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Anomalous behavior of the magnetic entropy in PrNi5
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By considering a Hamiltonian that includes the crystalline electric field and exchange interaction compo-
nents we showed theoretically that paramagnetic PrNi5 exhibits an anomalous entropy behavior in which the
magnetic entropy increases with increasing magnetic field at low temperature. This anomaly in magnetic
entropy can be fully understood and is associated with the crossing of the two lowest magnetic energy levels
~G4 andG1!. Experimental verification of the anomalous behavior of the magnetic entropy in polycrystalline
PrNi5 was obtained.@S0163-1829~98!02045-1#
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INTRODUCTION

The magnetic properties of paramagnetic PrNi5 have been
extensively studied because this material is used as a w
ing medium to reach the ultralow temperature of about 1 m
by the nuclear adiabatic demagnetization technique.1 The
possibility of application of the reversible magnetizatio
demagnetization for cooling~and also heating! near room
temperature2 has recently received much attention,3,4 and an
understanding of the magnetocaloric properties of lanthan
intermetallics takes on a fundamental importance.

The compound PrNi5 crystallizes in the hexagona
CaCu5-type structure5 and its magnetism is due to the Pr31

ions in PrNi5. Therefore, the simplest theoretical approxim
tion to model the magnetic properties of PrNi5 is to consider
a Hamiltonian which includes the crystalline electric fie
~CEF! in hexagonal symmetry and the exchange interactio
The CEF can be treated by using the so-called point-cha
model6 and the exchange interaction by using a molecu
field approximation.

The theoretical magnetization and magnetic entropy
PrNi5 were investigated for single crystalline and polycry
talline specimens using the models mentioned in the pr
ous paragraph. Theoretical calculations of the thermal
magnetic properties of polycrystalline specimens were m
by taking the average values of the magnetization and m
netic entropy, which were determined for a single crys
along the three main crystallographic directions, i.e., alo
the a@101̄0#, b@011̄0#, andc@0001# axes of the hexagona
unit cell.

The theoretical calculations were carried out using a va
of the molecular field exchange parameter estimated to
equal tol50.1 meV529.84T2/meV,7,8 and several differ-
ent sets of CEF parameters reported for PrNi5.

9–12 For all
sets of CEF parameters we observe a crossing of the
lowest CEF energy levels~G4 and G1! when the externa
magnetic field applied along the easy axis reaches a ce
PRB 580163-1829/98/58~21!/14436~6!/$15.00
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critical value. These crossings are clearly observed as a j
in the magnetization at low temperature (T;0.3 K), in the
magnetization versus magnetic field curves. In this paper
present an explanation of the origin of the theoretically p
dicted anomaly in the magnetic entropy of PrNi5 and a com-
parison of the theory with experiment.

THEORY

The magnetism in the intermetallic compound PrNi5 is
due only to the Pr31 ions since the Ni ions in this alloy ar
nonmagnetic. Thus, magnetic properties of PrNi5 can be de-
scribed by a Hamiltonian that takes into account the CEF
exchange interactions given by

Ĥ5ĤCEF1Ĥmag, ~1!

where

ĤCEF5B2
0O2

01B4
0O4

01B6
0O6

01B6
6O6

6 ~2!

and

H& mag52gmBHmJz, ~3!

where

Hm5H01lM . ~4!

Relation~2! is the single ion CEF Hamiltonian for the hex
agonal symmetry, whereOn

m are Stevens’ equivalen
operators,13 and the four constantsBn

m determine the CEF
potential. For PrNi5 these constants were determined m
reliably from inelastic neutron scattering measurements9 and
have the following values:B2

050.61, B4
050.00496, B6

0

50.000101, andB6
650.0027~in meV!. Using these CEF pa

rameters in relation~2!, the ninefold degenerate ground mu
tiplet 3H4 of Pr13 is split into the following crystal-field
level scheme: singletG4(0), singletG1(1.50 meV), doublet
14 436 ©1998 The American Physical Society
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FIG. 1. ~a! Magnetic energy levels in PrNi5 for a magnetic field applied along thea axis, calculated atT50.3 K, using the exchange
parameterl529.84T2/meV and the CEF values from Ref. 9.~b! Magnetic energy levels in PrNi5 for a magnetic field applied along thec
axis, calculated atT50.3 K, using the exchange parameterl529.84T2/meV and the CEF values from Ref. 9. The arrow in~a! indicates
the critical fieldHc516 T for the crossing of the two lowest levels.
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G6(3.35 meV), doubletG5A(4.65 meV), singlet G3~13.6
meV!, and doubletG5B(33.71 meV) see Figs. 1~a! and 1~b!.

Relation~3! is the single ion magnetic Hamiltonian, take
in the molecular field approximation, whereg is the Lande
factor, mB is the Bohr magneton, andHm is the exchange
field given by relation~4! where,H0 is the external magnetic
field, l is the molecular field constant, andM is the magne-
tization.

The magnetic state equation is obtained taking the Bo
mann mean value of the magnetic dipole operator:

M5gmB^Jh&5gmB

(^« i uJhu« i&exp~2« i /KT!

( exp~2« i /KT!
. ~5!

In Eq. ~5! « i and u« i& are, respectively, the energy eigenva
ues and eigenvectors of Hamiltonian~1! andJh is the com-
ponent of the total angular momentum in an arbitrary dir
tion h. For PrNi5 the easy magnetic direction is thea@101̄0#
crystallographic direction; in this wayh5a5x since we
have adopted thec crystallographic direction as the quan
zation direction~i.e., h5z for c direction!. The magnetiza-
tion is determined by self-consistently solving Eqs.~4! and
~5!.

In order to extend the above procedure for the calcula
of the magnetization of polycrystalline speciments, it is n
essary to take into account the magnetization along the t
main crystallographic directions~i.e., along thea, b, and c
axes! of the hexagonal unit cell which is equal to

M5
gmB

3
~^Ja&1^Jb&1^Jc&!5

gmB

3
~2^Jx&1^Jz&!.

~6!

In a hexagonal latticêJa&5^Jb&. Therefore, the theoret
ical magnetization calculation for the PrNi5 single crystal is
determined by self-consistently solving Eqs.~4! and ~5!
~with h5x!, and for polycrystalline PrNi5 we must use Eq.
-

-

n
-
ee

~6! in the place of Eq.~5!. The molar magnetic contribution
to the entropy is obtained using the relation

Smag5RF lnS ( expS 2
« i

KTD D1
^E&
KT G , ~7!

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

In order to perform theoretical calculations of the tem
perature and magnetic field dependence of the entrop
polycrystalline PrNi5, we again considered an average of t
values with magnetic field applied parallel to the three cr
tallographic directions, and this gives the following expre
sion:

Smag~H !5
2Sa~H !1Sc~H !

3
, ~8!

whereSa(H) andSc(H) are magnetic entropies as function
of field applied alonga andc crystallographic directions. It
should be noted that relation~8! must be applied under th
condition of a self-consistent solution of Eqs.~4! and ~6!.

RESULTS FOR PrNi5

Using the four CEF parameters cited above and the
change parameterl529.84T2/meV for PrNi5 and solving

TABLE I. Crystalline electric field parameters of PrNi5 ~in
meV! and the critical crossing field in T.

Reference B2
0 B4

03102 B6
03104 B6

63102 Hc

9 0.61 0.496 1.01 0.27 16
10 0.48 0.362 0.81 0.26 18
11 0.50 0.389 0.76 0.27 21.3
12 0.50 0.448 0.69 0.267 34
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Eq. ~1!, we have plotted the energy eigenvalues versus m
netic field atT50.3 K for botha andc directions@Figs. 1~a!
and 1~b!, respectively#. We note that in Fig. 1~a!, the cross-
ing of the two lowest levels occurs at a critical magnetic fie
Hc>16 T. The effect of this crossing is of fundamental im
portance for understanding the anomalous behavior of
magnetic entropy and will be discussed later in this pap
Table I shows other CEF parameters found in the literat
with the corresponding critical magnetic fieldHc , deter-
mined using the same exchange parameterl
529.84T2/meV) andT50.3 K.

The results of our theoretical calculations atT50.3 K for
the magnetization as a function of magnetic field are d
played in Fig. 2. The jump in the magnetization atH5Hc
>16 T is expected to be observed at low temperature, s

FIG. 2. The magnetization vs magnetic field applied along tha
axis for PrNi5 calculated atT50.3 K, using the exchange paramet
l529.84T2/meV and the CEF values from Ref. 9. The solid a
dotted lines represent the theoretical results for monocrystalline
polycrystalline samples, respectively.
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the magnetic moment reflects the derivative of the ene
levels with respect to the exchange field̂« i uJhu« i&
;]« i /]Hm .

Figures 3~a! and 3~b! show the theoretical results for th
temperature dependence of the magnetic entropy of mo
crystalline and polycrystalline PrNi5, respectively, in mag-
netic fields of 0, 7, 16, and 20 T. In both Fig. 3~a! and 3~b!,
we note that~1! for T>14 K, the entropy decreases wit
increasing magnetic field~the typical behavior for a para
magnet! and~2! for T<11 K the magnetic entropy below th
critical field (Hc516 T) shows the opposite behavior, i.e
the magnetic entropy increases with increasing magn
field, which is anomalous. The inset to Fig. 3~a! shows that
the crossing of the CEF levels atH516 T and T50.3 K
gives rise to a peak in the magnetic entropy.

Figure 4 shows the theoretical curves for the tempera
dependence of the isothermal magnetic entropy cha
2DSmag as the magnetic field changes from 0 to 7 T. A
expected from Figs. 3~a! and 3~b!, below ;14 K, the
2DSmag is negative for both polycrystalline and monocry
talline PrNi5 samples. It is worth noting that the anomalo
negative2DSmag is more pronounced in monocrystallin
compound when magnetic field is applied along the e
magnetic axis.

Figure 5 shows the theoretical2DSmag versus tempera-
ture in polycrystalline PrNi5 samples calculated using differ
ent sets of CEF parameters given in Table I. These cur
were also calculated for a magnetic field change from 0 t
T using the same exchange parameter (l529.84T2/meV). It
is easy to see that regardless of the choice of CEF param
the 2DSmag features a low-temperature minimum and
high-temperature maximum. However, the different sets
CEF parameters result in different temperatures and entr
values at both the maximum and minimum.

EXPERIMENT

In order to verify the theoretical prediction of the anom
lous behavior of the magnetic entropy in PrNi5 we prepared

nd
FIG. 3. ~a! Theoretical magnetic entropy vs temperature in monocrystalline PrNi5 for different magnetic fields applied along thea axis.
The crossing of the CEF levels atHc516 T at T50.3 K gives rise to a peak in entropy as shown in the inset.~b! Theoretical magnetic
entropy vs temperature in polycrystalline PrNi5 for different magnetic fields.



in
o
ol
ep

0
a

fte
Th
n
u

th

te-

ulse

ca-

st
e
e

m-
and

py

in
ing
d by
to-
the
e
lat-

ated

mal
en-
ior
est
and

f. 9,
-

eri-

rm

ed
, r
fo

rm

lc

K.

PRB 58 14 439ANOMALOUS BEHAVIOR OF THE MAGNETIC ENTROPY . . .
a polycrystalline sample and measured its heat capacity
and 7 T magnetic fields. The sample was arc melted fr
pure constituents in an argon atmosphere on water-co
copper hearth. The Pr was prepared by the Materials Pr
ration Center, Ames Laboratory and was 99.89 at. %~99.99
wt. %! pure with major impurities~in ppm atomic! as fol-
lows: H-697, N-151, O-79, C-47, Ta-29, F-22, Cl-10, Si-1
and Fe-10. The Ni was purchased commercially and w
99.99 wt. % pure. The alloy~total weight approximately 18
g! was melted seven times with the button turned over a
each melting to ensure the sample’s homogeneity.
weight losses after arc melting were less than 0.25% a
therefore, the sample’s composition was assumed to be
changed. The x-ray powder diffraction analysis revealed
within the limits of detection~usually less than 5% of an

FIG. 4. Theoretical temperature dependence of the isothe
2DSmag in PrNi5, using the exchange parameterl
529.84T2/meV and the CEF values from Ref. 9. Solid and dott
lines represent the monocrystalline and polycrystalline samples
spectively, for a magnetic field change from 0 to 7 T. The data
single crystal are shown for magnetic field parallel to thea axis.

FIG. 5. Theoretical temperature dependence of the isothe
2DSmag in polycrystalline PrNi5 for a magnetic field changes from
0 to 7 T. These curves were calculated usingl529.84T2/meV and
four different sets of CEF parameters. The experimental data ca
lated from heat capacity measured in 0 and 7 T magnetic fields are
also shown as solid circles.
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impurity phase! the arc-melted alloy was single-phase ma
rial and, therefore, no heat treatment was performed.

The heat capacity was measured in an adiabatic heat-p
calorimeter14 from 3.4 to 350 K in 0 and 7 T magnetic fields.
The total entropy was calculated from experimental heat
pacity as

S~H !5E
3.4

T C~H !

T
dT, ~9!

where the lower limit of integration was common lowe
temperature for 0 and 7 T sets of experimental data. Th
isothermal entropy changeDSmag was then evaluated as th
isothermal difference betweenS(0) andS(7). Theaccuracy
of experimental heat capacity and total entropy in the te
perature range between 3.4 and 50 K was between 0.3
0.8 %.

The heat capacity of PrNi5 from 3.4 to 50 K is shown in
Fig. 6 and the inset shows the behavior of the total entro
from 3.4 to 30 K, both in 0 and 7 T magnetic field. A broad
heat capacity maximum observed between 12 and 16 K
the zero field data is a Schottky anomaly due to the low ly
CEF energy levels. As seen, this maximum is suppresse
a 7 T magnetic field with the magnetic entropy shifted
wards lower temperature. A direct comparison between
data shown in Fig. 3~b! and the inset in Fig. 6 is impossibl
because the experimental entropy is a sum of electronic,
tice, and magnetic entropies. Nonetheless, both calcul
@Fig. 3~b!# and experimental~inset in Fig. 6! entropy in 7 T
exceeds that in 0 T below;15 K ~which is anomalous for a
normal paramagnet!, and above;15 K the 0 T entropy ex-
ceeds that of the 7 T. When one calculates the isother
entropy change from these experimentally determined
tropy functions, there is an excellent match with the behav
predicted theoretically; see Fig. 5. It is obvious that the b
agreement is observed between the experimental results
the theoretical values using the CEF parameters from Re
although theDSmag values calculated using the CEF param
eters given by Ref. 10 are also in fair agreement with exp
ment.
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FIG. 6. The heat capacity of polycrystalline PrNi5 in 0 T ~open
circles! and 7 T~solid circles! magnetic fields from 3.4 to 50 K. The
inset shows the total entropy in the same fields from 3.4 to 30
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DISCUSSION

The physical nature of the above described entropy
temperature behavior in PrNi5 can be readily understood i
terms of magnetic field dependence of the two lowest C
energy levels@see Fig. 1~a!#. When the magnetic field in
creases from zero toHc516 T the energy difference of thes
two levels goes to zero, and there is an increase of the
sity of states. Therefore, the magnetic entropy in low te
perature region, where the Boltzmann population of th
two lowest levels are dominant, must increase. On the o
hand, when the magnetic field increases above the cri
field, Hc516 T, the energy difference of the two lowest le
els begin to increase, and accordingly, the density of st
decreases, and therefore, the entropy at 20 T becomes
than that at 16 T in the entire temperature range@see the
curves forH516 and 20 T in Figs. 3~a! and 3~b!#.

The inset of Fig. 3~a! shows a peak in magnetic entrop
vs temperature atT;0.3 K andHc;16 T. The appearanc
of this peak directly reflects the crossing of the two low
levels. The thermodynamic coordinates~Hc;16 T and T
;0.3 K! are the same where the crossing between the
lowest levels occurs in Fig. 1~a! ~the point of a high density
of states or large entropy!. Fixing H5Hc;16 T, and in-
creasing~or decreasing! the temperature from the value o
T50.3 K, the magnetization will decrease~or increase!, and
in both cases the density of states will decrease and so
the magnetic entropy.

Since the magnetic field dependence along thec axis does
not exhibit a crossing of the two lowest CEF levels@see Fig.
1~b!# the entropy change2DSmag vs T is more pronounced
in the case of monocrystalline sample than in the case
polycrystalline sample, as shown in Fig. 4.

Using different sets of CEF parameters given in Table
our theoretical calculations for2DSmag vs T ~for both
monocrystalline and polycrystalline materials!, we have ob-
served that in all cases the crossing of the two lowest m
netic energy levels~G4 and G1! will always occur. Hence
the negative sign for2DSmag vs T is theoretically expected
for PrNi5, at low temperature. Figure 5 shows the theoret
values of2DSmag vs T in polycrystalline PrNi5 using the
different sets of CEF parameters. As theHc increases, the
negative sign in the2DSmag vs T curve becomes less pro
nounced. As already mentioned above, the results of ex
mental measurements ofDSmag for the magnetic field chang
from 0 to 7 T agree well with theoretically predicted valu
~Fig. 5!. As expected, the CEF parameters determined f
inelastic neutron scattering~Ref. 9! seems to be the mos
reliable because they show the best agreement betwee
theory and the experiment. Some differences could be
.
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plained by the assumption that theDSmag in polycrystalline
material is just an average along the three major crysta
graphic directions@Eq. ~8!#. Indeed, better agreement woul
be expected if the averaging was done along all possi
crystallographic directions.

At T550 K in a zero magnetic field the magnetic entrop
for monocrystalline and polycrystalline PrNi5 is approxi-
mately equal to 14.5 J/mol K which corresponds to;80% of
the maximum theoretical magnetic entropySmag

max;8.31 ln(2J
11)518.3 J/mol K. AtT550 K in a magnetic field of 20 T
the entropies are 13.2 and 13.6 J/mol K for the monocrys
line and polycrystalline specimens, respectively.

The theoretically calculated magnetic field dependence
magnetization~Fig. 2! shows jumps in the magnetization at
critical magnetic fieldHc;16 T for the monocrystalline
sample andHc;16.5 T for the polycrystalline sample. The
jumps in magnetization vsH curves smear out when the
temperature increases and this has been theoretically stu
elsewhere.8

CONCLUSION

The magnetic entropy changes in paramagnetic Pr5
were theoretically investigated using a Hamiltonian whic
takes into account the crystalline electric field and exchan
interaction. An anomalous increase of magnetic entropy w
predicted to occur in applied magnetic fields at low tempe
tures. This behavior is unusual in a paramagnetic syst
since normally the effect of magnetic field on paramagne
system is to align the magnetic moments parallel with t
field direction, and therefore, to reduce the magnetic entro
This anomaly is a direct consequence of the crossing of cr
talline electric field levels~G4 and G1! in an applied mag-
netic field of;16 T. The experimental heat capacity of poly
crystalline PrNi5 was measured in 0 and 7 T magnetic fields
and confirmed the presence of the anomalous behavior of
magnetic entropy, which was predicted theoretically.
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