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Anomalous behavior of the magnetic entropy in PrN
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By considering a Hamiltonian that includes the crystalline electric field and exchange interaction compo-
nents we showed theoretically that paramagnetic £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
(I'y andT';). Experimental verification of the anomalous behavior of the magnetic entropy in polycrystalline
PrNi; was obtained[S0163-18208)02045-1

INTRODUCTION critical value. These crossings are clearly observed as a jump
in the magnetization at low temperaturé~0.3 K), in the
The magnetic properties of paramagnetic RitNive been magnetization versus magnetic field curves. In this paper we
extensively studied because this material is used as a worlpresent an explanation of the origin of the theoretically pre-
ing medium to reach the ultralow temperature of about 1 mKdicted anomaly in the magnetic entropy of Pylihnd a com-
by the nuclear adiabatic demagnetization technfqddie  parison of the theory with experiment.
possibility of application of the reversible magnetization-
demagnetization for coolingand also heatingnear room THEORY
temperaturéhas recently received much attentibhand an o _ _ _
understanding of the magnetocaloric properties of lanthanide The magnetism in the intermetallic compound Rrié
intermetallics takes on a fundamental importance. due only to the P¥ ions since the Ni ions in this alloy are
The compound Priji crystallizes in the hexagonal honmagnetic. Thus, magnetic properties of Bréén be de-
CaCu-type structurg and its magnetism is due to the3pr scribed by.a Haml!toman_ that takes into account the CEF and
ions in PrNi. Therefore, the simplest theoretical approxima-€Xchange interactions given by
tion to model the magnetic properties of P¢h to consider ~ A -
a Hamiltonian which includes the crystalline electric field H=Hcert Hmag, @
(CEF) in hexagonal symmetry and the exchange interactionsyhere
The CEF can be treated by using the so-called point-charge )
r_nodef6 and _the _exchange interaction by using a molecular Heer= Bgog+ BSOS+ Bgog+ Bgog 2)
field approximation.
The theoretical magnetization and magnetic entropy oftnd
PrNis were investigated for single crystalline and polycrys- ~
talline specimens using the models mentioned in the previ- Hmag= —gueHmd* ©)
ous paragraph. Theoretical calculations of the thermal angere
magnetic properties of polycrystalline specimens were made
by taking the average values of the magnetization and mag- Ho=Ho+AM. 4
netic entropy, which were determined for a single crystal . . ) . o
along the three main crystallographic directions, i.e., alondRelation(2) is the single ion EEF Hamiltonian for the hex-
the a[1010], b[0110], andc[0001] axes of the hexagonal agonal symmetry, whereO,' are Stevens’' equivalent
unit cell. operators? and the four constant8 determine the CEF
The theoretical calculations were carried out using a valu@otential. For Pr\j these constants were determined most
of the molecular field exchange parameter estimated to beeliably from inelastic neutron scattering measurenestsi
equal tox=0.1 meV=29.841%/meV,’® and several differ- have the following values:B3=0.61, B{=0.00496, B
ent sets of CEF parameters reported for RN For all  =0.000101, andg=0.0027(in meV). Using these CEF pa-
sets of CEF parameters we observe a crossing of the twameters in relatio2), the ninefold degenerate ground mul-
lowest CEF energy levell’, andI';) when the external tiplet *H, of Pr3 is split into the following crystal-field
magnetic field applied along the easy axis reaches a certalavel scheme: singldf,(0), singletI’;(1.50 meV), doublet
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FIG. 1. (8) Magnetic energy levels in Prifor a magnetic field applied along tleaxis, calculated aT =0.3 K, using the exchange
parametei =29.84T?/meV and the CEF values from Ref. @) Magnetic energy levels in Prifor a magnetic field applied along the
axis, calculated af =0.3 K, using the exchange parameker 29.84T%/meV and the CEF values from Ref. 9. The arrow(@ indicates
the critical fieldH.=16 T for the crossing of the two lowest levels.

I'4(3.35 meV), doubletI's5(4.65 meV), singletI'5(13.6  (6) in the place_ of Eq(_5). The_ molar magr_1etic contribution
meV), and doublel 55(33.71 meV) see Figs.(d and 1b). to the entropy is obtained using the relation

In

; )

Relation(3) is the single ion magnetic Hamiltonian, taken
in the molecular field approximation, whegeis the Lande S =R 2 exd — i) ) + @
factor, ug is the Bohr magneton, and,, is the exchange mag KT KT
f!eld given by relatior(4) vyhere,HO is the extgrnal magnetic where (E) is the mean energy anR is the universal gas
field, \ is the molecular field constant, aidl is the magne- constant
tization. ' . .
. L . : In order to perform theoretical calculations of the tem-
The magnetic state equation is obtained taking the Boltz- " .
mann mea?l value of theqmagnetic dipole operatgr' perature and magnetic field dependence of the entropy in
' polycrystalline PrNj, we again considered an average of the

S(g;|d7|e;Yexp( —&; IKT) values with magnetic field applied parallel to the three crys-
M=gug(I")=gug S o IKT) . (5 tallographic directions, and this gives the following expres-
expl—e; sion:

In Eqg. (5) &; and|e;) are, respectively, the energy eigenval-
ues and eigenvectors of Hamiltoni&h andJ?” is the com- S (H)— 2S,4(H)+S.(H) ®
ponent of the total angular momentum in an arbitrary direc- ad 3 '
tion 5. For PrNi the easy magnetic direction is tag1010]
crystallographic direction; in this way=a=x since we
have adopted the crystallographic direction as the quanti-
zation direction(i.e., 7=z for c direction. The magnetiza-
tion is determined by self-consistently solving E¢4). and
(5).

In order to extend the above procedure for the calculation RESULTS FOR PrNis
of the magnetization of polycrystalline speciments, it is nec- Using the four CEF parameters cited above and the ex-
essary to take into account the magnetization along the th”?fhange parametex = 29.84T2/meV for PrNi and solving
main crystallographic direction§.e., along thea, b, andc
axes of the hexagonal unit cell which is equal to TABLE |I. Crystalline electric field parameters of PgNiin

meV) and the critical crossing field in T.

whereS,(H) andS.(H) are magnetic entropies as functions
of field applied alonga and c crystallographic directions. It
should be noted that relatiail8) must be applied under the
condition of a self-consistent solution of Eqd) and(6).

gug gus
M= "= ((I3)+(IP)+(I%)) = == (2(I) +(JI?)).
3 (I +ID) 3 )+ Reference B  Bjx1(® BIx10* BSX1(P  H,
(6)
9 0.61 0.496 1.01 0.27 16
In a hexagonal latticéJ®)=(J). Therefore, the theoret- 10 0.48 0.362 0.81 0.26 18
ical magnetization calculation for the PeNdingle crystal is 11 0.50 0.389 0.76 0.27 21.3
determined by self-consistently solving Eqgl) and (5) 12 0.50 0.448 0.69 0.267 34

(with »=x), and for polycrystalline PrNiwe must use Eq.
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35 PrNi. T=03K the magnetic moment reflects the derivative of the energy
Nl : Monocrystalline levels with respect to the exchange fiekk;|J7|e;)
30} ~deilH .
. Figures 3a) and 3b) show the theoretical results for the
251 __P_°.'¥.°.'¥,s.t?!'-"-“-’ ------- temperature dependence of the magnetic entropy of mono-
’ crystalline and polycrystalline Prii respectively, in mag-
20T netic fields of 0, 7, 16, and 20 T. In both FigaBand 3b),
§ we note that(1) for T=14 K, the entropy decreases with
15 increasing magnetic fiel¢the typical behavior for a para-
magnet and(2) for T<11 K the magnetic entropy below the
10 critical field (H,=16 T) shows the opposite behavior, i.e.,
the magnetic entropy increases with increasing magnetic
05| 1 field, which is anomalous. The inset to FigaBshows that
the crossing of the CEF levels &=16 T andT=0.3K
0.0 L
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gives rise to a peak in the magnetic entropy.
Figure 4 shows the theoretical curves for the temperature
dependence of the isothermal magnetic entropy change

FIG. 2. The magnetization vs magnetic field applied alongthe —ASmag @s the magnetic field changes from 0 to 7 T. As

axis for PrNj calculated al = 0.3 K, using the exchange parameter €xpected from Figs. (8 and 3b), below ~14 K, the

A =29.84T?/meV and the CEF values from Ref. 9. The solid and — A Syag IS Negative for both polycrystalline and monocrys-

dotted lines represent the theoretical results for monocrystalline antflline PrNi samples. It is worth noting that the anomalous

polycrystalline samples, respectively. negative — AS,,4 is more pronounced in monocrystalline
compound when magnetic field is applied along the easy

Eq. (1), we have plotted the energy eigenvalues versus magnagnetic axis. _
netic field atT=0.3 K for botha andc directions[Figs. 1a) Figure 5 shows the theoretical A Syqq versus tempera-
and 1b), respectively. We note that in Fig. @), the cross- ture in polycrystalline Prl\gl,lsamples c;alculated using differ-
ing of the two lowest levels occurs at a critical magnetic field€Nt Sets of CEF parameters given in Table |. These curves
H.=16 T. The effect of this crossing is of fundamental im- Were also calculated for a magnetic field chanzge fromOQto 7
portance for understanding the anomalous behavior of thé USing the same exchange parameier@9.841°/meV). It
magnetic entropy and will be discussed later in this paper'S €3Sy to see that regardless of the choice of_ QEF parameters
Table | shows other CEF parameters found in the literaturd® —ASnag features a low-temperature minimum and a
with the corresponding critical magnetic field,, deter- high-temperature maximum. However, the different sets of
mined using the same exchange parametex ( CEF parameters result in different temperatures and entropy
=29.8412/meV) andT=0.3 K. values at both the maximum and minimum.

The results of our theoretical calculationsTat 0.3 K for
the magnetization as a function of magnetic field are dis-
played in Fig. 2. The jump in the magnetizationtt=H, In order to verify the theoretical prediction of the anoma-
=16 T is expected to be observed at low temperature, sinckous behavior of the magnetic entropy in PsMie prepared

EXPERIMENT
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FIG. 3. (a) Theoretical magnetic entropy vs temperature in monocrystalline;PoNdifferent magnetic fields applied along theaxis.
The crossing of the CEF levels Ht,=16 T atT=0.3 K gives rise to a peak in entropy as shown in the indBtTheoretical magnetic
entropy vs temperature in polycrystalline PgNor different magnetic fields.
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FIG. 4. Theoretical temperature dependence of the isothermal FIG. 6. The heat capacity of polycrystalline Pghth O T (open
—ASy in PrNis, using the exchange parametei circles and 7 T(solid circle3 magnetic fields from 3.4 to 50 K. The
=29.84T%/meV and the CEF values from Ref. 9. Solid and dottedinset shows the total entropy in the same fields from 3.4 to 30 K.
lines represent the monocrystalline and polycrystalline samples, re-

spectively, for a magnetic field change from 0 to 7 T. The data forimpurity phasg the arc-melted alloy was single-phase mate-
single crystal are shown for magnetic field parallel to ghaxis.

rial and, therefore, no heat treatment was performed.

) i L The heat capacity was measured in an adiabatic heat-pulse
a polycrystalline sample and measured its heat capacity in 0y|rimetet* from 3.4 to 350 K in 0 ad 7 T magnetic fields.

and 7 T magnetic fields. The sample was arc melted fToM g (o] entropy was calculated from experimental heat ca-
pure constituents in an argon atmosphere on water-coolegh i ag

copper hearth. The Pr was prepared by the Materials Prepa-
ration Center, Ames Laboratory and was 99.89 at9%99

wt. %) pure with major impuritiegin ppm atomig as fol- S(H) = JT C(H) JT ©
lows: H-697, N-151, O-79, C-47, Ta-29, F-22, CI-10, Si-10, a4 T ’

and Fe-10. The Ni was purchased commercially and was

99.99 wt. % pure. The allogtotal weight approximately 18 \where the lower limit of integration was common lowest
g) was melted seven times with the button turned over aftefemperature for 0 ah7 T sets of experimental data. The
each melting to ensure the sample’s homogeneity. Thesothermal entropy chang®S,,, was then evaluated as the
We|ght losses after arc mel“ng were less than 0.25% anqsotherma| difference betweﬁ(o) andS(?) Theaccuracy
therefore, the sample’s composition was assumed to be ugyf experimental heat capacity and total entropy in the tem-
changed. The x-ray powder diffraction analysis revealed thaberature range between 3.4 and 50 K was between 0.3 and
within the limits of detection(usually less than 5% of an (g o,

The heat capacity of Prilfrom 3.4 to 50 K is shown in
05

PARRET < ' ' Fig. 6 and the inset shows the behavior of the total entropy
Prii; AH:from Oto 77 from 3.4 to 30 K, both in 0 ah 7 T magnetic field. A broad
. heat capacity maximum observed between 12 and 16 K in
[ the zero field data is a Schottky anomaly due to the low lying
< 00 f "'.°' CEF energy levels. As seen, this maximum is suppressed by
5 .7/ a 7 T magnetic field with the magnetic entropy shifted to-
§ \‘-_ s Ref 12 wards lower temperature. A direct comparison between the
S | -\ f'e ' data shown in Fig. ®) and the inset in Fig. 6 is impossible
25 % s :\Ex erimental data because the experimental entropy is a sum of electronic, lat-
R R X | P ] tice, and magnetic entropies. Nonetheless, both calculated
[\ S99y Ref.11 [Fig. 3(b)] and experimentalinset in Fig. 6 entropy in 7 T
e Ref.10 exceeds thani 0 T below~15 K (which is anomalous for a
Ref.9 normal paramagngtand above~15 K the O T entropy ex-
10 s s s . . ceeds that of the 7 T. When one calculates the isothermal
0 10 20 30 40 50 60 entropy change from these experimentally determined en-

Temperature (K) tropy functions, there is an excellent match with the behavior

FIG. 5. Theoretical temperature dependence of the isothermdtredicted theoretically; see Fig. 5. It is obvious that the best
— ASpagin polycrystalline PrNj for a magnetic field changes from agreement is observed between the experimental results and
0to 7 T. These curves were calculated using29.84T2/meV and  the theoretical values using the CEF parameters from Ref. 9,
four different sets of CEF parameters. The experimental data calcilthough theA S, values calculated using the CEF param-
lated from heat capacity measured in @ahT magnetic fields are eters given by Ref. 10 are also in fair agreement with experi-
also shown as solid circles. ment.
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DISCUSSION plained by the assumption that theS, ., in polycrystalline

The physical nature of the above described entropy Vénater@al i_s jusj an average along the three major crystallo-
temperature behavior in PriNcan be readily understood in graphic d|rect|_on$Eq. (8)]. 'Pdeed’ better agreement WOUI.d
terms of magnetic field dependence of the two lowest CEPE €xpected if the averaging was done along all possible
energy leveldsee Fig. 1a)]. When the magnetic field in- crystallographl_c directions. . .
creases from zero td .= 16 T the energy difference of these At T=50Kin azero magnetic f|eld_ the magnetlc entropy
two levels goes to zero, and there is an increase of the defi2" monocrystalline and polycr_ystallme PENis approxi-
sity of states. Therefore, the magnetic entropy in low tem Mately equal to 14.5 Jimol K which corresponds-80% of
perature region, where the Boltzmann population of thes&® maximum theoretical magnetic entroSS{ang.Sl In(2
two lowest levels are dominant, must increase. On the othet 1)=18.3 J/mol K. AtT=50 K in a magnetic field of 20 T
hand, when the magnetic field increases above the criticdl'® entropies are 13.2 and 13.6 J/mol K for the monocrystal-
field, H.= 16 T, the energy difference of the two lowest lev- lin€ and polycrystalline specimens, respectively.
els begin to increase, and accordingly, the density of states 1he theoretically calculated magnetic field dependence of
decreases, and therefore, the entropy at 20 T becomes low&agnetizatiorFig. 2) shows jumps in the magnetization at a
than that at 16 T in the entire temperature rafigee the critical magnetic fieldH.~16 T for the r_nonocrystalllne
curves forH=16 and 20 T in Figs. @ and 3b)]. _samplel andH .~ 1§.ST for the polycrystalline sample. The

The inset of Fig. &) shows a peak in magnetic entropy JUMPs in magneﬂza’uon vl curves smear out yvhen the'
vs temperature af ~0.3 K andH.~16 T. The appearance teémperature increases and this has been theoretically studied
of this peak directly reflects the crossing of the two lowestelsewheré.
levels. The thermodynamic coordinatéld.~16 T and T

~0.3K) are the same w.here the cro_ssing bet.ween thg two CONCLUSION
lowest levels occurs in Fig.(d) (the point of a high density . _ . .
of states or large entropyFixing H=H.~16 T, and in- The magnetic entropy changes in paramagnetic £rNi

creasing(or decreasingthe temperature from the value of were theoretically investigated using a Hamiltonian which
T=0.3 K, the magnetization will decreager increasg and takes into account the crystalline electric field and exchange
in both cases the density of states will decrease and so wilnteraction. An anomalous increase of magnetic entropy was
the magnetic entropy. predicted to occur in applied magnetic fields at low tempera-
Since the magnetic field dependence alongcthgis does ~ tures. This behavior is unusual in a paramagnetic system
not exhibit a crossing of the two lowest CEF levidse Fig.  since normally the effect of magnetic field on paramagnetic
1(b)] the entropy change- AS; 54 vs T is more pronounced System is to align the magnetic moments parallel with the
in the case of monocrystalline sample than in the case dield direction, and therefore, to reduce the magnetic entropy.
polycrystalline sample, as shown in Fig. 4. This anomaly is a direct consequence of the crossing of crys-
Using different sets of CEF parameters given in Table | intalline electric field leveldI'y andT';) in an applied mag-
our theoretical calculations for-AS;,, vs T (for both  netic field of~16 T. The experimental heat capacity of poly-
monocrystalline and polycrystalline materiglsie have ob- ~ crystalline PrN§ was measured in 0 dn/7 T magnetic fields
served that in all cases the crossing of the two lowest magand confirmed the presence of the anomalous behavior of the
netic energy levelsI', andT';) will always occur. Hence, Mmagnetic entropy, which was predicted theoretically.
the negative sign for- AS,,,4vs T is theoretically expected
for PrNis, at low temperature. Figure 5 shows the theoretical
values of —AS;,4 vs T in polycrystalline PrNj using the
different sets of CEF parameters. As tHe increases, the The authors thank to Dr. Alexandra Pecharsky for provid-
negative sign in the-AS;,4vs T curve becomes less pro- ing the polycrystalline sample of PriNiThe Ames Labora-
nounced. As already mentioned above, the results of expertory is operated by lowa State University for the U.S. De-
mental measurements AfS;,,4for the magnetic field change partment of Energy under Contract No. W-7405-ENG-82.
from 0 to 7 T agree well with theoretically predicted values This study was supported by the Office of Basic Energy Sci-
(Fig. 5. As expected, the CEF parameters determined fronences, Materials Sciences Division. One of(BsJ.v.R re-
inelastic neutron scatterin@Ref. 9 seems to be the most ceived financial support from the CNRGonselho Nacional
reliable because they show the best agreement between ttle Desenvolvimento Cientifico e Tecnologico, Brazil
theory and the experiment. Some differences could be exwhich is gratefully acknowledged.
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