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Abstract. The ternary intermetallic compounds RPdl; (R = light rare earth crystallize

in the hexagonal PrMAls-type structure, like the heavy-fermion superconductor i4¥gl

In this paper we present powder neutron scattering and single-crystal magnetic susceptibility
experiments on NdRBéls, which provide sufficient information for us to unambiguously
determine the crystalline-electric-field (CEF) splitting; — I'y” — I'YY — 1 — 1)

of the4I9/2 multiplet of Ncé*. The CEF parameters obtained for NdRts are extrapolated to
those for PrPgAl 3 and CePgAl3. For PrPdAl 3, the powder neutron scattering measurement of
the two strongest CEF excitations confirms the reliability of the extrapolated CEF level diagram
Ty — I's - Fél) —- T3> T4 — Féz)) with an accuracy of better than 10% for the excitation
energies. For CeBdl 3, with a rather strong Kondo effect, the extrapolation yields a CEF level
sequencé€l’'y — I'g — I'g) similar to that derived from single-crystal susceptibility data, and the
predictedl’; — I'g excitation energy lies well inside the width of the broad inelastic magnetic
peak observed by neutron scattering. The CEF parameters yield a magnetic anisotropy which is
compatible with the magnetic structures observed in GARdand NdPdAl3, and predict no
magnetic ordering for PrBél3 down to the lowest temperatures.

1. Introduction

Like the heavy-fermion superconductor URdl, the rare-earth intermetallic compounds
RPdAIl3; (R = Ce, Pr, Nd, Sm, Gd) adopt the hexagonal BAli-type crystal structure,
shown in figure 1, which consists of Pr—Ni layers, alternating alongctbeection with
isolated Al layers. In UPgAlI3 [1, 2] (y = 150 mJ K2 mol™, T, = 2 K, Ty =

14 K), superconductivity coexists with a quite large antiferromagnetically ordered uranium
moment of 0.85uz. CePdAl; [3, 4] has been characterized as an antiferromagnetically
ordered heavy-fermion compoung = 380 mJ K2 mol™t, 7y = 2.8 K), which is
located very close to the magnetic-to-nonmagnetic boundary in the Kondo-lattice phase
diagram. PrPgl; [5] remains paramagnetic down to 1.5 K, and Ngid [6] shows
antiferromagnetism below, = 7.7 K. Multiple magnetic phase transitions have been
observed for SmBd\; [7] at T1 = 12 K, T» = 4.3 K, and 75 = 4.0 K, and for GdPgAl;

[8, 9] atTy = 16 K andT, = 13 K, but the magnetic structures have not yet been determined.
The relevant structural and magnetic parameters are summarized in table 1. FeAlgePd
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NdP¢Al3, and UPdAI; the ordered magnetic moments are oriented perpendicularly to the
hexagonalc-axis and perpendicularly to the respective propagation vector. The coupling
of the magnetically ordered moments is either ferromagnetic in the basal plane and
antiferromagnetic along thedirection (the propagation vectér= [0, 0, 1/2] in CePgdAl;

and UPdAl3), or antiferromagnetic in theb-plane and ferromagnetic along thexis (the
propagation vectok = [1/2, 0, 0] in NdPQAl3).

® Pr

O Ni

@ Al

. Figure 1. The PrNpAls-type crys-
b tal structure; hexagonal space group

P6/mmm (No 191) with sites 1a occu-
pied by Pr, 2c by Ni, and 3g by Al.

Table 1. Room temperature lattice parametétsc) and magnetic structures of the compounds
RP&Al3 (R = Ce, Pr, Nd, Sm, Gd) and URAI3, all with hexagonal PrNiAls-type crystal
structure. Tx: Neéel temperaturek: magnetic propagation vectogio: ordered magnetic
saturation moment with direction; ?: not yet determined.

Compound CePdhlz PrPgAlz  NdPdAlz; SmP@Alz  GdPgAlz  UPGAI3

References [3, 10] This work  [6] [7] [8, 9] [1, 2]

a (;&) 5.4709(4) 5.4569(5) 5.4419(1) 5.4131(1) 5.3924(9) 5.365

c (;&) 4.2157(4) 4.2117(6) 4.2069(1) 4.1997(1) 4.1941(4) 4.186

c/a 0.7706(2) 0.7718(2) 0.7731(1) 0.7758(1) 0.7778(2) 0.780

Ty (K) 2.8(1) No order  7.7(1) 12,4.3,4.0 16,13 14

k [0,0,1/2) — [1/2,0,0] 2 ? [0, 0, 1/2]

o (UB) 0.47(2) — 2.28(7) ? ? 0.85(3)
nle — pnle ? ? nlece
nlk — nlk ? ? nlk

The physical and magnetic properties of RRId compounds depend strongly on the
sample preparation procedures. Samples of better quality (defined as structural closeness
to the ideal PrNiAls-type lattice) are characterized by smaller lattice constants and higher
values of the el temperatur&y. For NdPdAl3, Ty exhibits a linear dependence on the
lattice parametet [6], and the valueTy = 5.3 K obtained for the best single-crystalline
sample is significantly reduced to below the valug'gf= 7.7 K for the best polycrystalline
sample. For CeRd\l 3, a slightly randomized exchange coupling introduced by site disorder
and vacancies in the single-crystalline [11] and splat-cooled polycrystalline [4] samples may
account for the observed disappearance of the long-range magnetic order.

For an understanding of the magnetism in the F¥Pg compounds on a microscopic
scale, knowledge of the crystalline-electric-field (CEF) interaction is indispensable. We
have performed powder neutron scattering and single-crystal susceptibility experiments on
NdPdAIl; in order to determine the CEF splitting of tHéy, multiplet of Nf*. The
CEF level diagrams of PrBAl; and CePgAl3, obtained by an extrapolation from that for
NdPdAl3, are compared with additional powder neutron scattering experiments performed
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on PrPdAl3, and with single-crystal susceptibility and powder neutron scattering data on
CePdAl; reported in the literature [11, 12].

2. Experimental details

The polycrystalline NdPghl; and PrPdAl; samples for the neutron scattering experiments
were synthesized by arc melting the pure elements (Nd: 3N; Pr: 3N; Pd: 4N; Al: 5N)
with starting compositions Nd:Pd:Al of 1:2:3 and Pr:Pd:Al of 1.005:2:3.03 in an argon
atmosphere under continuous titanium gettering, and were annealed &Cofiy 120

hours in high vacuum. The NdRAl; single crystal for the susceptibility experiment was
prepared from a melt of an aluminium-rich sample a with a Nd:Pd:Al starting composition
of 1:2:3.03 in the same tri-arc furnace by the Czochralsky pulling method, and was not
annealed. Nonstoichiometric compositions of the starting material are chosen to compensate
the evaporation of mainly aluminium during the process of sample preparation (for details,
see [6]). The x-ray diffraction patterns of all of the NdRts and PrPgAl; samples can

be completely indexed with the hexagonal RNs-type structure, and traces of possible
impurity phases are limited to well below 1% of the observed total Bragg intensities.
The two NdPdAl; samples have previously been used in the investigation of the sample
dependence of magnetic properties [6], and correspond to the best polycrystalline sample,
named PC1 in [6], withTy = 7.7 K, and to the single crystal named SC2a in [6], with

Ty = 5.2 K. For the PrPgAl; sample with the lattice parameters given in table 1, the
absence of magnetic ordering was confirmed down to 1.5 K.

The inelastic neutron scattering measurements were carried out on the triple-axis
spectrometer IN3 at the Institut Laue—Langevin, Grenoble, France, for energy transfers
up to 36 meV. In order to achieve a gain in intensity, a horizontally and vertically focusing
monochromator (copper (1, 1, 1) and graphite (0, 0, 2)) and a horizontally focusing analyser
(graphite (0, 0, 2)) were used. Const#ptscans were performed for moduli of the scattering

vector @ in the range 0.881 < 0 <45 Afl, and the energy of the scattered neutrons
E; fixed at 13.7 meV, and 4.80 meV. Faly = 137 meV a pyrolytic graphite filter was
placed in the scattered neutron beam in order to reduce higher-order contamination, while
for E; = 4.80 meV a beryllium filter was used for the same reason. The energy resolution
at the elastic peaKAE = 0) turned out to beSE = 0.12 meV for E; = 4.80 meV,
andsE = 0.47 meV for E; = 13.7 meV. The NdPgAl; and PrPdAl; powder samples
were filled under a helium gas atmosphere into aluminium cylinders of diameter 10 mm
and height 50 mm, and mounted in a closed-cycle He refrigerator to achieve temperatures
between 10 K and 300 K.

The magnetic dc susceptibility = M/H was measured parallel and perpendicular to
the hexagonat-axis of the NdPgAl3 single crystal down to 1.9 K in an external field of
0.1 T by using a SQUID magnetometer (Quantum Design).

3. Results and discussion

3.1. CEF levels in NdPd&\I3
The CEF Hamiltonian of hexagonal symmetry
Hcpr = B2003 + BaoO3 + BeoOg + Bes 0§ 1)

where theB,,, are the CEF parameters and tl&" are operator equivalents built from
spin operators [13], gives rise to a decomposition of the tenfold-degenerate ground-state
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Table 2. CEF parametersh,,,,), eigenfunctiongI’;), energies £;), and transition probabilities
(|(1“,-\Jl|l“_,-)\2) for NdP@Al; obtained from a fit to the powder neutron scattering and single-
crystal magnetic susceptibility data. Bold numbers correspond to CEF transitions with zero
energy transfer.

CEF parameters,,,,: (Fit)
Boo (MmeV) 02144 0.005
Bao (102 meV) —0.1054+ 0.002
Beo (107% meV) —0.2244+ 0.006
Bes (1072 meV) 0438+ 0.021
) ) EnergieskE; (meV):
Eigenfunctionsl;:
(calculated) (calculated) (observed)
r = 0.288+5/2) + 0.958F7/2) 12.24 12244 0.15
r{? = 0.133+3/2) + 0.99479/2) 11.80 118+0.3
r{ = 0.958+5/2) — 0.288F7/2)  4.24 424+ 0.05
r{’ = 0991+3/2) — 0.13379/2)  0.83 083+ 0.03
7 = |£1/2) 0 0
Transition probabilitieg(I'; |/, |T;)[%:
(calculated) ry Fél) Fél) Féa Féz)
E (meV) 0 0.83 4.24 11.80 12.24
r 15.26
re 25.74 6.09
rg 8.59 0.05 11.07
re? 2.59 13.29 0.83 0.57
Iy 17.00 15.72 0 0.28 0

J-multiplet “lg» of Nd®* in NdP@bAl3 into five doublets(I'z, TS", T2, I{Y, T¥). The
interpretation of neutron spectroscopic data requires the identification of the observed CEF
states with energ\E; with their correct representatiorig. This is usually achieved by
comparing the observed intensities of the CEF transitibns— |I";) with the differential
neutron cross section, which for a system wittmoninteracting ions is given in the dipole
approximation by [14]

o N[ ye* \k 2
Qde 7 <me62)ko exp[—2W (Q)] F*(Q) exp[-E;kpT]

x [Ty JLIT))28(E; — E; + ho). 2

Z is the partition functionkg and k; are the wavenumbers of the incoming and scattered
neutrons, respectively, exppW] is the Debye—Waller factorF'(Q) the magnetic form
factor, andJ, the component of the total angular momentum operator perpendicular to the
scattering vecto). The remaining symbols have their usual meaning. The intensities of
the CEF transitions are decreasing with increasing scattering vector due to the form factor,
and their temperature dependence is governed by Boltzmann statistics.

From the evidence described below, our experiments suggest the CEF diagram for
NdPdAl3 shown in figure 2, which gives rise to the values of the CEF paramekess 4o,
Bso, Bsg), and the calculated eigenfunctio(is;), energies £;), and transition probabilities
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NdPd,Al,s

T . 12.2 meV
ro & —4 118

c
O 4.24

B

Figure 2. The CEF level diagram for NdBAIl3z derived from powder

Iy —g——+—— 0.83 ’ : . -

F9 fA 0.00 neutron scattering and single-crystal magnetic susceptibility data. Arrows
7 : indicate CEF transitions with large transition probabilities (see table 2).

(|<Fi|JL|Fj)|2) given in table 2. The four inelastic CEF transitions with large transition
probabilities (see table 2) are indicated by arrows in figure 2.

The IN3 energy spectra of paramagnetic Ngild, shown in figure 3, exhibit three
inelastic lines, which appear for neutron energy loss (A, B, C) and for neutron energy gain
(A’, B'). The excitations A at 83+0.03 meV, B at 341+0.02 meV and C at ®+0.1 meV
have all been confirmed to be of magnetic origin by measurements with larger scattering
vectors@. Upon increasing the temperature from 15 to 40 K, the intensity is decreasing
for the line A and increasing for the excitations B and C. Thus, the unresolved shoulder A
can immediately be identified as a ground-state CEF transition, whereas the lines B and C
are excited-state CEF transitions. When assuming for MdRda CEF ground stat&’;,
it is straightforward (see the arrows in figure 2) to interpret the lines A, B, and C as the
r; —» TP, TP - 1, andry” — 1 transitions, respectively. Figure 4 displays an IN3
spectrum under improved resolution conditions. The magnetic scattering near the elastic line
contains contributions from the inelastic CEF transitiond — I'{") and A (T'{? — T'7)
as well as from the elastic CEF transitioR§” — T'§” and—mainly—F; — T'; (see the
transition probabilities in table 2), which all appear broader than the instrumental resolution
indicated by the dashed line.

Since the IN3 spectra measured at higher temperatures failed to exhibit the CEF
transition D (see figure 2), the energy 1632) remains undetermined. Figure 5 displays the
values of the CEF parameteBso, Bao, Bso, and Bss of NdP@bAl3 as functions ofE(I'yY),
with the energiesE (I'7), E(Fél)), E(Fél)), and E(Féz)) fixed at the values observed by
means of neutron scattering. Such a fit has only one free pararﬂelééz,)), and all of the
sets ofB,,,-parameters reproduce the correct energies of the other four CEF levels.

We now proceed to compare the magnetic susceptibility calculated for the different sets
of B,,, of figure 5 with the susceptibility measured parali¢t) and perpendiculafLc)
to the hexagonat-axis of the NdPgAl; single crystal. As shown in the upper frame of
figure 6, the calculations give the correct magnetic anisotropy, and the observedc)
data allow a precise estimation to be made of the ener@yt‘éz)) = 118 + 0.3 meV.

The agreement between the observed magnetic susceptipilityc) and the calculated
susceptibility xcer = calo(11.8) can be further improved by including the effects of
magnetic exchange interactions between Nd ions. For pERda fit of the susceptibility
xu (see the lower frame of figure 6), which in the molecular-field approximation [15] is
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IN3: NdPd,Al;, Q=1.80A-1

800
600
400

200

Neutron Intensity

800
600
400

200

0 L0 L A S ML LN S BN S RNLA LI LA L RN
-4 -2 0 2 4 6 8 10
Neutron Energy Loss [meV]

Figure 3. IN3 energy spectra & = 15, 40, and 100 K of neutrons scattered from polycrystalline

NdP@Al3z for Q = 1.80 A" and fixed E; = 137 meV. Open symbols show the neutron
intensity divided by 10. The curve corresponds to the fit of the total scattering, and letters refer
to CEF transitions of the diagram shown in figure 2.

IN3: NdPd,Al,, Q=0.80A-1
200 7

T=40K

—_—
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Figure 4. The high-resolution IN3 energy spectrum&t= 40 K of neutrons scattered from

polycrystalline NdPgAlz for 0 = 0.80 A" and fixed E; = 4.80 meV. The dashed line

indicates the spectrometer resolution/e€ = 0 meV. The curve corresponds to the fit of the
total scattering, and letters refer to CEF transitions of the diagram shown in figure 2.
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Figure 5. Values of the CEF paramete®yo, Bao, Beso, and Bgs of NdPbAl3 as functions
of E(Féz)), with the energies of the other four CEF levels fixed B&l'7) = 0 meV,
ET) = 083 meV, E(TYY) = 4.24 meV, andE('{) = 12.24 meV. The dashed line at

E(Féz)) = 118 meV marks the best set of CEF parameters based on single-crystal susceptibility
data.

NdPd,Al,
] »  explfic)
160 o exp(lc)
1] = — -calc(8.0)
= i calc(11.8)
g 1204 | cale(16.0)
ﬁ : ~ — UL
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40
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1ea o exp(lc)
0.1545 —
I Xcer
g ¥ -
= o
% :
|
L
bad
0.00 A

T
100

¥
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Figure 6. The single-crystal magnetic susceptibility of N@Rth measured parallel and
perpendicular to the hexagonadaxis. The calculations ca(lE(I‘éf)) in meV), are based on
the CEF parameters of figure 5crr = cala11.8). The curve fory, was obtained by a fit
of equation (3).
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Figure 7. Calculated (solid lines) and observed (black dots) temperature dependences of the
populations of the CEF leve7, I'", andT"'" of NdPcbAI 3.

PrPd,Al, CePd,Al,
@ 387(7y meV Ty~ 39.1(9) meV
r, L -30.2(4)

Ty 5+-25703)

ro - 16.8(1)

Iy — 5.17(1) T, L 3.8(4)
1—*1 0 F,iI:..._ 0.0

Figure 8. CEF level diagrams for PrRAl3 and CePgAl3 extrapolated from that of NdBAI 5.
Arrows indicate CEF transitions with large (solid line) and intermediate (dashed line) transition
probabilities (see tables 3 and 4).

given by
xm = xcer/(L—Axcer) (3)

yields an exchange coupling paramete —2.0 mol emu? indicating antiferromagnetic
exchange interactions. The CEF transition(C{’ — T'{’) has not been observed via
neutron scattering because of the small excitation enetdyneV). The CEF diagram of

figure 2 is compatible with the observed neutron intensities: at 40 K the ratio Int(B)/Int(A)
becomes 0.66 (calculated) and 0.7(2) (observed; figure 4), whereas the ratio Int(C)/Int(B)
becomes 0.31 (calculated) and 0.3(1) (observed; figure 3). The temperature dependences of
the observed and calculated populations of the CEF levgl"”, andT'y” are compared

in figure 7.

For the CEF ground-state doubl&t of NdP@AIl3, the expected ordered moments
are 1.82up for the basal plane and 0.365 parallel to thec-axis. The large magnetic
anisotropy ofI'; fixes the directions of the antiferromagnetically ordered Nd moments
into the basal plane. In NdRAl3, the strength of the magnetic exchange interactions
(Ty = 7.7 K) is comparable to the energy separatidv¥(= 9.6(4) K) of the two lowest-
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Table 3. CEF parametersh,,,,), eigenfunctiongI’;), energies £;), and transition probabilities
(|(1“,-\Jl|l“_,-)\2) for PrPgAl3; obtained by an extrapolation from those of NgRb;. Bold
numbers correspond to CEF transitions with zero energy transfer.

CEF parameters,,,: (Extrapolation)
Bog (MmeV) 0758+ 0.018
Bao (1072 meV) —0.3124+ 0.006
Beo (107% meV) 0458+ 0.012
Bes (1073 meV) —0.894+ 0.043
) ) Energiesk; (meV):
Eigenfunctionsl;:
(extrapolated) (extrapolated) (observed)

r =0078+2) — 0.997F4) 387+0.7 —
T4 = 0.707+3) — 0.707—3) 302404 —
'3 = 0.707+3) + 0.707—3) 257403 —

r’ =0997+2) +0.078F4) 168+0.1 1682+ 0.05

s = |£1) 517+ 0.01 550+ 0.01

't =10) 0 0

Transition probabilitieg(I'; |/, |T;)%:

(extrapolated) Iy I's Fél) I's s I‘éz)

E (meV) 0 5.17 16.8 257 302 387
re 20.94
T4 0 3.23
T3 0 6.00 213
re 514 520 410  0.29
Ts 133 11.93 0 0 0.07
Iy 0 13.33 0 0 0 0

lying CEF doubletsI'; andFél). Thus, the enhancement of the observed saturation moment
wo(Nd) = 2.28(7) up [6] above the value .B2 up expected fol; reflects the mixing of

Fél) into the ground-state singlet of the antiferromagnetically ordered state oftdn

fact, a mean-field calculation including the full CEF level scheme yiglddd) = 2.53 u 5,

with A = —2.0 mol emu™.

3.2. Extrapolation to PrPgAl3

The CEF parameters determined for NgRid can be extrapolated to those of other trivalent
rare-earth ions R with the same chemical structureJRPg since the CEF parameters then
essentially scale witky"), thenth moment of the radial distribution of the 4f electrons, and
with x,, the reduced matrix elements or Stevens factors [16]:

Bun(R) = Byy(Na) ) 20 (4)

(r")(Nd) x,(Nd)

For PrPdAl;, the CEF Hamiltonian (1) splits the ninefold-degenerate ground-state
multiplet 3H, of PP+ into three singletsTy, I's, T4) and three doubletsT's, IS, I'Y).
The extrapolation (4) with no adjustable parameter yields the CEF level diagram shown in
figure 8 with the CEF parameters, eigenfunctions, energies, and transition probabilities given
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Figure 9. IN3 energy spectra & = 15 and 40 K of neutrons scattered from polycrystalline
PrPgAl; for Q = 1.80 ,&_1 and fixedE; = 137 meV. The curve corresponds to the fit of the
total scattering.

in table 3. The CEF ground state of PgRt% is predicted to be the nonmagnetic sindlet
which is separated from the first excited state (doubBigty 5.17+0.01 meV, and from the
second excited state (doubléél)) by 168+0.1 meV. The two CEF transition$; — I's and
s — Fél), marked by solid-line arrows in figure 8, have the largest transition probabilities
(see table 3). IN3 neutron scattering spectra of RPAPgare shown in figure 9. At 15 K,
only one intense inelastic line, at5H+ 0.01 meV, is observed. At 40 K, the intensity of
the dominant line is reduced, and a weaker excitation shows up.32 +10.04 meV. The
magnetic origin of both excitations has been verified by means of measurements with larger
scattering vector§). Guided by the extrapolation (figure 8), we associate the intense line
with the ground-state transitidfy, — I's and the weaker line with the excited-state transition
s — Fél). The predicted excitation energies are in good agreement with the experimental
data: only 6% smaller than observed or — I's and only 3% larger than observed for
I's — Fél). Furthermore, the predicted intensities are in agreement with the experiment:
for 'y — s, the ratio IN{T = 40 K)/Int(T = 15 K) becomes 0.72 (calculated) and 0.8(1)
(observed:; figure 9), whereas at 40 K, the ratigligt— I'{")/Int(T'y — I's) becomes 0.18
(calculated) and 0.1(1) (observed; figure 9). Our powder neutron scattering measurement
of the two strongest CEF transitions confirms the reliability of the extrapolated CEF level
diagram of PrPgAl; (figure 8), with an accuracy of better than 10% for the excitation
energies. A verification of the weaker CEF transitions of RAPg¢l (see the dashed-line
arrows in figure 8) might be possible by means of a future single-crystal neutron scattering
experiment.

The magnetically easy axis of PriAd; lies inside the hexagonab-plane, like those of
NdP@¢Al3; and CePdAl;. Due to the large energy separatibn— I's of 64 K (5.50 meV),
no magnetic ordering is expected for PsRb; down to the lowest temperatures. An
estimation of the magnetic entropy from specific heat data for AIRJ17] supports the
CEF diagram of figure 8 by suggesting a singlet as the CEF ground state separated by about
40 K (3.45 meV) from a doublet as the first excited state. However, the CEF parameters for
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Table 4. CEF parametersh,,,,), eigenfunctiongT’;), energies £;), and transition probabilities
(|(1“,-\Jl|l“_,-)\2) for CeP@Al3 obtained by an extrapolation from those of N@Rts. Bold
numbers correspond to CEF transitions with zero energy transfer.

CEF parameters,,,:  (Extrapolation)

Bao (10" meV) 02284+ 0.005
Bao (1071 meV) 0329+ 0.007
Bgo (meV) 0
Bss (MeV) 0

) ) Energiesk; (meV):
Eigenfunctionsl;:
(extrapolated) (extrapolated) (neutron [12]) x [11])
g = |+5/2) 391+09 — ~ 68.9
g = |£3/2) 38+04 2.95 2.84
7 =|+1/2) 0 0 0
Transition probabilitieg(I'; |71 |T;):
(extrapolated) ry Iy I's
E (meV) 0 3.8 39.1
I's 8.33
Iy 3.00 3.33
ry 6.33 5.33 0

PrPgAl3, tentatively derived from powder magnetic susceptibility data [5], give rise to a
magnetically easy-axis with a CEF ground-state singlgj and a first-excited-state singlet

'3 at 22 K (1.89 meV), which turns out to be incompatible with our neutron scattering data.
This is not surprising, since powder susceptibility data alone are insensitive to the details
of the CEF level structure.

3.3. Extrapolation to CePd\l3

For CePdAl;, the CEF Hamiltonian (1) splits the sixfold-degenerate ground-sfate
multiplet 2Fs;, of Ce** into three doublets(I'z, I's, ['9). The extrapolation (4) with

no adjustable parameter yields the CEF level diagram shown in figure 8 with the CEF
parameters, eigenfunctions, energies, and transition probabilities given in table 4. The
single-crystal magnetic susceptibility of CePd@Alz [11] can be satisfactorily described

by a CEF ground statd’;, and excited state§’y at 33 K (2.84 meV) andl'g at

~800 K (~68.9 meV). Our extrapolation (figure 8) yields a similar CEF level sequence,
'y - I'g — TI'g, for CePdAl3, but—compared to the analysis of the susceptibility data—
the excitation energies are predicted to (34 + 14)% larger forI'; — 'y and ~41%
smaller forI'g — I's. For CePgAl3, the relevant energy scales have been estimated from
bulk measurements [3, 4] to be thé&®l temperaturdy = 2.8 K, the Kondo temperature

Tx = 19 K, and the CEF splitting’z — I'g at A; = 33 K. SinceA; and Tx are close
together, thd’; — I'9 CEF excitation, measured by means of inelastic neutron scattering
[12], appears as a broad feature with a Lorentzian peak shap&.-Atl2 K, the position

of the maximum at 2.95 meV gives rise 1, = 34 K, and the width, extrapolated to

T =0 K, of 1.92 meV corresponds tfx = 22 K. The values forA; and for Ty obtained

from neutron scattering data and from bulk measurements are in excellent agreement. But
the larger valueA; = 3.8(4) meV, from our extrapolation (figure 8) lies well inside the
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broad neutron peak, with a width of 2.2 meV at 12 K and 4.0 meV at 100 K. In addition, the
extremely large overall CEF splitting 6800 K for CePgAl; suggested by susceptibility
data [11] remains to be verified by means of a direct spectroscopic measurement. So far,
inelastic neutron scattering experiments [12] have failed to observe the broddgnred’s
CEF transition.

Similar to that of NdPgAl3; the CEF ground state of CefAl; is the doublef"7, with
expected ordered moments oR® np for the basal plane and.4B up parallel to thec-
axis. The magnetic anisotropy bf fixes the directions of the antiferromagnetically ordered
Ce moments into the basal plane, and a rather strong Kondo effect is responsible for the
reduction of the observed saturation momegtCe) = 0.47(2) up [10], to below the value
1.29 up expected for ;.

The representationE; used in this work (tables 2—4) correspond to the notation of
Kosteret al [18], and have been verified by calculating the characters (see table 72 in [18])
for all of the CEF eigenfunctions of €, P+, and Nd&+.

4. Conclusions

By means of powder neutron scattering and single-crystal susceptibility experiments on
NdP¢Al3, we have been able to unambiguously determine the values of all four CEF
parameters K20, Bao, Bso, Bss). The resulting CEF level diagram of NdfAd3 shown in

figure 2: (i) is compatible with the excitation energies and intensities of the CEF transitions
observed by means of neutron spectroscopy; (ii) can reproduce the behaviour and anisotropy
of the single-crystal susceptibility; and (iii) can explain the directions and sizes of the
antiferromagnetically ordered Nd moments at saturation reasonably well.

The CEF parameters obtained for NdRLt are extrapolated to those for the isostructural
compounds PrRd\; and CePgAls. For PrPdAls, the powder neutron scattering measure-
ment of the two strongest CEF excitatiofis — I's andI's — Fél) confirms the reliability
of the extrapolated CEF level diagram shown in figure 8, with an accuracy of better than
10% for the excitation energies. Since the CEF ground-state siigistseparated by 64 K
from the first-excited-state doublEt, no magnetic ordering is expected for PsRy down
to the lowest temperatures. For CegRl, the extrapolation yields the same CEF level
sequence (see figure 8) as has been derived from single-crystal susceptibility data [11]. The
magnetic anisotropy of the CEF ground st&teis compatible with the realized magnetic
structure [10]. In CeP\l3, a rather strong Kondo effect causes a significant reduction of
the antiferromagnetically ordered Ce moment to below the value expectedIffpmnd
in addition gives rise to a broadening of the CEF transitions. The predicied> 'y
excitation energy lies well inside the width of the broad inelastic magnetic peak observed
by neutron scattering [12].

An extrapolation from NdPgAl; to SmPdAl; with the use of equation (4) yields a
CEF splitting of the lowest-lying/-multiplet ®Hs/, of Sm#* into a ground-state doublet
I's = |+5/2), and excited-state doublely = |+-3/2) at 1294+ 0.3 meV andl'; = |+1/2)
at 223 £+ 0.5 meV, which implies a magnetically easyaxis. However, according to a
very recent single-crystal magnetic susceptibility experiment [8], magnetism in SiPd
is more complicated, and the easy direction of magnetization changes at 37 K from the
expectedc-axis at lower temperatures to inside te-plane at higher temperatures.
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