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Crystal field and magnetocrystalline anisotropy in ErNiAl
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We present a study of the crystal field and electronic structure in an ErNiAl intermetallic compound based
on the inelastic neutron spectroscopy, magnetic susceptibility, specific heat data, and first-principles density-
functional calculations. We have fully determined the lower half of the ground-state multiplet energy-level
scheme in ErNiAl. Several possible sets of the crystal-field parameters have been found to describe all our
experimental data. Magnetic-susceptibility data revealed a rather weak magnetocrystalline anisotropy.
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[. INTRODUCTION CF-level scheme in ErNiAl. Here we present a more detailed

study based on an INS data set, single-crystal susceptibility,

ErNiAl belongs to a large group ® TX compounds R,  and specific heat. These experimental results are compared
rare earth T, transition metalX,p meta) crystallizing in a  With results of first principles electronic structure calcula-

hexagonal ZrNiAl-type structuréspace groupPme). The tions based on a density functior@FT) theory.
structure is a layered one, wilrT andT-X planes alternat-
ing along the hexagonalaxis. Both layers are shown in Fig. Il EXPERIMENT

1. The rare-earth atoms are located in thg)3positions The ErNiAl single crystal was grown by the Czochralsky
(x,0,1/2), (0x,1/2), and &,x,1/2) with x=0.596(2) for method in a tetra-arc furnace from a stoichiometric melt of
ErNiAl as determined from neutron diffractidnThe point  constituent elementgurity 4N for Er, 5N for Ni, and 6N
symmetry atR sites is orthorhombic i2m). Within this  for Al). The final single-grain crystal had a cylindrical shape
group of RTX compoundsRNiAl have been studied most Wwith a diameter of 2 mm and a length of 7 mm. The poly-
intensively. Magnetic structures in these compounds aré€rystalline sample £15 g) used for the powder neutron
rather compleX; * with the rare-earth magnetic moments of- scattering experiment was prepared in a cooled copper cru-
ten much lower thaR®* free-ion values. This behavior was Cible using high-frequency heating. The x-ray analysis
ascribed to the crystal-fieldCF) interaction. The CF cer-
tainly plays an important role in determining the magneto-
crystalline anisotropy. In some systems, a knowledge of the
lowest-order term in the CF Hamiltonian is sufficient to de-
termine the anisotropy. This is not the case in the aforemen-
tioned RT X series. The determined easy-magnetization axes
in many of these compountiSindicate that higher-order CF
terms also have to be taken into account in these compounds.
A good knowledge of CF parameters is of high importance
for further studies of this system. Until now, only very scarce
information has been available concerning the crystal field in
the whole family ofRTX compounds® — e
ErNiAl orders magnetically belowly=6.2 K! As in- z=cf
ferred from neutron diffraction, erbium magnetic moments R
form, in a zero magnetic field, a noncollinear antiferromag-
netic structure within the basal plane. The orthorhombic CF T1
; f ) . ;
splits the #1 5, ground state multiplet of Bf into eight
doublet energy levels. Our previous inelastic-neutron-
scattering(INS) experiment revealed the existence of two
excited CF levels at 2.1 and 6.7 meV. The existence of an
energy level at=1 meV was deduced from specific-heat
data’ The relatively poor statistics of this INS experiment  FIG. 1. Schematic picture of the two basal-plane layers of the
did not allow us to make any final conclusions about thezrNiAl-type crystal structure.
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showed the sample to be a single phase. The determinexlculations based on the density-functional theory. Ex-
lattice parametersa=(6.972+0.002) A and c=(3.799 change and correlation effects are treated within the local-
+0.001) A are in a good agreement with the values deterspin-density approximatio(LSDA) and the general gradient
mined in the former study. approximation (GGA).* Scalar relativistic Kohn-Sham
The inelastic neutron spectra were taken at several temequations are used to obtain the self-consistent single-
peratures between 2 and 100 K on the IN5 time-of-flightelectron wave functions. The calculations described in Sec.
spectrometer in the ILL Grenoble, with three different inci- IV were performed using the full potential linearized aug-
dent wavelengthsh =5.0 A (E;=3.3 meV),\=3.8 A (E; mented plane-wave methgdAPW) implemented in the lat-
=5.7meV), andA=2.5A (E;=13.1 meV). In order to est version(wWiEN97) of the original WIEN code™ Atomic
minimize the contribution of phonon scattering, which in- sphere radii oRy;=2.8, 2.0, and 1.5 a.yMT is muffin tin)
creases quadratically with the scattering angle, only the lowwere taken forR=Er or Lu, Ni, and Al, respectively. The
angle detectors were summed up. Data measured on dnasis functions were represented by 1500 plane wawese
empty sample container were subtracted from all the spectréhan 100 APW/atomplus local orbitals of Er or Lu (5,5p),
and the relative efficiencies of the detectors were calibrateflli(3p), and Al (2p) semicore states, which lie less than 82
by measurement on a standard vanadium sample. eV below the Fermi level. The local orbitals avoid the prob-
The magnetic susceptibility was measured using a supefem of nonorthogonality, that can occur in calculations in
conducting quantum interference device magnetometewrhich the semicore states are either frozen or treated in a
(Quantum Design, installed at the Institute of Physics, Czeclseparate energy window. A maximum lof 12 was adopted
Academy of Sciences, Pragua a temperature range 6—-300 for the expansion of the radial wave function. Inside the
K on a samplé25 mg cut from the crystal. The specific heat spheres the crystal potential and charge density were ex-
was measured by a relaxation techniggample mass 14 panded into crystal harmonics up to the sixth order. For the
mg) using the PPMS-14 systef@uantum Design, installed Brillouin-zone integrations a tetrahedron methbdith 36—
in the Joint Laboratory for Magnetic Studies in Prague 105 speciak points was used.
The Er 4f states in the spherical part of the potential are
IIl. THEORETICAL ASPECTS treated as atomiclike core stat@gpen-core treatment® Er
. ) ) ] in the studied compound is characterized by the integer oc-
The interaction with the crystal field, produced by the cypation numbeN,;=11. A similar approach was success-
nelghbor_lng core charges and thg valence elect_ronlc chargg”y used, e.g., in the DFT calculations for Pe&as0g.t"
density, is the strongest perturbation of the free-idrshell  For the sake of comparison we also performed DFT calcula-
state of trivalent rare-earth ions in ErNiAl. As the®Erions tions for LUNiAl. In this case the #valence states are fully
are located on sites with an orthorhombic symmetry, the ingccupied, and we treated them in two separate calculations as
teraction Hamiltonian can be written 5. “normal” valence 4f states or “open core” 4 states.
000 L 22 1 OO | D22 1 pAnd Within the DFT the paramete$ of the CF Hamiltonian,
Her=B202+ B30z B40,+B;03+ 8,0, originating from the effective potentiaf inside the crystal,
+B202+B203+Bi0g+ BSOS, (1)  can be written as

whereB|' are the so-called crystal-field parameters @jd o

are the operator equivalents. To search for the crystal-field Bg=a2f |R4f(r)|zvg(r)r2dr. 3)
parameters systematically , this crystal-field Hamiltonian can 0

be also transformed into a more appropriate fotm:

The nonspherical compone‘mg(r) reflects, in addition to
nuclear potentials and the Hartree part of the interelectronic
interaction, the exchange correlation term which accounts for
_ many-particle effects. The radial wave functidy; de-
The transformation between the parameters, and theBy'  scribes the radial shape of the localizeideharge density of
parameters was given in Ref. 11. For the orthorhombic syman EF* ion in the studied compound. It is well known that
metry, there are eight, ,, parametersx, ne (—1;1) as fol-  the use of self-consistent “open cor&,f leads to a poor
lows from Eq.(1), and the energy scal. description of the CF interaction. The reason for this is that

The values of thé' parameters are determined by com-the so-called “self-interaction” potential “felt” by a local-
bining different approaches. In regular’Ersites we calcu- ized 4f electron is not correctly treated within the LSBA.
late the unknown parameteBy' by numerically solving the Therefore, the present study uses the valuBgfin Eq. (3),
inverse secular problenwhere the experimental CF energy resulting from the self-interaction-corrected LSDA atomic
levels are considered to be the eigenvalues of the seculgalculations with occupation numbers of the valence elec-
equation ofH . trons of Er (6,5d,6p) fixed to their values obtained in the

To obtain an independent estimate B}, we use amab  self-consistent LSDA calculations in a given Er compound.
initio method recently applied to rare-earth intermetalfics This approact was found to give a #charge density, very
and cuprate$® Within this method the electronic structure close to that obtained from more rigorous DFT band calcu-
and related distribution of the ground-state charge density ifations including self-interaction corrections for thé gtates
the studied compounds are obtained from the first-principleslirectly®

Her=WX XomOR, 2 [Xnml<1. )
n,m n,m
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FIG. 2. Inelastic spectra of ErNiAl foE;=5.7 meV at 11 K

after all the corrections. The dashed lines represent the individual F|G. 3. Inelastic spectra of ErNiAl for foE;=5.7 meV at 31 K
peaks, the full line is their sum. after all the corrections. The dashed lines represent the individual
peaks; the full line is their sum.
To calculateVa(r) we rewrite the right-hand side of Eq.
(3) as a sum of two contributions, with temperaturel (E;—E,) increases with increasing tem-
perature because tl® state becomes more populated. Fur-
Bozao( J'RMT|R (r)|2U°(r)r2dr thermpre, such a level scheme does not 'c.ontradict Fhe
2272 ), af 2 specific-heat data, as we show below. The position of the first
excited level can then be determined more precisely from the
. 2 2 E,—E, transition than from theEy—E; transition. The
* fRMT|R4f(r)| Wg(r)r dry, @) shape of the first two peaks is not fitted well at 11 K. The
possible reason for this could be the dispersive character of
whereUJ(r) andW5(r) are, respectively, the components of the first excited level due to exchange interactions.
the effective potential inside the atomic sphere with radius The spectra measured f&;=13.1 meV are shown in
Ryt and in the interstitial region. The terty(r) is readily ~ Figs. 4 and 5. Here we observe an additional peak around 6.5
obtained with thewiEN97 code. The new feature of our ap- MeV that we attribute to thE,— E3 andE;— E5 transitions.
proach is thatV3(r) is calculated using the exact transfor- Thus it is @ sum of two peaks, separated B { Ey). We
mation of the interstitial plane-wave representation of thec@nnot also exclude the existence of a further level around
potential into the spherical Bessel functions. The conversiofhis energy. Thé&,—E, andE;—E, transitions would then
factor ad=/5/167 establishes the relation between the @lso contribute to this observed peak. Comparing the 11- and
LAPW symmetrized spherical harmonic and the real tesserat:"K Spectra, we see a clear increase of the intensity of a
harmonics that transform in the same way as tensor operat§€ak having a maximum at 4.3 meV. The temperature devel-
Og in Eq. (1). opment of_|_ts intensity suggests that it is due to the
Both the calculated CF parameters and the parametefs E3 ransition. lts position can then be used as the most
found by analyzing experimental data have been obtainefrecise tool for a determination of the third excited level.
using the same coordinate system. 'IEBﬁaparameter is re-

lated to the axis aligned with the hexagonaixis. Thez axis 1.0 T T
is a_Iso definec_i asa hexagonal axis when calculating the mag- E =13.1 meV
netic susceptibility. ~ 08 ! 7
z T=11K
=]
IV. RESULTS AND DISCUSSION £ 06
Three peaks are seen in the ErNiAl neutron spectra mea- g‘ 0.4
sured forg;=5.7 meV(shown in Figs. 2 and)3They all are 5
rather broad with a full width at half maximum approxi- €,
mately equal to 0.8 meV. The fir&it ~0.7 meV), seen as an
asymmetric broadening of the central elastic peak and the 0.0

third one(at 2.70 meV can be described as the crystal-field 4 2 0 2 4 6 8
transitions from the ground stat&() to the first two excited
levels (E, andE,). The middle peak is at 1.95 meV, that is,
close to the difference between these two levels. It can be FIG. 4. Inelastic spectra of ErNiAl for foE;=13.1 meV at 11
understood as a; — E, transition. Such an interpretation is K after all the corrections. The dashed lines represent the individual
corroborated by intensity variations of the observed peakgeaks; the full line is their sum.

energy transfer (meV)

014404-3



JAVORSK,Y, DIVIé, SUGAWARA, SATO, AND MUTKA PHYSICAL REVIEW B 65 014404

1.0 —— 77— T T T T T
20
‘ E, =13.1 meV 1.8} ”’/"’j
2T T=31K ] 16} 7
E El4t o H001] ]
g 061 1 T2t 27 ]
i S1of #25°°  HL[001] e .
g 04 - =1 E 0.8 | /,” i
£ 0.6 ’éa’ i
To2r 1 04 | “,.f .
g~ [N -2 oos%

47X\ / \/ R 02 F 3¢ i

0.0 == SZA SRS 0 = 5|0 1(|)o 1;0 2(|)0 25|o 300

6 4 2 0 2 4 6 8
T(K)

energy transfer (meV)

) ) FIG. 6. Temperature dependence of the inverse magnetic sus-
FIG. 5. Inelastic s_pectra of ErNiAl fqr foE;=13.1 meV ?‘t 31 ceptibility of ErNiAl. Experimental data obtained with a field of 1 T
K after all the C(.)rregtlons.. The dashed lines represent the 'nd'v'duaﬁarallel and perpendicular to theaxis are shown; applying the
peaks; the full line is their sum. field along different basal-plane directions gives, within experimen-
There are no substantial changes in the spectrum measuredtaélterrors’ the same results. The lines represent an illustrative ex-
ample of calculatedH/M(T) dependencies fad|[001] (full line),
100 K (not shown. H|[100] (dashed ling and H[1—20] (dash-dotted lineusing a

_ The spectra measured W_iEE]=3.3 meV(yp to 1.5 meV_ set of CF parameters considered as accepialaie for set No. 12
in the energy-loss parshow just a broadening of the elastic i, Taple ).

peak due to théey,— E; transition. Its width does not de-

crease considerably compared to data ErE=5.7 meV. ) o ) )
Therefore, they cannot be used to obtain a more precise g@etic part, which in general consists of electronic and phonon

termination of theE, level, and have not been shown here. contributions. To determine these contributions, we have
The location of the first three excited CF levels, as de/neasured theCy(T) of an isostructural LuNiAl. The
rived from all the neutron spectra, can be summarized ag-coefficient of the electronic specific heat has been deter-
follows: E;=(0.75+0.10) meVE,=(2.70-0.05) meV, mined from the low-temperature part of tig /T vs T2 plot
andE;=(6.9+0.2) meV. Such an energy-level scheme is in(see the inset in Fig.)7as 8.4 mJ mol *K 2. For the pho-
agreement with the observed intensities of the peaks in thgon part, we assumed the following approximation: the total
energy-gain and energy-loss parts of the spectra measuredgonon spectrum consists of three acoustic branches that we
different temperatures considering gradual population of exgescribe by a Debye model and characterize by one Debye
cited states with temperature. _ _ temperaturedp, and six optical branches, described by an
Compared to the former INS datahe overall picture is  Einstein model and characterized by two Einstein tempera-

the same, but with small shifts in the energy levels. They, .oy each describing three branches. To account for the

statistics and resoluyon of the present experiment is, .howénharmonicity effects, we have used the expression derived
ever, considerably higher, and allows to see two transition

. : %y Marfin2* For simplicity, we assume the anharmonicity
In the peak around-2.1 meV. Furthermore, the existence of ,oisientsc, to be same for all phonon branches,

the first excited level below 1 meV, previously deduced from !

C,(T) data/ has been confirmed.

The inverse magnetic susceptibility of ErNiAl, measured 100 - ' ' - - .
with the magnetic field applied parallel or perpendicular to . ENiAl o=
the ¢ axis, is shown in Fig. 6. The measurements with field 80 - o .

LuNiAl

applied along different basal-plane directions give almost

identical results. All these data reveal a negligible magnetic ~ 60 g

anisotropy within the basal plane and a very weak anisotropy g ol ]

between the-axis and the basal plane. The weak anisotropy = 4 o LuNial _
6 20l

in ErNiAl is in contrast with the huge magnetocrystalline
anisotropy in the isostructuralTX compounds?® Relatively 20
weak anisotropy seems to be a more general behavior of

theseRTX compound£®® Of course, the origin of the an- . . .

isotropy in the O X compounds is different. While the CF is 0 0 50 100 150 200 250 300
responsible for the anisotropy in these rare-earth materials, TK)

hybridization effects between the uranium States and the

ligand states plays a crucial role in the isostructurdlXJ FIG. 7. Temperature dependence of the specific heat of ErNiAl
compounds. and LuNiAl. The line represent the fit taCq+Cp, with

Let us now turn to the specific-heat data. To determine thes =8.4 mJmol K2, 6, = 150 K, 8¢, = 213 K,fg, = 360 K,Cp
magnetic heat capacity, one first has to subtract the nonmag=Cg,=Cg,=7x10"4 K™ 1.
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3 o doublet ground state splits into two singlet energy levels
e - RS S—— without any dispersion. Taking the value of 1.1 meV as an

i ’“é 20| Rind©) estimation of this splitting, we obtain the specific heat repre-
= ‘8 = sented by the dotted line in Fig. 8. It is in a good qualitative
2 agreement with the measured data. Of course, the magnetic
§ excitations have a complex character, and@heT(T) data
= below and around the ordering temperature of 6.2 K cannot
T : ‘ ‘ ‘ be fully described in such a simple model.

o 20 40 60 80 T(K) We tried to find a set of CF parameters giving a reason-
able agreement with all our experimental data. All #g,
SO oo 1 5w o parameters have been scanned frerh to 1 with a step of

0.05 without any preliminary assumptions. First we have se-
20 30 40 lected suchx, , sets leading to the first three excited levels
T () within the accuracy of their determination as given above,
) o - ) and to relative intensities of transitions between these levels

FIG. 8. Magnetic contribution to the specific heat of ErNiAl; the which are in a satisfactory agreement with the experimental
dashed line represents the SchottldF) contribution obtained for ones. The energy scalt/ has been fixed to account for the

e e e e o eteneray spliting determined with he fighes» relaive preci-
' ' ion: E,=2.70 meV. Compared to the former INS

heat obtained for the same level scheme assuming additional Sp"%xperimenf, the energy splitting between the levels and in-

ting of the doublet ground state into two singlet levels separated bf . . . .
g g g P ensities has been determined with considerably smaller er-

1.1 meV. ; ;
ror, that substantially reduces the number of solutions.
2 « The obtained sets of, ,,, have then been used to calcu-
C.=N.k z 1 Xj€ late the inverse magnetic susceptibility, and were compared
ph™ "ATB T 1-CT [exp(xj)—l]z with the experimental data. To account for the effect of the
exchange coupling, we have used a simple mean-field
. 9 T J' 0pIT x4 g © approximatiof?
— —— — X,
1-CpT )0  (eX—1)2 11
where N, is the Avogadro constankg is the Boltzmann ;: X_CF_A’ ®)

constant, anc;= ¢g;/T. The best agreement with the mea-
sured data is obtained for the following parametefig:  whereA is a molecular field constant, an'd=0.30T/ug in
=150 K, 0g;=213 K, 6g,=360 K, and Cp=Cg;=Cg, the case of ErNiAl withT,=6.2 K. The majority of the
=7x10"% K~1, We have also taken these values to describdéested sets was ruled out in this way, e.g., all sets resulting in
the nonmagnetic specific heat of ErNiAl, that should be aa negativeBg parameter can be excluded. As an example, the
good approximation because the molar mass and volume ¢1/M(T) curves, calculated using one of the sets considered
LuNiAl and ErNiAl are quite close to each other. We shouldto be in satisfactory agreement with the experiment, are
note that any simpler model of the phonon specific liea@., shown in Fig. 6. In distinction from experiment, it shows a
a single Debye temperature describing all the phonortertain anisotropy within the basal plane. An effect of com-
branches or excluding the anharmonicity effeéssls to de-  parable size can be obtained by small variations of the CF
scribe the observed LuNiAl data. parameters, comparable with our searching grid. Therefore,
The comparison of ErNiAl data and the approximation forin order to miss no possible solution, we do not rule out the
the nonmagnetic part shows that the main difference occursets of CF parameters which give similar discrepancy to the
below 100 K. Above~100 K, the ErNiAl and LuNiAl data experimental data.
are almost identical. The ErNiAl magnetic entrofsee the Finally, the remaining sets of CF parameters were com-
inset in Fig. 8 reaches a value of 22.5 J/JmolK&=90 K,  pared with the measure@,(T) data. Below~40 K, the
very close(98%) to RIn(16) = 23.05 J/mol K expected for calculated Schottky specific heat agrees with the experimen-
Er* ions, and remains then almost constant up to 300 K. tal data(see Fig. 8in all cases, as it depends mainly on the
The dashed line in Fig. 8 shows the magné8chottky  first excited levels already determined by the INS analysis.
contribution due to the population of CF levels, assuming theAdditional information is thus obtained from the temperature
level scheme derived from our INS data. The difference beregion above=50 K. All x,, ., sets that lead to a large energy
tween this curve and the measured data gives a magnetsplitting aboveE;=6.9 meV(80 K), and thus to a relatively
entropy of 6.6 J/molk1.15RIn(2) at T=20 K. As ex- large magnetic entropy in the region around and above 100
pected, it confirms the doublet ground state. The doubleK, have been ruled out.
ground state splits at low temperatures due to an internal The above-described selections result in 14 sets of the CF
magnetic field caused by the ordered erbium magnetic mgparameters summarized in Table |, which do not contradict
ments. This splitting was observed as an additional peak aiur INS, susceptibility, and specific-heat experimental data.
1.1 meV in the INS spectrum of ErNiAl at 4 K.e., in the  We do not make any refinement on them to achieve “the best
magnetically ordered staté In a very simplified model, the fit to the experiments,” but confine ourselves to some general
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TABLE I. Crystal-field parameters describing our experimental dataBfhparameters are given in units
of K for n=2, 1072 K for n=4, and 10* K for n=6.

No. BS B3 BY B3 B B2 B2 B& BS
1 0.09 0.00 —0.05 -19 0.0 —0.07 1.7 -0.9 3.6
2 0.09 0.00 —0.05 1.9 0.0 —0.07 -17 -0.9 —3.6
3 0.14 0.00 0.00 —-16 0.0 0.00 25 -04 1.9
4 0.14 0.00 0.00 1.6 0.0 0.00 -25 -04 —-1.9
5 0.21 0.00 0.00 —-15 0.0 0.00 2.1 -0.3 1.9
6 0.21 0.00 0.00 -14 0.2 0.00 2.5 0.0 2.0
7 0.21 0.00 0.00 -12 0.2 —0.05 2.2 0.0 3.0
8 0.21 0.00 0.00 1.2 0.2 —0.05 —2.2 0.0 -3.0
9 0.21 0.00 0.00 14 0.2 0.00 -25 0.0 -2.0
10 0.07 0.11 0.00 15 —-0.4 0.00 -1.9 -0.4 -3.1
11 0.10 0.29 —0.05 1.9 -0.5 0.00 -1.9 -05 —2.7
12 0.10 —0.29 —0.05 —-1.9 —-0.5 0.00 1.9 -0.5 2.7
13 0.17 —-0.25 —0.05 —-1.6 —-0.2 0.00 1.7 0.0 3.4
14 0.25 —0.18 —0.14 -1.0 1.7 —0.18 —-25 0.0 -1.7

remarks. First we should note that tB§ parameter is posi- 40 .

tive. This is in agreement with a previous assumption based ErNiAl

on the determined magnetic structure in ErN{atbium mo-
ments within the basal plaheand also with a negativB9
determined for the isostructural NdNi(Ref. 8 (the « factor
has an opposite sign for £r and N¢*) in the only CF
study on an isostructuré& T X compound. Unfortunately, the
otherB)' parameters given for NdNil(Ref. 8 can hardly be
compared, because the CF has been described as hexagonal.
Inspecting Table I, one can further see that Bjeand BS
parameters are negative or close to z@bcourse, a small
positive value cannot be excludedhe sign of ther1 pa- i
rameter is opposite to that 82, except for the set of 14 that

M 1

4 (j = 5/2)
m——- 4 (j=7/2)

DOS (states/(eV, f.u., spin))
[} (%)
o o

—_—
o

has the smalledB? term, and the same as f&65.

To investigate further the relation between the crystal 0
charge density and the CF splitting of localizefdstates, we '
have studied the electronic structure of ErNiAl and LuNiAl. .
The total and site projected densities of electronic states are LuNiAl
shown in Figs. 9 and 10, respectively. The lowest band
shown in Fig. 9 is derived primarily from the Als3states
(—9 eV<E<-7.5eV). The occupied bands are derived
mainly from Al-2p and Ni-3d states, which are mainly
spread from—6.5 to 1.5 eV and fron—3.5 to 1.0 eV, re-
spectively, but the hybridization tail is also present far above
the Fermi level. The main ErefLu-5d) bands are centered
5 eV aboveEg, but the lowest of these bands dips 0.5 eV
below Er and there is a noticeable hybridized
R-5dNi-3d(R-5dAl-3 p) feature extending down to 6.5 eV
belowEg. The Fermi level is situated in a rather flat region J

/\\—\ 1
0 -5

30

20

DOS (states/(eV, fu., spin))

of the density of state$DOS) curve. The DOS in Fig. 9 0
indicates that, although the Nil and Ni2 partial DOS'’s pro- -1
vide the largest contribution ned&t:, all four symmetry-

inequivalent atoms are involved in the bands at or just above

Er . We note especially that Bru) is not fully ionized to the FIG. 9. Calculated scalar relativistic total nonmagnetic DOS in
3+ state. The band features & consist mainly of states per hexagonal unit cell for ErNiAl and LuNiAl. The Fermi
Er-d (Lu-d), Ni-d, and Al-p states. The energy levels of the energy is set to zero energy.

o ——
w

E (eV)
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40 - e tion, which can be roughly estimated to be as large\ as
ErNiAl I-F =0.3 from the analysis of the electronic specific heat for
20 I - transition metal€® Finally an important contributior
| should come from nickel spin-fluctuations.
0 et . | Using Egs.(3) and (4) for Er in the regular sites in
4l ' i | ErNiAl, as described in Sec. IV, we have obtained the value
Er I B9=0.5 K. This value is in a fair agreement with the values
|

7 L obtained by simultaneous analyses of various experimental
data(Table ). Thus first-principles calculations provide in-
dependent checks of our searching method. To further test

DOS, PDOS (states/(eV, f.u., atom, spin))
[

|
|
20 - ... . h‘, l 4 the reliability of our DFT-based CF calculations, we also
Ni1; Ni2 Mo performed non-spin-polarized LSDA calculations including
10 ﬁ}! l,l : . spin-orbit interaction for valence electrons, spin-polarized
| ‘\M I LSDA calculations (4 electrons as spin-polarized core
0 T %““ state$, and non-spin-polarized GGA calculations. The rela-
1.2 Al | T tive change of the resulting CF paramef@&/BS was found
: to be less than 10% in all the above-mentioned cases.
0.6 _M To eliminate some of the propos@&]' sets and obtain a
0.0 . | more precise determination of the CF parameters, further ex-
10 -5 0 5 periments are desirable: e.g., specific-heat data in high mag-

E (eV) netic fields applied along different crystallographic direc-
tions, magnetic susceptibility up to high temperatuftas
FIG. 10. Calculated scalar relativistic total and site projectedieast ~500 K), or erbium Masbauer spectroscopy could
nonmagnetic DOS curves in states per hexagonal unit cell of Erbring about rather useful information.
NiAl. The Fermi energy is set to zero energy.

4f (total angular momentum quantum number7/2) and V. CONCLUSIONS
4f (j=5/2) localized states occur at3.71 and—4.85 eV .
below Eg, respectively. Several possible sets of the CF parameters have been

In the case oR=Lu the 4f valence states are fully oc- found to describe the inelastic neutron spectroscopy, mag-
cupied. In our calculations the correspondingands were Netic susceptibility, and specific-heat experimental data. We
found to lie 4.7 eV belovEg, and the hybridization with the have fully determined the lower half of the ground-state mul-

. - ! T . . 0 .
remaining valence states is very small. Thus, almost no diftiPlet energy-level scheme in ErNiAl. ThB; crystal-field
ference in our results concerning the DOS aroiRdwere ~ Parameter is found to be positive, and the sign of some other

found, assuming the “normal” valencef4states or “open CF parameters is tentatively concluded. Magnetic-
core” 4f states. susceptibility data show a rather weak magnetocrystalline

The values of the DOS'’s at the Fermi level a4¢E) gnisotropy. Electronic strugture_ calcqlations prov_ided basic
—5.8 and 5.0 states/eV for ErNiAl and LuNiAl, respectively. information aboué the bonding in ErNiAl, and confirmed the
In the case of LuNiAl these values correspond 4o Positive sign ofB;.
=3.9 mJmol * K~2. The experimental specific-heat value is
y=8.4 mImol 1K~ 2, giving a mass enhancement factor of
A=1.0. Such a value cannot simply be interpreted as the
result of the electron-phonon coupling, since the correspond- We acknowledge the support from ILL technical services.
ing superconducting transition temperature would Tagg  The work was supported by the Grant Agency of the Czech
=12 K using, e.g., the standard McMillan relatittiNo sign ~ Republic(Grant Nos. 202/98/P245 and 202/00/1688d by
of a superconducting transition has been observed in the r¢he Grant Agency of Charles Universitycrant No. 145/
sistivity data down to the 1.8 B! Therefore, we suggest 2000/B-FYZ2. One of us(P.J) acknowledges support of his
writing A =Ap,+Ne_etAg, arguing that in addition to the stay in Japan by the Ministry of Education, Science, Sports
contributions\ ,, from the electron-phonon interaction, there and Culture of Japafinternational Research Program: Joint
is also some contribution from the electron-electron interacResearch #09044087
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