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Anomaly in the magnetocaloric effect in the intermetallic compound DyA}
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It is well known that the intermetallic compound DyAk ferromagnetic and exhibits a change in the easy
direction of magnetization fron100) to (111), for a critical applied magnetic field in th@11) 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 t&11) direction. Comparisons between the theoretically predicted
anomaly in DyA} with the recent discovery of a magnetic anomaly in Rrte also presented.

INTRODUCTION creasesin a certain temperature regiowhen the compound
is placed in an external magnetic field. This anomalous be-
Magnetic refrigeration is based on the magnetocaloric efhavior is clearly observed in the negative part of the curve of
fect, the ability of some magnetic materials to heat up when—AS;,{T) vs temperature.
they are magnetized, and cool down when removed from the To carry out this investigation we have used a model
magnetic field in Ericsson thermodynamic cytlenprove-  Hamiltonian which takes into account the CEF in cubic sym-
ments in the energy efficiency of magnetic refrigerators remetry, and the exchange interaction. The CEF was treated by
quire working with substances having large magnetocalori¢he so-called point charge model, and the exchange interac-
effect. The two thermodynamic quantities that characterizdéion through the use of a molecular field approximation. In
the magnetic caloric potential ar&S;,,, (the isothermal order to obtain a full description of CEF anisotropy effects
magnetic entropy changendAT,q (the adiabatic tempera- on the dependence of the magnetization on magnetic field
ture changpwhich are observed upon changes in the exterand temperature, we have used a two-dimensional and three-
nal magnetic field. Therefore improving in magnetic refrig- dimensional mean field theory when the magnetic field is
eration, require investigations on the microscopicapplied along110 and(111) direction, respectively. It was
mechanisms that are responsible for increases in these twso possible to determine the critical magnetic field and the
thermodynamic quantities, so a detailed understanding of thefitical angle where the magnetization vector jumps from the
dependence of th&S,,, on the temperature and external (100 to the(111) direction. The results are in good agree-

magnetic field are useful. ment with the experimental data.
Since Browri described a practical near-room tempera-
ture magnetic refrigerator using magnetocaloric effects, and THEORY

more recently, the discovehyof the giant magnetocaloric
effect in Gd(Si,Ge,), the interest in this research area has
been considerably enhancediit was recently show that
PrNis presents an anomalous increase of magnetic entropy
applied magnetic fields at low temperatures. _Thls an.omaly H=Hcert Hmag 1)
was completely understood and was associated with the
crossing of the two lowest crystalline electrical figldEp) ~ where
levels.

In this paper, a similar anomalous behavior of the mag-
netic entropy in DyA} is theoretically predicted to exist gnd
when this intermetallic compouravhich crystallizes in the
Laves phase structurec(5) and order ferromagneticaly at H mag= —gMB(§+)\M).J_ 3
T.=62K] is submitted to an external magnetic field pointed
along the(111) direction. This yields an anomalous magne- Relation(2) is the single-ion CEF Hamiltonian where the
tocaloric effect in which the magnetic entropy of DyAh- O are the Stevens’ equivalent operatorEhe parameters

The magnetism of DyAlis described using a magnetic
Hamiltonian that includes the CEF in cubic symmetry, and
iWe Zeeman exchange interaction terms.

Hcer=B4(05+50%) + Bg(05—210%) )
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B, and Bg determine the splitting of the22+1 degenerate
Hund’'s ground statgDy has total angular momentud
=15/2. The CEF parameters used in this work @g 0 free—s—s
=-55%x10 °meV and Bg=—5.6Xx10 "meV obtained
from the work of Purwins and Lesoh.

Relation(3) is the single-ion Zeeman-exchange magnetic
interaction, whergj is the Landdactor, ug is the Bohr mag-
neton,B is an external magnetic field, is the total angular
vector operator, and7|=g,u5<3) is the magnetization. For
DyAl,, at low temperature and without external magnetic
field, the easy magnetic direction {400, which will be :
taken as the-quantization direction. Under an external mag- ) L ) .

netic field applied in thg111) direction, the spontaneous 0 5 B 10 15
magnetization will rotate from thé100) direction to the B (Testa)
(111 direction, therefore, as suggested by Bakye must FIG. 1. Magnetization vs magnetic field applied in 00,

consider a three-dimensional mean field theoretical model. Ip110), and(112) directions for DyA} calculated aff = 4.2 K, using

this model the Zeeman-exchange term includes the thre@e exchange parameter and the CEF values from Ref. 9. The solid
components of the magnetization vector and is written in thﬁnes and the symbol$(100 squares{110 triangles, and(111)

following way: circles represent, respectively, the theoretical and experimental re-
sults.
H mag— gus( B>r<n‘JX+ B?,n‘Jy_F Brzn‘]z)y (4)
where bols represent the theoretical and experimental reSuits,
spectively.
BX =B cog @)+ \M”, (5) The jump observed in Fig. 1 indicates the change in the

easy magnetic direction frodl00 to (111) that occurs, for
T=4.2K, at the critical field,=5.8T. In Fig. 2 the angle

y — y
By =B cog5) +AM?, 6) 0 (B), formed by the magnetization vector and the initial
, , (100 easy magnetization direction is display@eée the inset
Br,=Bcogy)+\M? () of Fig. 2); this theoretical result was also calculatedTat

o 11-1 . =4.2K. Here we note that at the critical field, the angle
_ _ & _ & where the jump of the magnetization vector occurs,
M n_[; ex kBT” ; (en|M”|en>ex;{ kBT)' [®(Bc)=12.6°, is predicted. There is a discontinuous be-
(8)  havior of the variation of the direction at the critical angle,
from the previous value t® =54.73°, which corresponds to
In Eq. (8), e, and|e,) are the eigenvalues and eigenvec-the (111) direction in which the external magnetic field is
tors of the total Hamiltonianl), cos(a), cos(B), and cosf) applied. The magnetic field dependence®(fB) was deter-
are the direction cosines, and the other symbols have theinined using the magnetic field dependence of the three com-
usual meaning. The component of the magnetization in thgonents of the total angular moment, i.e., @)(
direction of the applied magnetic fielt] 7 is obtained using = \/W/<Jx> (see the inset of Fig.)2
the three mean field equatio(®, (6), and(7), together with In order to study the influence of the jump in magnetiza-

relation (8); in other words, the Hamiltoniafl) was diago- tion on the magnetic entropy, we have used the rela@n
nalized numerically and Egs.(5—(7) solved self-

consistently, using an iteraction procedure for each given o
value of the magnetic field and temperature. The molar mag-

netic contribution to the entropy and heat capacity were ob- st
tained using the usual relations

| DyAl, T=42K

en (E)
B,T)=RIn exp{— ) +—, 9
Smag( ) ; kBT kBT ( ) @ 30
@
where (E) is the mean energy anR is the universal gas ol
constant.
10 F
RESULTS FOR DyAl, A <o
Using the two CEF parameters cited above and the ex- ‘o 5B 0 ' 15

B (Tesla)

change parametéi =41.6 /meV for DyAl, and carrying
out the procedure discussed above, we have obtained and FIG. 2. The average thermodynamic value of angle vs magnetic
plotted the magnetization vs magnetic field applied in thefsield applied in the(111) direction calculated af=4.2K. The
(100, (110, and(111) crystallographic main directiorigal-  angle gives the direction of the magnetization vector in(tt@g)-
culated afT=4.2 K), see Fig. 1. The solid line and the sym- (111 plane, as shown in the inset.
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FIG. 5. Theoretical magnetic entropy vs temperature in QyAl
for different magnetic fields applied in th@11) direction. The

dotted curve represents the magnetic entropy in zero magnetic fieldotted curve represents the magnetic entropy in zero magnetic field.
The open squares mark the crossing points of the magnetic entropy,
considering the external magnetic field applied in the threealculated both with applied fields and with zero magnetic field.

main directions. Figure 3 shows the magnetic entropies when

the magnetic field is applied in tH&00 direction(B=0, 1,

0-2, and 0-5 T. The negative region efAS;{T) evi-

2, and 5 7. We can note the normal and expected behaviordences the anomaly in magnetic entropy for applied fields in

i.e., the magnetic entropy decreas@s all temperature

range when the applied magnetic fields are increased. Figure
4 shows the magnetic entropies when the magnetic field is
applied in the(110 direction for the same changes in mag-

netic fields as in Fig. 3. Note that, as in Fig. 3, the normal

the (111 direction.

DISCUSSION

The DyAl, compound presents a jump in the magnetiza-

behavior in the entropy versus temperature and magnetigon versus magnetic fielthpplied in the(111) direction at
field is also observed. In contrast, for a magnetic field apB,=5.8 T. This jump reflects the discontinuity, theoretically
plied in the(111) direction (see Fig. 5 an anomalous and calculated, of the angle formed between tfé1) direction
unexpected dependence of the entropy on applied magnetithd the magnetization vector direction. Aoe 4.2 K we ob-
field is theoretically predicted in the low-temperature region tain a change in the angle af® (B=B_.)~42°. This discon-
This anomaly consists in the increase of the entropy, for ainuity is very large and can be described as a first order
given temperature, when the magnetic field is increasedshase transition in the easy magnetic direction. The nature of

Two points must be made in relation to Fig.(%) The tem-

the first order phase transition in systems of cubic symmetry

perature region where the anomaly appears becomes nags it is the case of DyA) has already been investigated

rower when the applied field is increased 42§ The set of
entropy curves foB#0 T (full lines) have a normal behav-

or.

25

within the framework of a three-state Potts motfel.
We can see in Fig. 5 that the applied magnetic field in the

. . . (111) crystallographic direction yields an anomaly in the
Figure 6 shows the change in magnetic entropytemperature region below the crossing point between the en-
—ASad T) for applied magnetic fields changing from 0-1,
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FIG. 6. Theoretical temperature dependence of the isothermal
FIG. 4. Theoretical magnetic entropy vs temperature in QyAl —ASy,,,in DyAl, for a magnetic field change in tHg11) direc-

dotted curve represents the magnetic entropy in zero magnetic fielc).

tion, from 0 to 1 T(curve A), 0 to 2 T(curve B, and 0 to 5 T(curve
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tropy curve calculated @=0 T (dotted curve and the en- paramagnetic Prljicompound, which has its magnetic en-

tropy curve for a given nonzero magnetic field. As the fieldtropy increased, at low temperatuffeelow ~ 15 K), when

increases the temperature in which the crossing occurs déhe magnetic field is increased. The crucial difference is that

crease; foB=1, 2, and 5 T wehave the following tempera- in DyAl, all magnetic entropy curvegsee Fig. 3, calculated

tures: T=45.8, 40.7, and 32 K, respectively. These systemwith nonzeroB, have a normal behavior, while the anomaly

atic theoretical results strongly suggest that, not only thexists for the set of entropy curves in P¢gNeven for non-

magnetic field, but also the temperature plays a fundamentalero B.

role in the change of the easy magnetic direction in DyAl In the intermetallic compounds DyAlnd PrNi, the na-
The temperature dependence of the isothermal variatioture of the anomalous entropy is also different. For Dyifd

of magnetic entropy is obtained by subtracting the entropys associated with the first order transition discussed above,

calculated under an applied magnetic field from the magnetiovhile for PrNi;, the magnetic entropy anomaly comes from

entropy in zero magnetic field, i.e5 ASyfTi)=S(T;,B the crossing of the two lowest crystal electric field leviels

=0)—S(T;,B#0). This physical quantity has practical im- andI';.

portance since it gives the magnetocaloric potetitial the

magnetic materiafrefrigerani. The magnetic entropy of the CONCLUSION

refrigerant is decreased to the extent &8,,4(T;) and,

therefore, the magnetic refrigerant 10s&S,,,{T;) in the . . . ) o
_ : DyAl, was theoretically investigated, using a Hamiltonian

f f heatQ,=T;A T;) to the heat t tem- 2 . " S

orm of heatQ;=TiASmad T;) t0 the heat reservoir at tem which takes into account the crystalline electric field and

peratureT; . As shown in Fig. 6, the maximum magnetoca- xchange interaction. An anomalous increase of magnetic
loric effect, for ferromagnetic systems is observed near or at 9 ' g

o . . _ entropy was predicted to occur in applied magnetic fields
the critical Curie temperatur&;, i.e., Quac=TcAShad Tc)- S .
As was well discussed by Dan’kaat al, 1* this occurs be- taken along th€111) direction, compared with the entropy at

cause the two opposite tendencitie ordering tendency due zero magnetic field. This behavior is not usual in magnetic

to exchange interaction of the magnetic moments, and thgjt?}rgﬁé zmsigmnﬂ;nﬂlﬁ”thﬁ tﬁgeﬁwtaoaea}[icmni?)rrf:r?tsﬂegraﬁlgl
disordering tendency of the lattice thermal vibratipmase 9 y 9 9 P

approximately balanced nedi;. Hence, the isothermal ap- with the direction of field, and therefore, to reduce the mag-

plication of a magnetic field produces a much larger increasgetIC entropy. Wh‘?” t_he apph_ed magnetic f'eld reaches the
in the magnetizatiotti.e., an increase in the degree of mag_\{alu_e OfBCZ?’:ST 't. yields a f|r§t ordgr d_lrectlonal magne-
netic order and, consequently, a decrease in magnetic eH_zatlon transition with a large discontinuity &© (B=B,)

X 4 ~42°.

tropy AS,,,0 near the Curie point, rather than far away from . N .
T.. Ina ng)rmal magnetic refrigeran S,y is significantly Th.e_ |n\(est|gat|onshof the natgrehof ths maghnetlc bphasef
reduced belowl ., because the spontaneous magnetization igrans_mon |r:15r§1r7e Qart compounds have been t e subject o
already close to saturation and cannot be increased substan Interest, since it allows improvements in the new
tially with an external magnetic field. But in the case of
DyAl,, investigated in this work, this argument cannot be
applied any more, since, as shown in Fig. 6, below the square
marks, the term- AS,,4reaches negative valuéscreasing
in module instead of the normal behavior. One of us(P.J.v.R) received financial support from the

It has recently been theoretically discoverddnd also  Universidade do Estado do Rio de Janeiro, which is grate-
confirmed by experimentationa similar anomaly in the fully acknowledged.

The anomaly in magnetic entropy changsse Fig. 6in

materials(refrigerant materiajsused as active magnetic re-
generators for magnetic refrigeration.
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