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Calculations of the magnetic entropy chaniy8,,,g and the magnetocaloric effete., the adiabatic tem-
perature changeAT,qin DyAl,, ErAl,, and DyNjp using a Hamiltonian that takes into account the effects of
crystalline electrical field and exchange interaction have been carried out. Good agreement between the theory
and the experiment was obtained using the crystal-field parameters from inelastic neutron scatteringfor DyAl
and ErAb. The crystal-field parameters for DyjNiwhich were reported from magnetization measurements, did
not give good agreement between the theory and the experiment. Using the experi@ntalersusT, and
Cmag versusT (whereC,,4is the magnetic heat capaditwe made an estimate of the crystal-field parameters
for DyNi,, which yield a satisfactory agreement between the theory and the experiment with reds8g,to
andAT,y. The appearance of a hump in the theoretik8|,.{T) below the Curie temperature is discussed.
[S0163-18298)05642-2

[. INTRODUCTION fect the better. A general analysis of magnetic refrigeration
and its optimization using thAS;,,qand AT 4 together was
From a practical view point, the search for effective work-combined in the concept of the refrigerant capacity by Wood
ing substances for magnetic refrigeration remains importarand Pottef.
since further improvements in the overall magnetic refrigera- When the CEF interaction can be neglected, the quantita-
tor performance are critically dependent on the magnetocdive theoretical analysis of the magnetocaloric effect in lan-
loric properties of magnetic refrigerant materials. The interthanide materials is usually done by taking into accddnt
est in this research area was considerably increased sintige magnetic exchange interaction between magnetic ions in
Brown' described a near-room-temperature magnetic refrigthe molecular field approximatios2) the lattice heat capac-
erator, which when compared with conventional gasity in the Debye lattice approximation, ait@) the electronic
compression/expansion engines has potential advantages hirat capacity in the free-electron approximafiddowever,
energy savings and elimination of harmful CFC's andin addition to the exchange interaction, CEF effects have a
HCFC's. Further improvements in energy efficiency requirefundamental importance on the magnetic properties of the
working substances with a large magnetocaloric effect, antanthanide ions in many of the intermetallic compounds. The
the recent discovefyof the giant magnetocaloric effect in CEF is created by the neighbors’ charges surrounding the
Gd;(Si,Ge,), give other impulses towards the developmentmagnetic ion, and the simplest approach for accounting of
of magnetic coolingand also heatingtechnology’® the CEF is that of the so-called point-charge mddélhen
From the theoretical viewpoint, the study of effective the lanthanide ion is introduced in a crystal lattice, the de-
magnetic refrigerant materials is a fertile field, since it per-generacy of its total angular momentum is completely or
mits the application of a wide variety of physical models, partially removed due to CEF, yielding a set of magnetic
which includes crystal lattice dynamics, band theory, ancenergy levels, which in general depend on the direction of
theory of magnetism, among others. The full understandinghe exchange field.
of the microscopic interactions, as well as the role of model In this paper we present the results of calculating the mag-
parameters, is necessary for continued success in experimemetocaloric effec{MCE) in three intermetallic compounds,
tal investigations. DyAl,, ErAl,, and DyNj, and comparing it with the experi-
Our main goal in this work is to investigate the effect of mentally determined MCE. The MCE was theoretically cal-
crystalline electric field§CEF’s) on magnetocaloric proper- culated taking into account the exchange interaction in the
ties of several well-known magnetic refrigerant materials.molecular field approximation, the lattice and electronic en-
The two thermodynamic characteristics of the magnetocatropies, and crystalline electric-field effects.
loric effect are AS;,,4 (the isothermal magnetic entropy
change andAT 4 (the adiabatic temperature chapgehich Il. THEORY
are observed upon changes in the external magnetic field.
These two quantities have fundamental importance for char- All three compounds DyAl ErAl,, and DyNj studied in
acterizing the potential of different materials for use in mag-this paper have cubic symmetry, and therefore CEF interac-
netic refrigerators; usually the larger the magnetocaloric eftions can be described using two CEF parameters. Hence, in
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10 be treated in the Debye approximation; dB8gthe electronic
[ part S;, which will be treated in the free-electron gas ap-
proximation. Hence,

Sr(H, T)=Su(H,T) + S T) + Se(T). 4

Since the lattice and electronic parts of total entropy do
not depend on the magnetic field, the change of the total
entropyA Sy with the magnetic field changing froki, toH,
is ASy=ASn,4 and can be calculated from the Maxwell
relation:

CEF energy leves { meV )

Ha [ oM
. . . . ASM(AH,T)=S(H2,T)—S(H1,T)=f (—T) dH. (5
-1.0 05 0.0 0.5 10 Hy \ 0 H

X The magnetizationM can be obtained from the self-

FIG. 1. The CEF energy levels vs teCEF parameter for Dy ~consistent solution of the magnetic state equation,
and Er in cubic symmetrysolid lineg. The dotted lines show the
splitting of the rg ground state in the presence of the exchange M = 2<8i|JZ|8i>eXF[_(8i/KT)] ©6)
interaction. ~9us > exd —(&;/KT)] '

these lanthanide magnetic systems the two terms in thWheres; and|e;) are, respectively, the energy eigenvalues

Hamiltonian, which describe their magnetic behavior in a@"d €igenvectors of Hamiltonigd). o
crystal, are given by The lattice entropy in the Debye approximation and the

electronic entropy in the free-electron approximation are

H=Hcer+ Huac (r 9ven by
where Sa=—3RIN[1—exp®y/T)]
X ( T )3 op/T  x3dx
~ X 1-|X +12R| — J —_— 7
Heer=W = (02+503)+% (02-2109)| (2) Op/ Jo  expx)—1 @
and
and
. Ser= 7T, ®
Huac=—gusHJ% €

whereR is the universal gas constafd is the Debye tem-
Relation(2) is the single-ion CEF Hamiltonian written in the Perature, andy is the electronic heat capacity coefficient.
Lea, Leask, and WolfLLW) notation’ whereW gives the ~ The adiabatic temperature changd,,q, for a magnetic field
CEF energy scale ankl(—1<X<1) gives the relative con- change fromH; to H, can be calculated as the isentropic
tributions of the fourth and sixth degree @™ Stevens' difference between the total entropy functidhgH,,T) and
equivalent operatoThe constant§ , andF ¢ have the val- St(H4,T), which include all three contributions to the total
uesF,=60 andF4=13862. In presence of a cubic CEF €ntropy[Eq. (4)].

both Dy and Er have the following set of CEF Ieverﬁ

(quadruplex, T'3 (quadruplex, T's (quadrupley, T'; (doubley, IIl. EXPERIMENT

andT's (doubley. The solid lines in Fig. 1 represent the en-  The theoretically predicted magnetocaloric effect was

ergy position of these levels as functions of (e&EF pa-  ompared with that obtained from experimental data. Both

rameter corresponding &= —0.019 meV. Itis mterestlng ASyag @nd AT, were calculated from the experimentally

to note that foW<0 and—1<X=<0.84, the ground state is easured heat capacity as a function of temperature in mag-

Is. . _ _ . _ o netic fields 0, 2, and 5 T. The details concerning the calo-
Relation(3) is the single-ion magnetic Hamiltonian, taken rimeter and the heat capacity measurement procedures can be

in the molecular field approximation, whegeis the Lande  found in Ref. 12, and the details of processing the heat ca-

factor, ug is the Bohr magneton, and=Ho+\gug(J) IS pacity data to yieldAS;,, and AT, are given in Ref. 13.

the external magnetic field plus the effective molecular fieldThe detailed results concerning the magnetic heat capacity of

with the molecular-field constant, and(J?) being the aver-  pyal,, ErAl,, and DyNj, will be published elsewhere.
age value of the total angular momentum in the easy mag-

netic direction. For DyA{, ErAl,, and DyNj the easy mag-
netic directions are the(100,° (112),}° and (100,
respectively. In order to theoretically calculate the temperature depen-
The total entropyS; of all three magnetic systems has dence of magnetic entropy changé&;,,q and the adiabatic
three parts(1) the magnetic entrop$,,, which includes the temperature changAT,.q in DyAl,, ErAl,, and DyNp for
combined CEF and magnetic Hamiltoniar{g) the lattice two magnetic field changes {82 T) and (0-5T), we
entropy, S, Which accounts for lattice vibrations that will have carried out the following numerical calculations. Since

IV. RESULTS FOR DyAl ,, ErAl,, AND DyNi,
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FIG. 2. (a) Temperature dependence &8, in ErAl, for a FIG. 3. (a) Temperature dependence &8,,4in DyAl, for a

magnetic-field change from @2 T and 0 to 5 T. The solid lines magnetic-field change from @2 T and 0 to 5 T. The solid lines
represent the theoretical results obtained usiXg —0.262, represent the theoretical results obtained usiXg=0.3,W
W= —0.0252 meV from Ref. 15 anii=13.5(T%/meV). The open  =0.011 meV from Ref. 15 anki=44.0(T?/meV). The open circles
circles and squares show the experimental d&ef. 14. (b) and squares show the experimental dd&af. 14. (b) Magnetic
Magnetic heat capacity in zero magnetic field vs temperature ifeat capacity in zero magnetic field vs temperature in RyBpen
ErAl,. Open circles show the experimental déRef. 14 and the  circles show the experimental datRef. 14 and the dotted line
solid line represents the theoretical results obtained u3rg  represents the theoretical results usig 0.3, W=0.011 meV from
—0.262,W=—0.0252 meV from Ref. 15 and=13.5(T%/meV). Ref. 15 and\ =44.0(T?>/meV). The solid line represents the theo-
The dotted theoretical line was obtained usin@V,X,\)= retical results usingW/,X,\)=(0.0184 meV, 0.21, 44T/ meV).
(—0.03meV,—0.3, 13.5%/meV).

rameter was adjusted from our theoretical calculation to

yield the Curie temperature equal to the temperature of the
both Er and Dy elements have the same total angular maexperimental peak il S;,,, which is associated with the
mentumJ=2% we built a 16<16 square matrix using the ferromagnetic to paramagnetic phase transition. The
CEF and magnetic Hamiltonian. Updating this matrix with experimentdf* and theoretical curves for zero-field magnetic
the two CEF parameteds,W and the exchange parameter heat capacity versus temperature in Brate show in Fig.
we obtain a set of energy eigenvalues and eigenvectors &(b). The solid line represents the theoretical results obtained
self-consistent condition solving Eq6) simultaneously. using the CEF parameters cited above. The dotted theoretical
This allows one to determine the temperature and magnetidine was obtained using CEF parameteXs= —0.3 and
field dependence of the magnetizat|@&g. (6)] and the mag- W= —0.03 meV, which were determined from a local mini-
netic entropy changgeq. (5)]. mum in parameter space using a least-squares-fit procedure

Figure 2a) shows the temperature dependence of theof the theoretical magnetic heat capacity relative to the ex-

magnetic entropy change in ErAlfor a magnetic-field perimental magnetic heat capacity in zero field.
change from 0 to 2 and from 0 to 5 T. The open squares and Figure 3a) shows the temperature dependence of mag-
circles represent experimental datarhe solid lines repre- netic entropy change in DyAin the same magnetic fields as
sent theoretical results obtained from our calculations usingn Fig. 2. The solid line is calculated theoretically using the
the CEF parameters determined from neutron scatterinGEF parameters determined from neutron scattering
measurementd X=—0.262 andW= —0.0252 meV and the measurements X=0.3 and W=0.011 meV and the ex-
exchange parametev=13.3(T?/meV). The exchange pa- change parameter=44.0(T?/meV). Figure 8b) shows the
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experimentd* and theoretical curves for magnetic heat ca- 10
pacity versus temperature in DyAlHere the dotted line
represents theoretical results obtained using the CEF param-
etersX=0.3 andW=0.011 meV, while the solid line repre-
sents the theoretical results usin=0.21 and W <
=0.0184 meV determined from the least-squares fit compar- 3§
ing the theoretical and experimental magnetic heat capacities £
in zero field. The relatively poor fit of the heat capacity data ~~
for DyAl, between~20 and 50 K may be due to the spin
reorientation transition from thél00 to the (111) (upon
heating at 40 K in DyAl,.'® No attempt was made to ac-
count for this transition in the theoretical calculations. 1

The results described above and depicted in Figs.ahd ol
3(b) show that one can obtain reliable crystal-field param-
eters from the experimentally determined heat capacity after @
the electronic and lattice heat capacities have been subtractec
off to give the magnetic heat capacitgiso see beloyv Al- 40r ) DyNi,
though this procedure does not give as precise values for ~ g5 :
CEF parameters as those obtained from neutron scattering o
measurements, in the absence of such measurements, a car
ful analysis of the heat capacity can lead to reliable CEF and
exchange parameters; and, as will be shown below, they are
probably more accurate than those obtained from magnetiza-
tion measurements.

Figure 4a) shows the experimental dafaand theoretical
results for the DyNi magnetic entropy change and Figb
for the magnetic heat capacity. The dotted lines were ob-
tained usingX=0.49 andW= —0.0688 meV(Ref. 11 from
the magnetization measurements and17.5(T%/meV) de-
termined from the procedure mentioned above. The agree- (b) Temperature (K )
ment is poor, indicating that both CEF and exchange param-
eters used in the calculations were unrealistic. Because of FIG. 4. (a) Temperature dependence &f;,,4 in DyNi, for a
this we used the procedure outlined above for Ertalfind magnetic-field change from @2 T and 0 to 5 T. The dotted lines
the best fit between experiment and theory for the zero-fieldepresent the theoretical results usiXg0.49,W= —0.069 meV,
magnetic heat capacity, and we found that the parametefghich were obtained from magnetization ddRef. 11, and \
X=—0.1,W=—0.019 meV, anch=15.5(T¥meV) vield a =_17.5(I'2/meV). The solid lines represent the theoretical _results
much better agreement, which is shown in Fig&)4nd  Using X=—0.1,W=—0.019 meV, anch =15.5(T?/meV), which
4(b) as solid lines. Note that the latter set of CEF and exvere obtained from zero-ﬂeld_ heat capacity data. The open _C|rcles
change parameters, leads to a hump below Curie temperﬁpOI squares show the experimental d&ef. 19. (b) Magnetic
ture, which will be discussed below. eat capacity in zero magnetic field vs temperature in Dy®pen

. . ircles show the experimental datRef. 17 and the dotted line
In order to calculate the adiabatic temperature change af presents the theoretical results uskig 0.49.W= — 0.069 meV

ter ha"".‘g c!etermined the mggnetic entropy change produc% om magnetization datdRef. 11 and A=17.5(T?/meV). The
by application of a magnetic field we need to include thesoIiOI line represents the theoretical results using/,X,\)

lattice and electronic entropies given by E¢®.and(8) and = (—0.019 meV,—0.1, 15.52/meV), which were obtained from
introduce two new parameters, namely, the Debye tempergq,q_field heat capacity dat®ef. 17.

ture ® and the electronic heat capacity coefficient
The lattice and electronic entropies of DyAErAl,, and
DyNi, were determined assuming that both the Debye tem-
perature and electronic heat capacity vary linearly in theRef. 20 and LuNb], we find that the electronic heat capac-
RAI, and RN}, series of intermetallic compounds when e ity coefficients are as follows: LaA(y=10.6 mJ/mol K),
component changes across the series from nonmagnetic L&lAl, (y=5.5 mJ/mol K), “LaNi,” ( y=4.8 mJ/mol K),
to nonmagnetic Lu. Therefore, for example in the case ofind LuNi(y=4.6 mJ/mol K¥). The estimated electronic
DyAl,, the total of lattice and electronic entropy would be acontribution to the total entropy was calculated assuming
prorated sum of 35.7%.e., ) of the lattice and electronic that the electronic heat capacity coefficients are independent
entropy of LaA} and 64.3%3) of the lattice and electronic of temperature. The Debye temperature for the four nonmag-
entropy of LUAlb. netic compounds were also determined from experimental
Using the experimental heat capacity data of La&l heat capacities as functions of temperature, and these are
LuAl,,* LaNi, , (Ref. 17 and LuNj, (Ref. 17 [note, that the  shown in Fig. 5 with the close circles representing the cal-
compound LaNi does not exist and, therefore, LgMimay  culated® and the solid lines representing the polynomial
be considered as a good approximation of the former becaudis. The lattice entropies of DyAlErAl,, and DyNj were
of close relationship between the crystal structure of LaNi calculated using Eq(7) and the proratedas described

—
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FIG. 5. The temperature dependencies of the Debye tempera- FIG. 7. The temperature dependenceldf,q for DyAl, for a
tures of LaAb, LUAl,, LaNi,, and LuNj. The solid circles show magnetic-field change from @2 T and 0 to 5 T. The solid lines
the effective Debye temperature and the solid lines are constructdgpresent the theoretical results and the open circles and squares
using a ninth-degree polynomial regression fit. show experimental datéref. 14.

above Debye temperature of corresponding nonmagnetic For both ErA}l and DyAl, satisfactory agreement was ob-

counterparts. tained when CEF parameters determined from inelastic neu-
Figures 6, 7, and 8 show the comparison of the experitron scattering experiments by Purwings and Lé3avere

mentally determined and theoretically calculatel, versus used. In the case of DyNi however, the CEF parameters

T for ErAl,, DyAl,, and DyNb, respectively. The crystal- were calculated by Gignoux and Givdtdrom magnetiza-

field and exchange parameters considered here are the satin measurements, and these yield a large discrepancy be-

as used in calculating Sy,,q versusT. tween the theory and the experim¢aee Fig. 4a) and Fig.
4(b), symbols and dotted lingsBased om\ S, AH,T) and
V. DISCUSSION Cwm(0,T) determined experimentally from our magnetization

and heat capacity measurements, we were able to adjust the

As one can see from Figs. 2—4, and 6-8, using a HamilCEF and exchange parameters for Dyl yield a much
tonian that combines the crystalline electrical-field effectsbetter agreement of theory and experimeaete Fig. 4a) and
and the magnetic exchange interactions, we were able to olfFig. 4(b), symbols and solid linds The adjustment of the
tain good agreement between the experimental and theoreGEF and exchange parameters is a valid approach, because
cally calculated magnetocaloric effect in ESADYAl,, and  the experimentah S, {AH,T) andCy(0,T) data reflect the
DyNi,. These results indicate that the simple molecular-fieldchanges only in the magnetic entropy since the lattice and
approximation permits a fairly accurate theoretical predictiorelectronic entropies are magnetic-field-independent thermo-
of the magnetocaloric effect, at least in the case of cubic
intermetallic compounds.

"I DyNi, . O H:0->2T
b 12-. O H:0->5T
ErAl, O H0-—>2T _
121
10 |
10 |- < st
ot
g °r —oef
< < I
|_8 6l 4r
< I I
4| 2|
2} 00
ol Temperature (K)
0
Temperature (K) FIG. 8. The temperature dependence of .4 for DyNi, for

magnetic-field change from @22 T and 0 to 5 T. The dotted and
FIG. 6. The temperature dependenceAdr,, for ErAl, for a solid lines represent the theoretical results using
magnetic-field change from @2 T and 0 to 5 T. The solid lines (W,X,\)=(—0.069 meV, 0.49, 17F/meV) and  W,X,\)
represent the theoretical results and the open circles and squareg —0.019 meV,—0.1, 15.9%/meV), respectively. The open
show experimental data. circles and squares show experimental d&ef. 17).
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dynamic functions. The adjusted CEF parameters for ByNiperiments, such as inelastic neutron scattering, are needed to
are X=—-0.1 and W=-0.019meV, and they differ determine reliable values.

significantly from those reported earlierX€0.49 and A full understanding of the origin of the hunjappearing
W= —0.0688 meV) below the Curie temperature on theoretiadh;,.{AH,T)]

associated with the density of CEF ground states in the pres-

It is worth noting, that in all cases (ErfIDyAl,, and t th h fiold h ; X
DyNi,) much better agreement between the magnetocalori‘énce of the exchange field, may have an impact on experi-
mental investigations in order to design new materials with

effect measured experimentally and that calculated from mo- : : X
i T large magnetocaloric effects. When we theoretically consider
lecular field approximation is observed at temperatures e

. . *he X CEF parameters near andXat —0.48(i.e., high den-
ceeding the Curie temperature. sity of I'S states regionthe hump transforms to a small peak
Figures 4a) and 4b) (solid lineg show that the theoreti- y 8 g P b

cally predictedASyafAH,T) develops a hump below the at low temperature. Indeed such a peak has been observed

, < experimentally in (Dy_,Er)Al, alloys with x=0.5%°
Curie temperature. These humps originate from T \nere the Curie tempera)furtxa has been shifted40 K, i.e.,

ground quadruplet CEF level. In the presence of the exyeT_js sufficiently high compared to the temperature of the
change interaction the degeneracy of Fidevel is removed  gma| peak. This will be discussed in a future paper.

and this leads to the appearance of four separated singlet

states. The dotted lines in Fig. 1 show the splitting oflﬂﬁe

ground state in the presence of the exchange &\l g

calculated af =7.0 K in DyNi,. One can see that the energy VI. CONCLUSION

separation betueen iese sindlet states strongl ASReNdS Mg a result of tis study we were able to show that the

with a narrow energy splitting of 0.32 meV. Wheadevi- magnetocaloric behavior in terms of both the magnetic en-
ates fromX= —0.48 the energy splitting increases reachingtrOpy change 4Syag and adiabatic temperature change

the values of 2.24 meV at=—1 and 4.9 meV aK=0.5. (AT, can be calculated theor_etically frqm molec_ula_r-field
Therefore. the dominance of tﬁég density of states at theory in the presence of.a cubic crystalline electric f|el_d. A

X=—0.1 for’DyNiz gives origin to the humps observed at comparison of the thepretlcally cglculated magnetocalonc ef-

low temperature in the theoretical curves in Figa)4and fec(; g'ﬁ:.thﬂt determ:jned experlmelntarllly n EE‘A]P y’;jd

Fig. 4b). The AS,,4 obtained using the CEF parametersgnAI y b_Sf ows goo agreem(la)nt. nt er::asio B d th

from Ref. 11(dotted lines in Fig. #do not show these peaks, YAl2 satisfactory ag_reemen_t etween the theory and the

since in this cas&X=0.49 (i.e., low density ofl' states. experiment was obtained using the CEF parameters deter-
SubstitutingW=0 into a C’EF Hamiltonian Bremoves the mined from inelastic neutron scattering experiments. For

X . DyNi, the CEF parameters were adjusted using the experi-
large low-temperature hump but brings about small humps ”Pn)éntgl zero-magnetic-field heat capzjicity data. 9 P

ASnagand in magnetic heat capacity versLsurves below The agreement between theory and experiment is better in

the Cur[e temperature. The appearance of the small hlélmps {He paramagnetic regiof.e., above the Curie temperature
magnetic heat capacity was first noted by Fishman and Liu than in the ordered state. Excessive magnetocaloric effect

who showed that they are intrinsic for large total angular ; . .
moments and always gxist whée=5/2 in the g(]:ontext of tge pred|cted b_y theor_y belovv_ the_ _Cu_rle tgmpergture IS most
likely associated with the simplifications intrinsic to Heisen-

simple Heisenberg magnet model. Since we are considerirgerg model and with the large angular momentum of Dy and
compounds containing Dy and E{g which have the same an r and also with the fact that theoretical calculations were
large total angL_llar momentgn:i(=7), these humps are ex- erformed for single crystalline specimens with magnetic
pected 'to contribute tp the imperfect agreement bgtween Mol parallel to their easy axes, while experimental data were
theoretical and experlme_ntA_ISmag andAT,4as fpnctlons of obtained as polycrystalline samples.

temperature and magnetic field below the Curie temperature, The appearance of the large humps in the theoretical

and their effect should be negligible above |t This eXpIamSASmag(AH,T) behavior at the temperatures significantly be-
the observed excellent agreement of experiment and theorl}sW the Curie temperature in DyNis associated with the

above the Curie temperature. Finally, we can see that genet- : . i
ally the theoretical curves for bothS,g, and AT, always femovable degeneracy of tﬁég crystalline electrical-field

level and the density of states being the function of CEF

exceed experimental values in the vicinity of the Curie tem- . 4 X
. . . parameters. The predicted humps exist because of the high
perature. This result was also expected since the theoretic gnsity of states

calculations were performed assuming single-crystal speci-
mens with the magnetic field applied parallel to the easy
magnetizing direction, and the experimental data were ob-
tained on polycrystalline samples.

Using the CEF parameters for DyNiletermined in this
paper we observe much better agreement with the experi- The Ames Laboratory is operated by lowa State Univer-
mental data above 15 K compared with the results obtainedity for the U.S. Department of Energy under Contract No.
using CEF parameters from magnetization measurement. ON-7405-ENG-82. This study was supported by the Office of
the other hand, the appearance of a huma 8y,,versusT  Basic Energy Sciences, Materials Sciences Division. One of
which is not present in the experimental data for DyMi us (P. J. von RanKeacknowledges the financial support of
dicates that our CEF parameters are also not the final deteGNPg[Conselho Nacional de Desenvolvimento Cientifico e
mination of the CEF levels but shows that more refined ex-Tecnologico(Brasil)].
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