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A variant of the self-interaction corrected local spin-density approximation has been implemented and
applied to compute the crystal field parameters for PXR@nd NdPdX5; (X=Al, Ga). The parameters were
in turn used to calculate the crystal field states and levels, as well as the susceptibilities and specific heats of
these compounds. Good agreement with available experimental data is found, at variance with results on the
isostructural compound UBRAI; reported earlier. The anisotropic susceptibility is predicted for three of the
considered compoundgS0163-182899)02232-9

[. INTRODUCTION samples were prepared, three polycrystals and two single
crystals, and the measurements on their susceptibilities re-
The discoveries of the heavy-fermion superconductowvealed that the Nl temperature3 ) of the samples, varying
UPd,Al;, in which superconductivity coexists with a large between 5.2 and 7.7 K, show a linear dependence on the
antiferromagnetically ordered uranium moment oflattice constang, but not onc. This probably means that the
0.85ug,"? and the antiferromagnetic heavy fermion com-magnetism in NdPghl; is dominated by exchange interac-
pound CePgll; (Ref. 3 have inspired extensive experimen- tions inside the hexagonalb plane. Antiferromagnetic or-
tal and theoretical investigations on the physical propertieslering within the low-temperature range is confirmed by the
of the isostructural lanthanide compoun&d,Al; and X shape of the specific heat and the second-order phase tran-
RPd,Ga; (R=Ce, Pr, Nd, Sm*10 sition. The ordered Nd momenis,,q=(2.28+0.07)ug at
Consider first the Al compounds. Ghoshal* have sys-  saturation lie in the basal plane and are oriented perpendicu-

tematically measured the resistivities and magnetic suscepliar to the propagation vector= (27/a)[ %,0,0]. At the mag-
bilities of the RPd,Al; system including LaP@hl;. They  netic phase transition the symmetry is lowered from hexago-
found that the susceptibilities of the Ce, Pr, and Nd commal to orthorhombic structure. The related lattice distortion
pounds in the high temperature range 106 k<300 K  was below experimental resolutién.
obey the Curie-Weiss law with effective magnetic moments While the 4f electrons in the Ce compounds are on the
et Of the lanthanide ions close to the free ion values, meanverge of delocalization, they appear to be well localized for
ing that the 4 electrons are localized. Cef&xl; and the other rare earth compounds and a crystal fi€é)
NdPd,Al; show antiferromagneti€éAFM) ordering below model can be applied to explain thé delated physical prop-
2.8 and 6.5 K, respectivef/*° On the other hand, Prpall;  erties. For NdPghl; the measured values of the magnetic
does not show any magnetic ordering down to 1.5 K, and th@ntropy suggest that the energy separation of the two lowest-
value of the susceptibility becomes saturated below 15 Klying CF doublets is comparable to the ®l¢emperaturé.
From the resistivity studies, evidence is found for CgRlg ~ This is consistent with the observation of a strong transition
to be a Kondo systerhin particular, the magnetic part of the at about 0.8 meV in a low temperature inelastic neutron scat-
resistivity exhibits a clear maximum at 30 K. A change of tering experiment. The completely assigned CF level se-
slope occurs at 6.5 K in the resistivity curve of NgRt,, ~ quence wasl',—I'{V—TI'{V—(I'{P)—T'{), where the en-
which corresponds to the antiferromagnetic transition. Theergy of thel'?) level was obtained from fitting susceptibility
resistivity data of PrPghl; show no anomaly down to 1.5 K. data. Two CF excitations have been resolved in the case of
For SmPdAl;, the resistivity and magnetic susceptibility PrPgAl;.’
studies revealed at least two magnetic transitions at 4.3 and Similar investigations on the transport, magnetic, and
12 K# thermodynamic properties of the Ga compoundR (
Recently, Doni et al. made detailed studies on the mag- =Pr, Nd, and St were carried out by Baueet al® For
netic and thermodynamic properties of NgRb;.® Five  NdPd,Ga;, powder neutron diffraction experiments were
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TABLE |. Lattice constantsg andc) and characteristic prop- failed, however, to reproduce the experimental data of the
erties ofRPd,Al; andRPd,Ga; (R=Pr, Nd). The paramagnetic Curie  susceptibility and the specific heat of Ufdl; in the low-
temperature is denoted I#, . temperature rang€, and only moderate agreement was
found for low temperatures in the case of UGaThe latter

compound PrPdAl; - NdPAl; - PrPdGa  NdPGGa  ragyit could be improved by enforcing a stronger spatial lo-
a (A) 54504 54419 5398  5384° calization of the § orbitals!® _ _
¢ (A) 421028 42069  4.254° 4.247° '!'he aim of the present paper is twofold). A.SIC—LSDA
y (mdmol' K-?) " <20P " <20°¢ varlant is presented that accounts. fqr the first Hund’s rule
TN (K) 7.7b 6.5 c_ouplmgs among th_e f4_e|ectrons W|_th|n the atom ano_l pro-
0, (K 40.42 2182 _13¢ _oge vides stronggr Iocfallzatl_on o_f tﬁmrbltals than conventional

P a a c c SIC-LSDA. (ii) This variant is applied to the class of com-
Heff (ve) 3.45 3.59% =~ 340 364" bounds at hand to demonstrate the ability of the combined
Mord (k) 2.280) 1.994) density functional—crystal field theopF-CFT) to describe
aReference 4. thermodynamic properties related to localizefdstates.
breference 6. The paper is organized in the following way. The model
Reference 8. Hamiltonian approach used to determine thermodynamic

properties is explained in Sec. II. In Sec. Ill, the SIC-LSDA
) ) . variant employed for the calculation of crystal field Hamil-
performed at 1.5 K to establish the antiferromagnetic structonian parameters is introduced. Section IV is devoted to the
ture. Similar to NdPgiAl;, the magnetic moment is oriented gjscussion of the results in comparison with experiment and
perpendicular to the propagation vectpe (27)/a[ 2,0,0], Sec. V gives the conclusions.
and its value decreases smoothly from 1.99(4)}to zero

when temperature increases from low temperaturel o Il. MODEL APPROACH

=6.5 K. On the other hand, Pri@a; does not show long- TO THERMODYNAMIC PROPERTIES

range magnetic order down to about 0.3 K. Different from i . i
NdPd,Al;, the inverse magnetic susceptibility of Nci, For the sake of completeness we briefly derive the basic

exhibits a strong negative curvature. This behavior wasEXPressions used in our calculations. The low-temperature
however, not confirmed in new experiments of the Samé_peuflc heat and the paramqgnetlc susceptibility of the con-
group™® In accordance with the susceptibility and the neu-Sidered compounds are dominated by the respectiveoé-

tron scattering data, the typicatshaped anomaly in the spe- tributions. In this section, we flr_st give an outll_ne _of the
cific heat of NdPgGa; indicates a magnetic transition at Model approach used to determine these contributions and
Ty=6.5 K. A very characteristic temperature dependence o}hen. discuss corrections on the susceptibility due to the con-
the electrical resistivity is found for Prp@ay: above 0.35 Kk, duction electrons. . o

the resistivity decreases with temperature, yielding a mini- W€ start our discussion by writing down the model
mum in the proximity of 11 K. This observation was dis- Hamiltoniart
cussed as a possible Kondo-like behafi8mPgGa; exhib-

N N
its magnetic order below~17 K with a probably complex H=S 1O+ H (i) 4 HO (i)
structure that has not yet been resolffddore recently, di- 21 cF Zl 9ored 21 exate
rect observations of CF excitations have been reported on N
PrPdGa; (two excitationg and on NdPgGa; (three E ()pn ()
excitations.’ *3 21 HexM™, @

In the present investigation, single-iof 4ontributions to _
susceptibility and specific heat are evaluated in the frame o#ith
CF model calculations with parameters obtained from den- , _
sity functional theory. We concentrate on those systems MO =—gyug(T D) 2
which are dominated by single-ion properties and exhibit
simple magnetic structure. Thus we exclude both the heavy-

fermion Ce compounds and the Sm compounds, where the _q\2 7
magnetic structure is unknown and complicated. In addition, H) = (gJ_> > Jij M), (3)
excluding Sm compounds allows us to restrict all model cal- Qums ]

culations to the 4 ground state multiplet. Table | summa-
rizes some relevant properties of the considered compound
Similar, self-interaction correctg@IC) local spin density

his mean-field model describes magnetic structures With

ocal moments. The Hamiltoniaf{ contains interactions

approximation(LSDA) calculations were earlier carried out with the crystal f|eIQ(CF Hamiltonian,Hce), W.'th a hpmo—
geneous external fielél (Zeeman terry) and isotropic ex-

to obtain the crystal field parameters for UGand _ SR
UPd,Al4 1213 The parameters were in turn used to calculateChange coupling between the magnetic i¢hsrd and fourth

the susceptibilities and the magnetic parts of the specifiéerm)'.The latter interaction is obtained from Heisenberg-like
heats of these compounds in the paramagnetic state. F&puphng

agreement between calculated and experimental susceptibili- 5 i%]

ties was found for 52 occupation in both compounds in the _ M 2 3. 7070 (4)
temperature range 200 <KT<300 K. The calculations 2 g '
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if the molecular field approximation is applied. Here andment. This can be attributed to the singlet ground state of Pr
above,7 () denotes the total #4angular momentum operator on the one hand, and to the small value gf€1)? on the
at sitei. Since exchange coupling via the conduction elec-other hand.
trons [Ruderman-Kittel-Kasuya-YosidaRKKY)] is the Having obtained the eigenvalues and taking into ac-
dominating mechanism, the prefactay; ¢ 1)? ensures simi- count their temperature dependence ™x Ty, we can
lar values ofJ;; for isostructural compounds with different evaluate the magnetic contribution to the specific heat,
rare earths. Note, that the notation introduced in &g.is
only valid in the simple case of negligiblé mixing. The
thermal expectation value of the local magnetic moment at Cm:NATﬁ(kBT In Zeg)
sitei is calledM ), and the transferred exchange field acting
i E e*s,,/kBT (i)z_ €,€y
Zeff v I(BT kéT

2

on that site H{) .
We now specify the general notation according to the =kgNpa
situations to be described. Without an external field applied,

the compounds are either in a paramagnetic state with zero )
mean local moment or antiferromagnetic with propagation _ iz{z e—ev/k BTi} (12)
vectorq=(2w/a)[ 3,0,0]. Thus, Zeg | v kT

MDD =MOelaRi—R) = + M, (5) Here,N, denotes Avogadros number agn{ is the first de-

rivative of ¢, with respect tor.
whereR; are site positions anil 4; is the moment at some Turning our attention to the susceptibility, we only con-

arbitrary sitei =0. Consequently, sider the paramagnetic state. Now, in a small external field,
the transferred exchange field is governedibg):
j#i
oo (g—1\2 — 2
H(l):(_> MDD 3. gldRi—R;)) 6 g;—-1
o= goms | M3 U © HEM=[ 972 a(0) 13
Qoms
The problem separates into effective single-ion problems and
HAM= 1t HQXFM(gJMBﬁ %MM), 7) HM=Heet (H+HE ) gsup. (14)

The second order term Ml 4; may now be neglected. Since

9,—1\2 we do not attempt to calculate the exchange coupliffd)
AM = —) M4:J(Q). (8)  we restrict our further consideration to the crystal field sus-
Yaks ceptibility
The exchange field is determined by a single parameter, the IM
g component of the Fourier transformed exchange coupling, Yee=N At (15)
CF A
I 1o, wPu_g
j#0 S e
J(q) =2 Jpje'iRo=Ry), (9)  This simplification only neglects a constant shift of the in-
! verse 4 susceptibility by the amount of the molecular field
Diagonalization of "™ for some given value oM 4 constant,
(along the easy axis of magnetization, i.e., in the hexagonal gi—1\2
plane and perpendicular to the propagation vegoyields A=N, gJ ) J(0). (16)
JMB

eigenvaluess, and eigenstated”,) within the 4f ground

state multiplet. In turn, the #magnetization is obtained as |f we assume that the absolute valueJ§d) has a similar
magnitude as that af(q), |\|~2-5 mol/lemu for the con-

Moo (T)=— e~ eu(MkgT/T T N Ze. (10 side_red systems. o N
(1) MBgJEy (LT IT) Zer, (20 Finally, valence electron contributions to the susceptibil-

ity should be included. Any ordered component of thie 4

with an effective partition function magnetization will induce an according valence electron
magnetization with an ordered momekit, per rare earth
Zei=>, e eu(M/keT, (11) atom of
9=
The Egs.(7),(8),(10) have to be solved self-consistently. Mc=2J;_(0)D(Ep) % My . (17)

Since we are able to find the parameters entetifag from
density functional calculationgnext section J(q) is the  Here,J;_.(0) defines the #i-valence electron coupling con-
only remaining free parameter. Its value can be obtainedtant, andD (Eg) is the spin density of states at the Fermi
from the requirement tha¥l,;(T) should vanish at the &  level. Taking into account both the conduction electron po-
temperature of the Nd compounds. For the Pr compoundkrization by the 4 magnetization andice versawe arrive
this is not a possibility because they do not order in experiat'
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g;—1]2 The Stevens parameters are atomic quantities only de-
Xcrt Xtc= Xcr 1+ 2J1.(0)D(Eg) , (18 pending on the # occupation and on the total angular mo-
9 mentumJ, whereas the CF coefficients are determined by the
Xi-c denoting the 4-valence electron interaction contribu- crystal potential and the radiaff density 4q-rr2Rif(r). Spin
tion to the susceptibility. We can obtain the induced momentlensity functional theo} (SDFT) provides access to both
directly by an LSDA calculation® if we treat the localized an effective spin dependent crystal potenﬁg‘fr,[n] and to
4f states as polarized core state$ with ferromagnetic the total ground state spin density matrixn
alignment. In this way we find %_(0)D(Ef)~0.05, pro-  =n_ .(r); o,¢’=(1,]). The effective potential includes
viding a linear reduction of the susceptibility by about 4% in the spin-independent potentials of the atomic nueféf and
the considered lighR compounds. Pauli and Landau contri- of the Hartree term. The most common implementation of
butions can be estimated from the almost temperature iNd&DFT is the local spin density approximation. In this ap-

pendent susceptibility of LaRBdl; that amounts to 6.0 proach, for a diagonal spin density matrix, the likewise diag-
X1075 emU/m0|.5 From the calculated denSity of states atona| eXChange_Corre|aﬂon potentiad);c adds to the spin-

the Fermi level we find Pauli susceptibilities of 6—8 jndependent contributions of the effective potential
X 10°° emu/mol for the compounds at hand, in good agree-

ment with the quoted experiment. This finding justifies the n(r’)

neglect of Landau contributions. The Pauli susceptibitity v‘;ﬁ[n](r)=V”“°'(r)+f d®r'———+vyIn,(r),n (],
amounts to at most 4% of the total susceptibiligy and r=r'|

partially compensateg;.., (23

n=n,+n, . 24
X=XcFt Xt Xp - (19 1N (24)

We note, that in a periodic lattice the definition of a part of
The direction of the external field is chosen either alongthe total density to be “localized f4density” is not strictly
the hexagonal axis or perpendicular to this axis to fjpdnd  possible in LSDA. The reason is thai" is periodic and any
X1 » respectively. The average susceptibility for polycrystal-projection of single-particle states onto local orbitals in-

line samples is estimated by volves some arbitrariness. A much more consistent descrip-
tion is possible in the frame of self-interaction corrected
Xpoty= (x| +2x.)13. (200 LSDA%?n this scheme, the effective potential is state
dependent,

Ill. DF CALCULATION OF CF MODEL
HAMILTONIAN COEFFICIENTS
FOR A LOCALIZED, POLARIZED f SHELL

Viﬁy[n;ny]=Vf‘}ﬁ[n]—f d3r’M—V¥°[ny(r),0]-
| r=r]

We now concentrate on the evaluation of coefficients en- (29
tering the crystal field Hamiltoniafcr from density func-  The correction potential vanishes for extended statesince
tional theory. Given a localizedf4shell with fixed occupa- in this case the related orbital density vanishes0. It,
tion, Hce defines the nonspherical interactions lifting the however, destroys the translational invariancalﬁﬁ[n] for
degeneracy of thef4Russel-Saunders ground state multipletiocalized states. Translational invariance now means
[JJ,). Admixture of contributions from higher multiplets is
unimportant for Pr and Nd below room temperature. We v(e,‘ffv[n;ny(r—R)](r—R):viffv[n;ny(r)](r). (26)
have checked this fact by includi 11/2 andJ=13/2 o - .
terms when calculating tr¥e suscenp@iziliw of the Nd com-The localization is self-stab|l_|z_|r_lg_for/=4f in most rare
pounds and found almost no change with respect to the ca?—arth systems, but has to be initialized by a symmetry break-
culation restricted to thé=9/2 ground state multiplet. Thus, ing potential.
all further considerations are restricted to the ground Stat%el
multiplet. If we further refrain from an orthorhombic distor-
tion that may occutbut was not experimentaflyesolved in
the case of ordered moments oriented in xke plane, the
CF Hamiltonian for hexagonal symmetry re&tls

Having clarified the subdivision into localized 4lensity

onging to one specific rare earth site, and the remaining
density, we can obtain the CF coefficients from the compo-
nents of the effective potential in spherical harmonics repre-

sentatiorve via?

Her= azPoi1%) Oz0t asPae(1*) Oaot ae(Ase(r®) Ogo Am(rhy= C|mf dramr?R3,(r)vEr(r), (27)
+Aee(r%) Oge) - (21)
5 9
This notation includes Stevens parametess CF coeffi- Coo= 6 C0= 1\ /m,
cientsA,,, Stevens operator®,,,*° and radial expectation ™ 5
values

C_/13 C_/sooe -
607 V10247 T V 40967 (28

The tilde onV{™ means that it is calculated from that self-
with radial 4f wave functionsR,; . consistent spin density of the crystal, which is obtained if

(r'>=f drazr' *2R2.(r), (r%=1, (22)
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the 4f charge density on the considered atom is constrained 1.2 T T T T
to its spherical average. Moreover, to avoid unnecessary 0.12

complications, each orbital density,; is spherically

averaged? L0 ¢

Two ingredients are required for the calculation of the CF
coefficients according to Eq27): the full effective crystal
potential and the radial 4wave function. The former is 08
evaluated using a method described explicitly in Ref. 25. The  «_
main issue we wish to address in this section is the correct &
treatment of the # states and the sensitivity of the radidl 4 & 0.6

g
&

wave function to this treatment. We have shown in previous =
investigation$’ ~29123%hat correction for self-interaction in

the localized 4 shell is a consistent approach to crystal field 041
properties. Besides the aforementioned, more formal diffi-
culty to define which part of total density belongs to local-
ized states, there exists a practical handicap for applying
simple LSDA to localized # states’’ Given a subdivision of
the crystal potential into atomic site potentials an LSDA
calculation of atomiclike 4 states within the spherical po- ) ! ! ! !
tential v; (R; being a rare earth siteusually yields 4 0.00
single-particle energies,; above the continuum edge of.
Thus there is no way, within LSDA, to obtain localized 4
states, except to introduce more or less arbitrary constraints &,

such as atomic-sphere boundary conditions. This problem ;"
disappears if self-interaction is corrected for, bringing down < -0.08
g4¢ by roughly 10 eV for the occupied states in early lan-

thanides: 0 1 2 3 4 5

r/a,

— polarized
———- unpolarized

) (Ry)

Nae(r")
m FIG. 1. Difference between unpolarized and polarized SIC-
LSDA potentialAvy =Vt —V; 4 , according to Eq(30) for Nd in
—V)T(C[I’uf(l’),O]. (29 NdPdAl; (lower par} gnd 4f racﬁal charge dens!ty #rzRﬁf for
the same atorfdashed line: density of the unpolarizeti ghell; full
We have applied this scheme both to paramagnetic &fafes line: density of the polarized f4shel).
and to magnetically ordered stafé<€? In the latter case, the
valence electron polarization was described in the converexperience, at any given moment, the maximum spin polar-
tional LSDA approach, and thef4polarization was deter- ization produced by the other electrons in the shell. The de-
mined by the demart@'8that the 4 spin moment should be scription of such dynamical correlations is beyond the scope
equal to its Russel-Saunders valtgug2(g;—1)J,. of SDFT. In order to build in the effects of slowly fluctuating
The paramagnetic states, on the other hand, have beg@olarization on the # density into SIC-LSDA we suggest to
approximated by means of nonmagnetic SIGDA calcu-  replace the nonmagnetic potential used hitherto by its polar-
lations, correctly assuming thaeanspin polarization to be ized equivalent
zero,n;=n =n/2. However, comparison of our results with
experiment gave reason to the suspicion that the radieth-
sities were obtained too far extended even if SIC was in- Vi af
cluded. This was particularly the case foff States in
UGa.1213In the following, we suggest a scheme that takes 4f
into account the first Hund’s rule correlations present in a AnF(N?f— 7) Nyt - (31
localizedf shell also in the paramagnetic state of the crystal.
This scheme provides deepktevels and more localizetl  Here, N*' means the total number off4electrons in the
densities than nonmagnetic SIC-LSDA. It improves, as willghg||, andN‘T”zN‘”—N‘l” the number of 4 electrons with
be demonstrated for the considered class of compounds, thgajority spin direction. The difference between the dynami-
agreement between calculated and expenmenta] CF levelscq| (short time scale 4f spin-up densityN‘T”nM and the
It is WeII.known that 4 Ioc;al moments perS|st. in th'e mean(long time scalg4f spin-up densitN*'n,/2 is called
pa_ramagnetlc, state, though vy|th randomly fluctu.atllng Or'e”'AnT(=—Anl). Note, that we consider a situation with
tations. Hund’s rules correlations are present within the 4 \ovimum spin polarization present

shell since the time scale of the local moment fluctuations is
large in comparison to the electron orbit tiffe” All 4f NN i N¥<7; else NY=7. (32
spins are parallel within one atom, in accordance with
Hund's first rule, but do fluctuate in common to form the The difference between both potentials given in Bf) is
paramagnetic state. In other words, eadhelectron does shown in Fig. 1 for the case of Nd in NdjAl 3, together

Vi0',4f[nT 1nl ;r|4f]:Vio_|:|"|T ’nl]_f d3r/

nn

505 Naf | = Vigas , (30

n n
§+AnT,§—AnT;n4f
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TABLE Il. Comparison of radial expectation valu¢s')[al] 20
and crystal field coefficient,(r') (K) for Nd in NdPdAl; ob- —_—
tained by SIC-LSDA calculations with unpolarized and polarized —
4f shell, respectively. —
Unpolarized Polarized
15 - =
(r?) 1.39 1.33
ré 7.11 6.07 @
(r’y NdPd Al r,
(r®) 118 87.5 —_
1—‘9
Axfr?) —475 -501 ~ il i
Aulr®) 775 57.6 > 10
Aec(r®) —4.3 35 E e
Ass(r®) -288 —354 w”
with the related 4 radial charge densities. In this particular 5+ — :
case, the replacement of lowerse,; by about 1 eV. —r"
What about the treatment of valence electrons? Being itin-
erant, these electrons do meet polarizédHhells at each rare
earth site, but with randomly oriented spin quantization axes, _\ rm
_— "
. 0Fr T, -
ve :Z Vigor[N+AN]. (33 unpolarized polarized  experimental

A possible tool to describe such a situation would be the g5 2 Crystal field levels of NdRd . Left: Our calculation,
coherent potential approximation usually applied in alloyynpolarized 4 shell; middle: our calculation, polarizedf &hell;
theory. Another, more reasonable description is to construGight: experimental leveléRef. 7).

a supercell with randomly oriented momeftsBoth these

approaches are much too complicated for our purposes. Isound are decreased #-5.427 A andc=4.203 A at 14
stead, we make use of the simpler virtual crystal approximak ¢ This small change of the parameters does not signifi-
tion, i.e., the random potentialg ,, are replaced by their cantly affect the properties addressed in our calculations. The
averaged values on each inequivalent lattice site. Taking intgyttice constants of the Prial; and PrPgGa; compounds
account the approximate linear dependence,obn the Spin yyere measured by x-ray diffraction at room temperafure.
polarization?! the averaged randomly polarized potentials With the above lattice parameters as input to the SIC-
can be well approximated by the related nonmagnetic poten-spa code, we obtained the momer(ts) and A(r') (I
tials v;[ n]. _ ) ~ =2,4,6) as tabulated in Table Ill. To compare our results
Results on radial expectation values and CF coefficientyith data found in literature, the CF coefficients in Table Il
for NdPdAl 3, obtained by neglecting or taking into account yere converted to the CF parametd,= a;A,(r'), and

the polarization of the #shell, respectively, are compiled in are |isted in Tables IV-VII together with the corresponding
Table Il. The difference between both schemes is marginadrystal field levels and eigenfunctions.

for the second order values, but essential differences are | ow.-temperature measurements of inelastic neutron scat-
found for fourth and sixth order. To illustrate the impact of tering (INS) (at T=15 K) have shown one excitation at an
these changes on the CF levels, we compare the level schergﬁergy of 5.5 meV in the case of PgRd,.” Since the CF
obtained from both sets of coefficients with experimental CFyqund state is th&, singlet, only one strong CF excitation
levels' in Fig. 2. The agreement between theory and experix, the I, doublet is allowed by the dipolar selection rules.

ment is definitely better for the calculation taking into ac- oy calculated DE-CFET value is 3.1 meV which is in reason-
count the 4 polarization. We have used this method for all

calculations presented below. TABLE IIl. Calculated crystal field coefficients and radial mo-

ments.

IV. RESULTS AND DISCUSSIONS

Compound PrPghl NdPdAl PrPdG NdP4,G
The RPd, X3 compounds studied in the present work ex- P ok Al 4G %Ga

hibit hexagonal structure at room temperature. Rare earttr?) (a3) 1.53 1.33 1.47 1.30
and Pd atoms are on the same layers, alternating along the(r*) (ag) 8.88 6.07 7.32 5.35
direction with pure Al or Ga layers. The lattice constants(r®) (a$) 165 87.5 109 63.9
used in our calculations are given in Table I. For theA,(r?) (K) —476 —501 —-510 —572
PrPdAl; compound, they were extracted from a figure ina,(r4) (K) 119 57.6 67.6 42,5
Ref. 4. The lattice parameters of the NdRt; compound,  Ag(r®) (K) —25.8 35 12.1 15.4
given in Table I, were measured at room temperatuite. Agr®) (K) 38.8 —354 —604 —524

should be mentioned that the lattice constants of this com
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TABLE IV. CF parametersB,,, (meV), eigenfunctiondl’,, and eigenenergies, (meV) of PrPdAl,
calculated by DF-CFT in comparison with the experimefitslS) or fitted and extrapolated data of Ref. 7.

B (this work) Bim (Ref. 7
B.o 0.863 B.o 0.758+0.018
Bio —0.752x10? B.o (—0.312+0.006)x 102
Beo —0.136x10° 3 Beo (0.458+0.012)x 10~ *
Bes 0.204x 1073 Bes (—0.894+0.043)x 103

I, (this work €, I', (Ref. 7 €,
'y 0.707+3)+0.70% - 3) 409 1Y 0.078+2)—0.997F4) 38.7+0.7
r, 0.707+3)—0.70%1—3) 399 I, 0.707+3)—0.707—3) 30.2-0.4
re 0.0170+2)+0.9999F 4) 39.1 'y 0.707+3)+0.707—3) 25.7+0.3
rg 0.9999+2)—0.0170F 4) 16.2 1 0.997+2)+0.07§F4) 16.82+0.05%
s [+1) 3.1 s [+1) 5.50+0.012
r, |0) 000 I, |0) 0.0000

4NS data.

able agreement with the value of 5.5 meV obtained from theand eigenfunctions of thEg doublets, and INS intensity was
INS data. At higher temperatur =40 K, the INS spectra only observed for thd's—T'{" transition at elevated tem-
have shown that the strorig;—I's excitation is weakened perature, it is hard to judge this discrepancy at the moment.
and another excitation at the 11.3 meV is observed. Tthe have also found that these differences do not qua"ta-
second excitation was identified #&—T'{", and the re- tively affect the calculated thermodynamic properties at tem-
lated energy transfer can be compared with our calculateferatures below 50 K.

value of 13.1 meV. We have calculated the transition inten-  Ag shown in Table V, for NdPghI; all five calculated CF
sities of INS spectra al =15 K and T=40 Kzand halve levels have the same order as the CF level sequence reported
found that all other transitionde.g., I's—I'¢?), T i Ref. 7. Even though our calculated eigenenergies and
—T,, T'{P—T;) should have very small intensity in com- wave function coefficients differ somewhat from the reported
parison to that of ;—T's and's—I'§". This result is in full values(e.g., the calculated eigenvalue of the second lowest
agreement with the INS dafssince they do not point to any level is two times larger than the reported valuge differ-
other transitions except those mentioned above. In Rekences of the eigenvalues between the neighboring levels
7, the CF parameters for Prjd; were finally obtained by (transition energies of the IN&re comparable with the mea-
rescaling the fited CF parameters for NgRi4 with the  sured data. As pointed out by ‘Boi et al,® the physical
appropriate,(r'y values for Nd and Pr ions. They are com- properties of NdPgAl ; are dependent on sample preparation
pared with our DF-CFT values in Table IV. Our calculated procedures, and the authors have only done powder neutron
values ofB,y and B,y have the same signs and same orderscattering experiments on NdfAd; and partially on

of magnitude as those given in Ref. 7, lBg, andBgs have  PrPdAl .

different signs. Since, however, in a fitting procedure the Table VI exhibits the calculated crystal field parameters
magnitudes 0Bg, andBgg are sensitive to the eigenenergies and states together with rescaled data provided bpnDo

TABLE V. CF parameters,, (meV), eigenfunctionsl’,, and eigenenergies, (meV) of NdPdAIl,
calculated by DF-CFT in comparison with the experimefiidlS or fitted data of Ref. 7.

B, (this work) B, (Ref. 7
Bao 0.278 Bao 0.214+0.005
Bio —0.145x 10 ? Bio (—0.105+ 0.002)x 102
Beo -0.114x10°* Beo (—0.224+0.006)x 104
Bes 0.116x10°2 Bes (0.438+0.021)x 1073

I", (this work) €, I', (Ref. 7 €,
re 0.498+3)+0.867+ ) 184 1Y 0.288+3)+0.958 F 7) 12.24+0.15%
re 0.257+32)+0.996F 3) 170 1P 0.133+32)+0.991F 3) 11.8+0.3
rg 0.8671+3)—0.498% %) 4.9 g 0.958+3)-0.288% %) 4.24+0.05%
NS 0.996+32)-0.257% 2) 1.7 NS 0.991=32)-0.13372) 0.83+0.03%
I, +3) 0 I, +3) 0

4NS data.
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TABLE VI. CF parametersB|,, (meV), eigenfunctiond’,, and eigenenergies, (meV) of PrPdGa
calculated by DF-CFT in comparison with the experimefitslS) or fitted and extrapolated data of Ref. 9.

B, (this work) Bim (Ref. 9
B.o 0.924 B.o 0.828+0.018
Bao —0.428<10? Bao (—0.297+0.006)x 102
Beo 0.635<10 * Beo (0.304+0.008)x 104
Bes —0.318x10°? Bes (—0.619+0.031)x 103

I", (this work) €, I', (Ref. 9 €,
re —-0.220+2)+0.978%4) 487 TI® 0.048+2)—0.999F 4) 41.4+0.8
r, 0.707+3)—0.7071—3) 43.2 r, 0.707+3)—0.7071—3) 31.0:0.4
Iy 0.707+3)+0.707—3) 27.2 Ty 0.707+3)+0.707—3) 27.9+0.3
re 0.97§+2)+0.220F 4) 205 1Y 0.999+2)+0.048+4) 16.57+-0.042
s |+1) 6.8 s |+1) 5.2+0.012
ry |0) 0 Iy |0) 0
4NS data.

et al® for PrP¢Ga;. It can be seen that all our calculated interchanged. This apparent contradiction does not much af-
parameters have the same sign and similar magnitudes as tfezt the magnetic susceptibility and the magnetic specific
results given in Ref. 9, and the calculated crystal levels havieat in the temperature range-30 K, since they are deter-
the same sequence as the extrapolated levels. The low temnined by the lowest three CF levels in common. However, it
perature INS experimertat T=15 K) again provides only influences the magnetic and thermodynamic behavior of the
the energy 5.2 meV of the first excited CF stelfg flouble}.  compound belowTy, especially the magnitude and the di-
At higher temperatureT =40 K, a peak corresponding to rection of the ordered magnetic moment.
theTs—T'§") CF excitation is observed at 11.4 meV, which  Experimental data on the specific heat are available for all
is slightly higher than the corresponding excitation on theof the considered compounds except Bitd. We will skip
PrPdAl; compound. The energies of both measured excitathe latter compound and concentrate on the magnetic contri-
tions are reasonably well reproduced in our calculations. Théution c,,, according to Eq(12) for the remaining systems.
extrapolated complete spectrum of tHgl, multiplet is  Experimental information on,,, was obtained by subtracting
broader than that of the Prp&l; compound. Such a trend is the specific heat of the related La compo@id? The value
obtained in our density functional calculations as well. of J(q)N¥ was adjusted to 10.6 and 15.3 K for NgRdl; and
Table VII shows the comparison between the calculatedidPd,Ga;, respectively, to reproduce the measured critical
CF parameterB,,,, eigenfunctiond’;, and eigenenergies temperatures.
with the fitted or observed results for Ndfs;.° For this Figure 3 shows the magnetic part of specific heat for
compound the observed transition energy between thpldPdAl4.® The typical\ shape of the experimental curve is
ground statd’; and the first excited levdl{" amounts to 18 quite nicely obtained in the calculation as well. Only small
K. Our calculations yield a similar energy separation 19 Kdifferences between our calculated and the measured data
but the ground state and the two lowermost excited levels arean be observed above the critical temperature, possibly due

TABLE VII. CF parametersB,,, (meV), eigenfunctiond”,, and eigenenergies, (meV) of NdPd,Ga,
calculated by DF-CFT in comparison with the experimefiidlS or fitted data of Ref. 9.

B, (this work) B, (Ref. 9
Bao 0.317 Bao 0.234+0.005
Bio —0.107x 10 ? Bio (—0.100+0.002)x 102
Beo —0.506x10" 4 Beo (—0.149+0.004)x 10 *
Bes 0.174x 1072 Bes (0.303-0.015)x 10 2

I", (this work) €, I', (Ref. 9 €,
re 0.476+3)+0.880F ) 226 TP 0.085+2)+0.996+ 3) 13.30.3
re 0.299+2)+0.954 3) 202 IY 0.227+3)+0.9745 1) 12.37+0.14%
+1) 21 NS 0.974+3)-0.221% %) 5.45+0.042
r 0.88Q+3)—0.476F 3) 1.6 NS 0.996+3)-0.084%3) 1.53+0.022
NS 0.954=32)-0.2997 2) 0 I, |+3) 0

4NS data.
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FIG. 3. Calculated and measured magnetic contributions to the FIG. 4. Calculated and measured magnetic contributions to the
specific heat of NdR@\l;. Solid line: DF-CFT calculation; circles: specific heat of NdP@5&. Solid line: DF-CFT calculation; circles:
experiment (Ref. 6. Parameter used in the calculatiod(q) experiment(Refs. 8,34 Parameter used in the calculatiol(q)

=10.6 K. =15.3 K.

to critical fluctuation not taken into account in our simple
approach. The general good agreement demonstrates that the
effective mean-field theory is sufficient to describe the low-
temperature magnetic specific heat for the considered class
of systems. In the case of NdfAd 3, the CF level sequence
obtained from DFT calculations coincides with the experi-
mental sequence, and this fact allows us to describe the quite
complicated structure of,,, with only one free parameter.

The situation is different for the isostructural compound
NdPd,Ga;, where the calculated level sequence deviates
from the experimental sequen€Eable VII). The related en-
ergy differences are smaller than 10 meV, and the cross fea-
tures of the level scheniéotal splitting, three low-lying dou-
blets and two high-lying doubletsare preserved. Anyhow,
the wrong order of the calculated levels makes the calculated
specific heat hard to compare with experim&iftsee Fig. 4.
(Note that the additional low-temperature peak in the calcu-
lated curve originates from a crossing of the CF levdls.
order to demonstrate that the mean-field model is nonethe-
less applicable, we have calculated the magnetic specific heat
for this substance with the CF parameter set obtained from
experiment(Fig. 5. Here, as in the former substance, the
gross agreement is good. Above a temperature of 10 K, how-
ever, a deviation between experimental and theoretical data
is present that grows with temperature. A probable reason for
this deviation is that the determination of the experimental
magnetic specific heat as difference between two measured
data sets might become less reliable for elevated tempera-
ture. In particular, the assumption that the phonon contribu-

C,, (J/mol K)

16

14

10

4

NdPd,Ga, -

O  experiment
— theory (INS)

T (K)

FIG. 5. Calculated and measured magnetic contributions to the

tion in the lanthanum compound is the same as in the isospecific heat of NdPgGa,. Solid line: calculation; circles: experi-
tructural neodymium (or praseodymium compound, ment(Refs. 8,34 Parameter used in the calculation: CF parameters
worsens with rising weight of the phonon contribution with from INS data(Ref. 9 andJ(q)=15.3 K.
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~ ) £ 250} © experiment .
2 4l O  experiment | L averaged C
= —— theory (DF-CFT) e —— a-axis &P
£ ———- theory (INS) 200 .- c-axis o®” 7
= 7, ©
= =2 o0
=3} . ©
U 150 ° .
NS ~
o ~
%)Q%b o° -
5| 0 ] 100 |- o° ~ 7
o) -
% .
o) /'/
o 50 &&5/) - ]
1 ReC N 2
(b 0 1 1 1 1 1
0 50 100 150 200 250 300
0 ] | | T (K)

T (K) FIG. 7. Comparison between the calculated and measured in-
verse susceptibilities of PrRAll;. DF-CFT calculations: solid line
FIG. 6. Calculated and measured magnetic contributions to théaveragedy), dash-dotted line ¥, ), and dotted line x;); experi-
specific heat of PrR®a;. Solid line: DF-CFT calculation; dashed ment: (Ref. 4 circles. Computed values ofyp=7.6x10"°
line: calculation with CF parameters, rescaled from INS dRigf. emu/mol andJ;_,(0)D(Eg) =0.025 are used.
9); circles: experimen(Refs. 8,34.

] o - -ancy can be attributed to the neglect of the unknown molecu-
respect to the magnetic contribution to the specific heat. Thig,, field, or to a nonideal texture of the polycrystalline
point of view is supported by the data presented in Fig. 65amp|e.
where the experimental values of, on PrPdGa; (Refs. For NdPg@Al 3, presented in Fig. 8, the calculated perpen-
8,34 are compared with the results of two calculations, usjcylar susceptibility is almost perfectly matching the experi-
ing CF parameters from DF calculations and from fitting andmental curve. Experimental and theoretical curves of the
extrapolating neutron data, respectivéeboth sets compiled  sysceptibility for the applied field parallel to the hexagonal
in Table VI). In this case, experimental data are available Upaxis exhibit the same shape and tendency, but the anisotropy
to 50 K, and the growing disparity between theoretical andp, the susceptibility is overestimated in our calculation by
experimental curves is clearly seen. Note, that the size of thgy,yt 5006, This is mainly due to the somewhat too large
difference at 30 K is quite similar to that in the previous gross CF splitting found in the DFT-based calculation. The
system, see Fig. 5. Itis clear that the almost vanishing “eXexperimentally based CF parameters in this case do repro-
perimental” value ofcy, at 50 K is not consistent with the qyce the measured susceptibilities very well. Thus, we can
observed CF level at 16.6 meV. Again, the most probablgonsider the present case as a typical example of what degree
explanation of the inconsistency is a different phonon congf quantitative coincidence between experimental data and
tribution to the specific heat of LaR@a; and PrPdGa;. parameter-free DF-CFT calculations can be expected.

Turning our attention to the paramagnetic susceptibilities, Good agreement is found between the averaged
we note that only for NdP@; experimental data on @ measuretland calculated susceptibilities of Py, see
single crystalline sample are availablEor the three remain- Fig. 9. A similar picture is found in the case of NS,
ing compounds, the susceptibility has been measured OBjg 10. Here, we compare the calculated averaged suscepti-
polycrystalline samples, and quantitative experimental inforyjity with unpublished experimental data, since the original
mation on the anisotropy of is not ava.ilable. We shall  measuremefitwas improved later by the same grotip.
present our data oy and x, together with the averaged Again, we can consider our calculated data on the aniso-

value in all these cases anyway, providing a theoretical pregopic susceptibilities as a prediction to be checked in future
diction for future studies on single crystals. Figure 7 showsexperiments.

the related data for the system PsRb;. The calculated av-

eraged susceptibility is larger than the measured an¢he V. CONCLUSIONS

whole temperature range. At low temperatures where only '

the ground state singlet is thermally populated, half of the A new variant of self-interaction corrected local spin-
deviation is explained by the fact that the first excited CFdensity theory has been combined with single-ion model cal-
level obtained from the DFT calculation is lower in compari- culations and applied to the class of rare-earth compounds
son to the experimental level. The remaining small discrepRPd,X5 (R=Pr, Nd; X=Al, Ga). Our calculations are free
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verse susceptibilities of NdRAI;. DF-CFT calculations: solid line
(x.) and dotted line x); experiment:(Ref. ) circles (x,) and

squares ). Computed values ofp=7.6X 10"% emu/mol and
J;_.(0)D(Eg) =0.026 are used.

s00 1 PrPd,Ga,

400 | -
=
5300 .
3 O experiment
g averaged
Tx —— a-axis

200

100

FIG. 10. Comparison between the calculated and measured in-
verse susceptibilities of NdR@a;. DF-CFT calculations: solid line
(averagedy), dash-dotted line X, ), and dotted line ), experi-
ment: (Ref. 11 circles. Computed values ofyp=6.7
x10"% emu/mol and);_.(0)D(Eg)=0.020 are used.

of adjustable parameters except the strength of isotropic mo-
lecular field interaction that is adjusted to reproduce the ex-
perimental value of the Mg temperature in the Nd com-
pounds. Satisfactory agreement with CF parameters from
literature is found, in particular for the second and fourth
order parameters. The calculated CF levels, paramagnetic
susceptibilities and specific heats of the considered com-
pounds are close to available experimental data. In particu-
lar, this agreement is improved by taking into account the
intra-atomic spin correlations within thef 4hell when cal-
culating the 4 orbital density.

The anisotropic susceptibility is predicted for three differ-
ent compounds and compared to existing single-crystal data
on NdPgAl;. Further experimental work on single crystal-
line samples could help to improve our present understand-
ing of the crystal field properties of the considered systems.

Our results demonstrate that single-ion model calculations
with crystal field parameters obtained from density func-
tional theory are well applicable to compounds of rare earth
elements with nonmagnetic metals. This was not the case for
the isostructural system URAll 3, where large discrepancies
between experimental and theoretical data on susceptibility
and specific heat were fourid.
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