TiDSmag(Ti) to the heat reservoir at tem
peratureTi . As shown in Fig. 6, the maximum magnetoc
loric effect, for ferromagnetic systems is observed near o
the critical Curie temperatureTc , i.e., Qmax[TcDSmag(Tc).
As was well discussed by Dan’kovet al., 14 this occurs be-
cause the two opposite tendencies~the ordering tendency du
to exchange interaction of the magnetic moments, and
disordering tendency of the lattice thermal vibrations! are
approximately balanced nearTc . Hence, the isothermal ap
plication of a magnetic field produces a much larger incre
in the magnetization~i.e., an increase in the degree of ma
netic order and, consequently, a decrease in magnetic
tropy DSmag! near the Curie point, rather than far away fro
Tc . In a normal magnetic refrigerant,DSmag is significantly
reduced belowTc , because the spontaneous magnetizatio
already close to saturation and cannot be increased sub
tially with an external magnetic field. But in the case
DyAl2, investigated in this work, this argument cannot
applied any more, since, as shown in Fig. 6, below the squ
marks, the term2DSmag reaches negative values~increasing
in module! instead of the normal behavior.

It has recently been theoretically discovered7 ~and also
confirmed by experimentation! a similar anomaly in the
k

,

Jr

B

e-

-
e
tal

n
y
ic

at

e

e
-
n-

is
an-

re

paramagnetic PrNi5 compound, which has its magnetic e
tropy increased, at low temperature~below ; 15 K!, when
the magnetic field is increased. The crucial difference is t
in DyAl2 all magnetic entropy curves~see Fig. 5!, calculated
with nonzeroB, have a normal behavior, while the anoma
exists for the set of entropy curves in PrNi5, even for non-
zeroB.

In the intermetallic compounds DyAl2 and PrNi5, the na-
ture of the anomalous entropy is also different. For DyAl2 its
is associated with the first order transition discussed abo
while for PrNi5, the magnetic entropy anomaly comes fro
the crossing of the two lowest crystal electric field levelsG4
andG1 .

CONCLUSION

The anomaly in magnetic entropy changes~see Fig. 6! in
DyAl2 was theoretically investigated, using a Hamiltoni
which takes into account the crystalline electric field a
exchange interaction. An anomalous increase of magn
entropy was predicted to occur in applied magnetic fie
taken along thê111& direction, compared with the entropy a
zero magnetic field. This behavior is not usual in magne
systems, since normally the effect of a magnetic field
magnetic systems is to align the magnetic moments par
with the direction of field, and therefore, to reduce the ma
netic entropy. When the applied magnetic field reaches
value ofBc55.8 T it yields a first order directional magne
tization transition with a large discontinuity ofDQ(B5Bc)
'42°.

The investigations of the nature of the magnetic ph
transition in rare earth compounds have been the subjec
our interest,15–17 since it allows improvements in the ne
materials~refrigerant materials! used as active magnetic re
generators for magnetic refrigeration.5
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