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The electronic structure &®Ni,B,C (R=Y, La, Pr—Tm, Ly is systematically studied using density func-
tional theory(DFT). The partially occupied # states are assumed to be localized for both the light and heavy
rare earths R=Pr, Nd, Sm, Th, Dy, Ho, Er, Tinand treated in the “open core approximation.” In the case
of Gd (Lu) the 4f states are treated both as itinerant and as part of the atomiclike core states. The calculations
of the electronic density of stat¢é®OS) show that the Fermi enerdy; is located in a pronounced peak for
R=Y, Dy, Ho, Er, Tm, and Lu. This peak starts to be broadenedRfeiTb, Gd, and Sm and finally disappears
for R=Pr, Nd. This reduction is large enough to explain the depression of superconductivity wo D&lan
the light rare-earth borocarbides. Additional calculations of the Hopfield parameters support this conclusion.
The charge density distribution and general features of the bonding mechanism are discussed. The relations
between the DOS in the vicinity &; and the lattice parameteasc and the free internal structural parameter
zg of boron are studied using the DFT total energy and force calculations. The total energy is very sensitive to
the c/a ratio and the optimum DFT values ofa andzg are close to those observed in the experiment. The
electric field gradient$EFG) on the Gd- (GdNiB,C) and B-site (YN}B,C) are calculated and agree with
experimental data. We also point out that the physical origin of this relatively large EFG on the Gd site results
from a strong cancellation between positive-6p and negative p-5p contributions.

. INTRODUCTION calculation$®*1"18show that the electronic structure is al-
most three dimensional. All elements contribute to the me-

The new class of rare-earth transition-metal borocarbidetallic character leading to a complex Fermi surface due to the
with the general formul&Ni,B,C attracted the interest of dual band characteristics at the Fermi energy. There is good
many groups, because of their wide variety of physical propevidence from various experiments such as specific 1i&2t,
erties: Compounds witlR=Y and Lu exhibit fairly high NMR,?! and inelastic neutron scatterfiig® (INS) that these
superconducting transition temperatufiesof about 15-16 borocarbides are conventional electron-phonon mediated su-
K;1~® magnetism coexists with superconductivity f&  perconductors with an order parameter withwave
=Dy, Ho, Er, and Triwhereas only antiferromagnetic order symmetry*®
occurs forR=Pr, Nd, Sm, Gd, and Ttsee, e.g., Ref.)5The The depression off; in the pseudoquaternary systems
Neel temperature$, are of the same order of magnitude asY;_,R:Ni,B,C and Ly _,R,Ni,B,C (whereR is a heavy
T, and scale for both the light- and heavy-rare-earth bororare earthfollows in the dilute limit the Abrikosov Gor’kov
carbides approximately with the de Gennes factgy ( pair-breaking relation but significant deviations are observed
—1)2J(J+1), which is to a first approximation also the casefor the concentrated regime that result in remarkable devia-
for the depression of superconductivity for the magnetictions or even a breakdown of the de Gennes scaling fon
heavy-rare-earth borocarbide superconductors. Furthermorparticular for system®R; ,R;Ni,B,C where T\>T, (see
CeNpB,C is a mixed valent compoufid and YbNLB,C  Refs. 24—26 Nevertheless, in view of the approximate de
shows heavy fermion behavib?.For a review on supercon- Gennes scaling of . for the magnetic heavy-rare-earth su-
ductivity and magnetism in quaternary borocarbides and boperconductors, one expects that superconductivity should oc-
ronitrides see, e.g., Ref. 10. cur also in the light-rare-earth borocarbides as long as elec-

The electronic structure of th&Ni,B,C compounds tronic changes are not taken into account for the disruption
was investigated by band structure calculations based oof superconductivity. Mattheisst al® pointed out that the
the density-functional theoryDFT) for R=Y,71° La!®  variation of the B-Ni-B angle has a detrimental impact upon
Gd!” and Lul*'® Despite the layered crystal structure, N(E;), which explains the disappearance of superconductiv-
which is a filled version of the ThGSi,-type structure sta- ity in LaNi,B,C. On the other hand, x-ray absorption spec-
bilized by the incorporation of carbon, the results of theseroscopy results across the whole series reported by Pellegrin
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et al?’ revealed no significant variation in the unoccupied
density of state$DOS) close to the Fermi energy. This is in
contrast to the suggestion that the loss of superconductivity
for the light-rare-earth compounds is due to a reduction of
N(E;). However, specific-heat resuifsare in agreement
with the calculated reduced(E;) for LaNi,B,C. Unfortu-
nately, direct experimental evidence for the reduction of
N(E;) via the determination of the electronic specific heat in
the magnetic rare-earth compounds is prevented by the larg
magnetic background. Hence, a systematic band-structur
study across the rare-earth borocarbide series is presented
this paper in order to clarify why the light-rare-earth boro-
carbides are nonsuperconducting.

The electronic structure of tHeNi,B,C compounds with
either an unoccupiedY, La), half-occupied(Gd), or fully
occupied 4 shell (Lu) was studied intensively, whereas the
compounds with a partially occupied &hell were investi-
gated much les¥ The discrete variational embedded-cluster
approach was used to investigate the electronic structure ¢
R=Pr, Nd, Sm, Gd, Ho, and Tm compourf@sThis work
was based on a nonrelativistic spin-polarized approximation
and did not include the very interesting casesRef Th and
Dy, the former compound being nonsuperconducting and lat-
ter being a superconductor wilhy>T.. Here we performed
electronic structure calculations f&=Y, La, Pr, Nd, Sm,
Gd, Tb, Dy, Ho, Er, Tm, and Lu compounds using the full-
potential linearized augmented plane-wave metfadhich
is well suited because of its wide applicability and high ac-
curacy. The self-consistent calculations allow us to study in
detail the DOS folR=Pr—Tm compounds and to find argu-
ments for the absence of a superconducting transition in the
case ofR=Pr, Nd, Sm, Gd, and Tb compounds.

This paper is organized as follows. The details of the
crystal structure, the electronic structure calculations, and the
methods used to treat the localizetl tates are described in
Sec. IlA, IIB, and II C, respectively. Section IID presents
the details of EFG calculations and the necessary modifica
tions to treat the # electron systems. In Secs. Il A, 1B,
and 11 C we provide results and discussions of the electronic
structure, valence charge densities, and EFG of rare-eart
borocarbides, respectively. The important conclusions from
our DFT calculations are given in the last section.

FIG. 1. The crystal structure of NdpB,C.

ized gradient approximatiofGGA) in the recent parameter-
ization of Perdew-Burke-Ernzerh&t.For our calculations,
we use the linearized augmented plane wat@&PW)

All compounds under investigation crystallize in the bodymethod, in which the unit cell is partitioned into spheres
centered tetragonal structufspace group l4Amn). The  (with a muffin-tin radiusRy 1) centered at the atomic posi-
structure consists oR-C planes separated by Ni-B layers tions and an interstitial region. In the latter, the Bloch wave
stacked along the axis (see Fig. 1 The crystal datdwith ~ functions are expanded using plane waves that are aug-
the exception oR=La, Sm, Gd, and Luwere taken from mented by atomiclike functionéumerical radial functions
Lynn et al,, who determined the lattice parametars, and ~ Multiplied by spherical harmonitsnside the spheres. The
the structural paramete, (for the boron 4 position, using ~ €ffective one-electron DFT potential as well as charge den-
neutron diffraction. In the case of Laj#i,C, SmNiB,C,  Sity are treated without any shape approximatia, termed
GdNi,B,C, and LuNiB,C, we used the structural data of full-potential scheme A good summary of LAPW can be

Il. COMPUTATIONAL ASPECTS

A. Structure

Siegristet al3!

B. Electronic structure calculations

The calculations presented here are baseéiT), using
the local spin-density approximatighSDA) or the general-

found in the book by Singf’

In the present study, the full-potential LAPW package,
WIEN97,%? was used. In general, we treated the valence states
scalar relativistically, but in some calculationgfor
GdNi,B,C and TbNjB,C) we included the spin-orbit cou-
pling in a second-order variational step, as originally sug-
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gested by Koelling and Harma.The LAPW sphere radii  fully used in our earlier investigation in PrBau,0,.*3 A
areRyr=2.8, 2.3, 1.35, and 1.35 a.u. f& Ni, B, and C,  comprehensive discussion of the “open-core treatment” can
respectively, but in YNiB,C the sphere radii had to be re- be found in Ref. 44. Since we are mainly interested in the
duced to 2.7, 2.25, 1.35, and 1.28 a.u. for Y, Ni, B, and Cpehavior of the normal paramagnetic state abbyandTy,
respectively. Inside the atomic spheres, the &Y 5p, 4d;  we performed nonspin-polarized studies using local-density
R 6s, 6p, 5d; Lu 6s, 6p, 5d, 4f; Ni4s, 4p, 3d; B 2s,  approximation(LDA) for a reference ground state which is
2p; and C 3, 2p are described by numerical solutions not magnetically ordered. This approach is modeknd
ui(e ,r) of the radial Schrdinger equation and the corre- quoted in the following afR(A).
sponding energy derivativea, /de while in the interstitial To test the limits of these results, we also performed spin-
region plane-wave functions were used. The energiegere  polarized calculations foR= Gd, in which we treated thef4
suitably chosen in order to describe the occupied valencstates as follows: G&) 4f electrons as band states, ferro-
states. In order to provide an accurate treatment of the highmagnetic LSDA calculation; G) 4f electrons as band
lying extended core statéSsemicore states) with a prin-  states, ferromagnetic GGA calculation; GJ(4f electrons
cipal quantum number of one less than the valence stategs core states, ferromagnetic LSDA calculation; BJéf
(Y 4s, 4p; R 5s, 5p; Ni3p; C 2s) the standard LAPW electrons as band states, ferromagnetic GGA calculation in-
basis set is extended with local orbitdsThe core states cluding spin-orbit interaction.
were treated relativistically including spin-orbit coupling and  |n the case oR=Tb the 4f electrons should be treated as
the corresponding core charge densities are obtained selfore states, because otherwise thiestates are situated at the
consistently. A well-converged basis of approximately 950rermi level producing a very high and unphysical density of
plane-wave basis functions plus additiosandp local or-  states aE;. Therefore, the # states were treated as follows:
bitals was used. During the iterations to self-consistency, theh(B) 4f electrons as core states, ferromagnetic LSDA cal-
Brillouin zone was sampled using 102 spedtgioints in the  cuylations; ThC) 4f electrons as core states, honmagnetic
irreducible Wedge of the zone. These details of our CalCUlaGGA calculations; TUD) 4f electrons as core states, non-
tions are similar to Refs. 11 and 18, which provided highlymagnetic LDA calculations including spin-orbit interaction.
accurate results for LublB,C and YNiB,C. In the case oR=Lu the 4f valence states are fully oc-
cupied. In our calculations the correspondiinbands were
found to lie 4.9 eV belowE; and hybridization with the
remaining valence states is very small in agreement with
In the current literature there is still a controversy aboutRef. 18. Thus almost no difference in our results concerning
the treatment of the electronicf 4tates. This can be illus- the DOS aroundE; were found assuming the “normal” va-
trated, for example, in the case of bulk ferromagnetic Gdjence & states or “open core” # states. In the case &
Models, which treat the #states as either itinerant electrons, =Ce(N=1) and Yb (N=13) the 4 states are very close to
or completely localized core-like states, or use nonspin pog; and moreover the hybridization between tHesfates and
larized DFT potentials, can be definitely excluded, since Gdjalence states definitely cannot be neglected. As mentioned
is a strong ferromagnet with a magnetization of aboutgpgoye CeNiB,C and YbNjB,C are considered to be an
7ug/atom and a Curie temperature of 289 K. In some calintermediate valené€ and heavy fermioh® compound, re-
culations the 4 states were treated as itinerant band stategpectively. Thus, the theoretical study of the electronic struc-

but spin polarized(see, e.g., Refs. 34-B7Such self- ture of these latter two compounds is beyond the scope of
consistent calculations, which are usually based on LSDAthis paper.

yield a DOS at the Fermi levelN(E;), spanning a wide
range(of about 25 to 47 states/Ry, see Ref),3qut larger
than the experimental value of 21 states/Ry reported by
Wells et al®® This is quite unusual, since normally the The largest effect of pair breaking due to the rare-earth
electron-phonon coupling and additional electronic correlaspin moments is expected for G4Bi,C. Therefore, the hy-
tions lead to an enhancementMfE;) above the bare LSDA perfine field and the electric field gradief®FG) at the Gd
value. Therefore, another approach has been advocated fsite were investigated by means df°Gd Mossbauer
Gd, namely, that one should treat thé dtates as localized spectroscop§® The EFG can also be obtained theoretically
core electrons in LSDA?*!It is worth noting that there has from the total charge density. Blafea al* used for the first
been some controversy in the literature whether or not this iime the LAPW method for the calculation of EFG in solids.
a good approximatioff Such intensive discussions about the During the last decade, this method was used to investigate
treatment of the # states in pure Gd metal motivated us to many substances and its feasibility for complex structures
undertake a careful theoretical study concerning this issue fawas demonstrated, e.g., by successful calculations for high-
the rare-earth borocarbides and the GBYC compound in T, superconductord’ It was found that the EFG provides a
particular. very sensitive probe of the anisotropy of the charge densities.
In order to simulate localizedf4states we switch off the It can be expected to be a particularly good probe of the
hybridization between # and valence states and treat the occupations of the differenR p d, and f orbitals in the
R 4f states in the spherical part of the potential as atomiclikesdNi,B,C system since the spherically symmetric compo-
core states(open-core treatment The relevant cases are nent of the charge density does not contribute to the EFG and
characterized by the integer occupation numier2, 3, 5, the largest contribution comes from the interior of the ion.
7,8,9, 10, 11, and 12 fdR=Pr, Nd, Sm, Gd, Th, Dy, Ho, As the calculated EFG can be very sensitive to small changes
Er, and Tm, respectively. The same approach was success-the charge distribution, especially near the nucleus, highly

C. Treatment of the 4f states

D. Electric field gradient
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accurate calculations are needed. In the present work we fo-
cus on the Gd site and study the influence of different meth-
ods of treating localized and highly correlatefl gtates on

the calculated value of the EFG. We were also interested in a
comparison of our results with the earlier calculations of
Coehoornt” who used the augmented spherical w&8W)
method but employed the atomic-spheres approximation
(ASA), in which the crystal potential within the sphere
around each atom is treated as spherically symmetric.

The electric-field gradient is defined as the second deriva-
tive of the Coulomb potential at the nucleus, written as a
traceless tensor. It can be computed directly from the charge
density using a method developed by Schwetral,*’ which
was successfully applied to various systems. This method is
based on the full potential LAPW representation of the
charge density:

DOS (states/eV formula unit)

P(?):% PLM(r)YLM(F)- (1)

inside sphere and

p(1)=3 prekr, (2)
K

in the interstitial space, wheré, y(r) means symmetrized
spherical harmonic8lattice harmonics The charge density
coefficientsp, \(r) can be obtained from the LAPW basis
wave functions

/ FIG. 2. Total DOS ofRNi,B,C (R=Y, Dy, Ho, Er, and Tn.
Mmm 22
piv=_2 2 2 Rm(MDRym(MGIT™ . (3)  The insets show the details of DOS around the Fermi energy.

Enk=Ep 1m |7 m

Mmm’

where G\\"™ are the Gaunt numbers an®,(r) |=1"=2.%Inthe case of GANB,C the LSDA(GGA) cal-

=AUy (r) +ByUy(r) denote the LAPW radial wave func- culations with itinerant 4 stategmodels GdB),Gd(C), and
tions of stateE,, in the standard notaticH. For the EFG ~ Gd(E)] give a significantQ; charge inside the Gd sphere
calculation only the. =2 terms near the nucleus are needed (s€e Table 1l Therefore, the contributions from partiél
In the case of tetragonal site symmetry the anisotropy paranffbitals (=1"=3; —3=<m=3) will be quite large and the

eter of the EFG tensop=0 and the EFG can be written as resulting f-f contribution originates from strong cancella-
tions of these fivem contributions § electrons in statem

5 =*2 do not contribute to the EBGFor those reasons we
V= Ezvzo(o)- (4 have tested possible contributions from orbitas5, |’ <5.

In the limit r — 0 the asymptotic form of the potential yields IIl. RESULTS AND DISCUSSION

Rpoo(T) R r\> A. Electronic properties
Vzo(o)z_czoJ Td""‘czoJ paolr) Rl tdr prop .
0 0 The total DOS are shown for the superconducting
RNi,B,C (R=Y, Dy, Ho, Er, Tm) compounds in Fig. 2. The
5C2 2 V(K)jz(KR)Yzo(k), (5) most noteworthy .aspect is the_ occurrence of a sharp peak
2 g close to the Fermi enerdy;, which originates mainly from

) ) . of Ni 3d states but also involves contributions from all other
with Cao=2y4/5 and the spherical Bessel functipn The  4toms and the interstitial regidsee Table)l Our results for

first term is called valence EFG and originates from the aSyNj,B,C are in perfect agreement with those of Sifgh.
phericity of the valence charge density inside the atomicy;g peak in the DOS involves Nidstates that are split

sphere R=Ryr). The second and third terniealled lattice o the main Ni @i complex by more than 1 eV. The values
EFG arise from the boundary value problem and fromq¢ (g ) for thoseRNi,B,C compounds are ranging from
qharge contrlbutlor)s o'utS|d.e the conS|dereq sphere, respeg-3(y) to 4.02 states/eTm), which corresponds to a linear
tively. For each spin direction the nonspherical charge denzjactronic specific heat coefficient ranging from 10.0 to

Sity can be resolved inlbl/ contributions, which come from 9.4 mJ/mol |»€ For the nonsuperconduc[ing borocarbis
the prOdUCt of the LAPW radial wave functions within the =Pr, Nd, Sm, Gd, and Tbh the resumng DOS curves are

atomic sphere with angular momenturand! respectively. shown in Fig. 3. The Tb system exhibits still the relevant
The usual procedure is to calculate only contributions up tgeak but its amplitude is already reduced. Going from Tb to
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TABLE |. Data for RNi,B,C with R=Y, Dy, Ho, Er, Tm, Lu: Site projected partial charg€s (in
electron$ of the valence states insid®and Ni atomic spheres; the total DOKE) (in states/eV f.4, as
well as its decomposition into site projected and interstitial redNpfEr) contributions.

C Y Dy Ho Er Tm Lu
Q«(R) 2.147 2.179 2.192 2.205 2.218 2.243
Qu(R) 6.038 6.095 6.122 6.147 6.171 6.213
Q4(R) 0.906 1.018 1.018 1.017 1.020 1.005
Q«(R) 0.061 0.079 0.079 0.080 0.083 0.086
Qs(Ni) 0.437 0.469 0.470 0.471 0.475 0.473
Q,p(Ni) 6.458 6.504 6.509 6.514 6.523 6.524
Qq(Ni) 8.247 8.312 8.310 8.310 8.312 8.308
Q:(Ni) 0.022 0.026 0.027 0.027 0.028 0.028
N(Eg) 4.31 4.16 4.04 4.32 4.02 4.06
NRr(Eg) 0.41 0.39 0.38 0.38 0.41 0.40
Ni (Eg) 2.20 2.48 2.16 2.64 2.31 2.30
Ng(Eg) 0.28 0.20 0.20 0.21 0.23 0.25
Nc(Eg) 0.11 0.10 0.11 0.12 0.13 0.15
N, (Eg) 1.31 0.99 1.19 0.76 0.94 0.96

Gd the peak is washed out even more but still a maximum igs associated with the change in the tetrahedral,Ni@ordi-
present arouné; . Finally for Sm, Nd, and Pr the DOS peak nation geometry. The main structural changes going from
is almost completely removed and a small valley with ar=| 3 to Lu involve an increase of the B-Ni-B tetrahedral
width of about 0.5 eV appears. In the case of Pr and Nd th%ngle(from 102° to 108°)!® This is also confirmed by a

Fermi level is situated in @ minimum of the DASee insets  yatailed structural analysis by Lyret al® who discuss the

of Fig. 3.

Mattheisset all®

suggested from his DFT calculations for
the La and Lu compounds that the reduced DOE;atf La
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FIG. 3. Total DOS ofRNi,B,C (R=Pr, Nd, Sm, Gd, and Tb
The insets show the details of DOS around the Fermi energy.
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atomic displacements when replacing Pr by Tm. These struc-
tural changes are more pronounced for the light rare earths
than for heavy ones, also reflected in the significant change
of the DOS in the vicinity ofE; of the former. This DOS
behavior is connected with the only free internal structural
parameters in these compounds, 2Rgosition of boron, and
the c/a ratio of the lattice constants. Thus, we calculated the
forces on the boron atoms at the experimental boron position
for the whole series of compounds and found in all cases
only a small force of about-15 mRy/a.u. Optimization of
this parameter in the Y and La compound shows that relax-
ing such forces corresponds to a negligible small shiftgof

of about—0.1% and thus the theoretical equilibrium is in all
cases very close to the experiment.

To investigate the influence of the lattice parameters
andc, we calculated the total energy as a function of dhe
ratio for YNi,B,C and LaN}B,C. In these sets of calcula-
tions the g parameter was constrained to the value obtained
from the force minimization. As shown in Fig. 4 the total
energy depends sensitively upon tifa ratio and exhibits a
pronounced minimum close to the experimerntéa value’
indicated by the dashed line. This property of the total en-
ergy is associated with the strong covalent bonding within
both the C-B-C chains and the B-Ni-B tetrahedral network.
As the C-B and Ni-B distances are very rigid the total energy
is minimized through the simultaneous change of the lattice
parametersa and c. The c/a ratios that minimize the total
energy for YN;B,C (c/a=2.959) and for LaNiB,C (c/a
=2.586) are in good agreement with the experimental results
of Siegristet al® (dashed lines in Fig.)4 We analyzed the
total DOS for the set of/a values used in the total energy
calculations and found that both the valueN(fE;) and the
shape of total DOS ned; strongly depend on the particular
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FIG. 4. The calculated DFT total energy as a function ofdre
ratio for YNi,B,C (A) and LaNyB,C (B). The experimentat/a
ratio is denoted by the vertical dashed lifigy= —13 012 Ry and
Eo=—-23231 Ry are used for YBB,C (A) and LaNyB,C (B),
respectively. The full line is a guide for the eye.

E;, a feature that seems to be a necessary condition for the
occurrence of superconductivity in these compounds.

To test the possible impact of the treatment of the local-
ized and highly correlated f4 states upon the calculated
DOS, we also performed DOS calculations using the
schemes denoted GB(—Gd(E) and Th@B)-Tbh(D) (see
value ofc/a. For example, in the case of Laf#,C the total  Sec. Il B. For GdB), Gd(C), and GdE) where 4 states
DOS calculated forc/a=2.958 is very similar to the one are treated as band states, we found moderately enhanced
presented by Mattheisst all® for the “ideal crystal struc- DOS at the Fermi levelsee Table Nl with respect to Gd&)
ture” with the optimal B-Ni-B angle of 109°. However, this ranging from 3.81 states/eV for Gdf to 4.02 states/eV for
c/a ratio corresponds to a total energy that is about 38 mRyGd(B). The DOS curves for the spin-polarized LSDA cases
higher than that calculated for the minimal enefgyexperi- Gd(B) and GdD) are shown in Fig. 5. The overall shape of
menta) c/a=2.589 ratio of LaNjB,C. Thus, our investiga- all DOS curves is similar to the nonspinpolarized case
tions indicate a high sensitivity of botd(E;) and the shape Gd(A) shown in Fig. 3. The only difference is associated
of the total DOS around; . It also demonstrates that DFT with the two spikes at-4 eV [4f spin-up states, Fig.(8)]
calculations allow us to predict from first principlése., and at 0.8 eV[4f spin-down states, Fig.(8]. The calcu-
without knowing the experimental structural parameterslated DOS for GdD) is depicted in Fig. &), where the
whether or not a peak in the DOS appears in the vicinity ofenergy levels of the #,, and 4f,, localized spin-up states

TABLE II. Site projected partial charge3; (in electron$ of the valence states inside Gd and Tb atomic
spheres, the total DOSI(Eg), and the valence and core spin magnetic momentggn The symbols
Gd(B)-Gd(E), Th(B)-Tb(D) denote the method of treating thé dtates and the chosen DFT poten(ide

Sec. Il Q.

Gd(B) Gd(C) Gd(D) Gd(E) Th(B) Th(C) Th(D)
Q«(R) 2.147 2.143 2.151 2.143 2.166 2.163 2.167
Qu(R) 6.016 6.018 6.027 6.013 6.062 6.068 6.063
Qq4(R) 0.910 0.897 0.995 0.899 1.010 0.993 1.015
Q:(R) 7.136 7.124 0.077 7.128 0.079 0.077 0.077
N(Eg) 4.03 3.81 341 4.01 3.52 4.13 3.85
Mg(valence) 6.917 6.938 0.149 6.893 0.124

M g(core) 0.0 0.0 7.0 0.0 6.0
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TABLE lll. Data for RNi,B,C as in Table | but wittR=La, Pr, Nd, Sm, Gd, Th. The symbols G
and Tb@) denote the method of treating thé 4tates(see Sec. Il ¢

La Pr Nd Sm Gdd) Th(A)
Qs«(R) 2.055 2.087 2.102 2.127 2.152 2.167
Qu(R) 5.709 5.836 5.885 5.965 6.032 6.067
Qq4(R) 0.877 0.941 0.964 0.981 0.995 1.014
Q¢«(R) 0.071 0.074 0.074 0.074 0.074 0.076
Q4(Ni) 0.454 0.460 0.463 0.462 0.463 0.468
Q,p(Ni) 6.434 6.458 6.469 6.476 6.485 6.499
Qq(Ni) 8.356 8.338 8.338 8.322 8.315 8.314
Q+(Ni) 0.020 0.022 0.023 0.024 0.024 0.026
N(Eg) 2.30 2.00 2.10 2.97 3.57 4.11
Nr(Eg) 0.23 0.20 0.22 0.32 0.38 0.41
Nni(EF) 1.34 1.26 1.28 1.76 212 252
Ng(Eg) 0.11 0.09 0.10 0.14 0.18 0.21
Nc(Ep) 0.06 0.04 0.04 0.07 0.09 0.10
N, (Eg) 0.56 0.41 0.46 0.68 0.80 0.87

occur at—5.38 eV and—4.65 eV belowE;, respectively.
The DOS in the vicinity ofE{(—0.5 to 0.5 eV is quite
similar in all cases G)—Gd(E). The marginal enhance-
ment of N(E;) for Gd(B), Gd(C), and GdE) originates
from the tail of the 4 spin-down states as it was also found
for elemental Gd metaf. This conjecture is also supported
by the fact that a similar systemati(E;) enhancement is
not observed for TH)-Th(D) where the 4 states are
treated as open core stategsge Table ). The variation of
N(E;¢) for Tbh(B)-Th(D) amounts to about 15% indicating
that N(E¢) depends only slightly on the particuldt,,. po-
tential (LDA, LSDA, or GGA) used in our DFT calculations.

the equilibrium volumecg/a ratio, and magnetic moments, in
order to investigate the localized or itinerant nature of the 4
states in such systems.

B. The relation betweenN(E;) and the superconducting
transition temperature T,

The systematic electronic structure calculations presented
in the previous subsection revealed a significant reduction of
the electronic DOS at the Fermi levBI(E;) on the light-
rare-earth side of th&Ni,B,C series(see Table Il). A re-
duction ofN(Es) of YNi,B,C was also observed upon Ni/Co
substitution deduced from experim&has well as theoretical

Spin magnetic moments obtained from our spin polarizedstudies:* Accordingly, T, of Y(Ni;_.Ca,),B,C drops rap-

calculationg see Table I, schemes @) -Gd(E) ]| are rea-
sonably close to the experimental valw# 7.5 . Using the

idly with dT./dx~—100 K forx<0.1 (see Ref. 50 Using
the McMillan formul2® it could be shown that the decrease

self-consistent charge density obtained including spin-orbiof N(Es) is accompanied by a proportional reduction of the

coupling [scheme GdE)] we also calculated the orbital
magnetic momeni | =0.05ug at the Gd site. This value is
of similar size as was found for elemental Gd métal’ No

electron-phonon mass enhancemant N(E;)(12)/M(®?)
in  Y(Ni;_,Cao),B,C and also the related system
Lag(Ni; _,Ca)-,B,N;_ s while the average electron-phonon

significant magnetic moment was found on the Ni sitematrix element(I%), the characteristic phonon frequency

(Mg”<0.05uB) in R=Gd, Tb materials in agreement with
neutron diffraction studies.

{w?), and the mean atomic makkwere found to stay rather
constant for Ni/Co substitutiotf. By analogy we expect also

The cohesive properties such as equilibrium volume and®f the RNi;B,C series that thex value will decrease

c/a ratio also depend on the different way of treating tHe
electrons in GANIB,C. We have done both a nonspin polar-
ized calculation (4 electrons itinerantyielding an optimal
c/a value of 2.898 and the scheme ®J((spin polarized
calculations with 4 electrons itinerantleading to 2.886,
values that are both close to the experimental ratie/af
=2.896. Similar good agreement was found for YBHC
and LaNpB,C (see Fig. 4 The EFG values, however, are
more sensitive to the treatment of thetates, since, for ex-
ample, the Gd-EFG was found to be 15080 Vm~?2 and
12.89< 10°* Vm~2 in the two calculations mentioned above,
nonspin polarized or G&) scheme. Since the former value
is more than 20% larger than the experimental V&lu#
12.1x 107 Vm~2, scheme GB) is clearly better. There-

4 roughly proportional to the drop dfi(E;) on the light-rare-

earth side. As the logarithmic and second moments of the

phonon spectray,, andw,, of LaNi,B,C and LuNjB,C are
rather close to each othértheir variation along the
RNi,B,C series is relatively small compared to the signifi-
cant drop ofN(E;) revealed by the band structure results.
Thus, for a first approximation the electron-phonon mass en-
hancemeni R of RNi,B,C is estimated by rescaling™" of
LuNi,B,C by Aﬁ(Ef)=)\L“>< N(E)R/N(E;)" with AN
=1.15 given in Ref. 19[the superscriptR marks the
RNi,B,C compound to which thsl(E;) or \ values belong,
while the subscriptsx=R, Ni, B, C used below indicate
atom or site projected quantitieg\ccordingly, the supercon-
ducting transition temperature expected in the absence of

fore, the EFG at the Gd site is a more sensitive quantity thamagnetic pair breaking,T.o, is roughly given by the
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—_ ' I L =1.15 and\ "2~ 0.35 deduced fronT, and the experimental
> 4 (a) ° ° o vy values we obtainN(E{)"¥=4.06 and N(E;)-*=2.51
I - ° N =4 {16 X, states/eV which are in good agreement with those calculated
8 sl © ab initio.
+~ 3 B
..g i R H 2 The significant difference between the rescaled value
— "'E # [ TuNi,B,C: . )\,';,EEEf)=O.65 and the upper limit given by the experiment
=0 B[ Teve myma A \2<0.35 implies that not onl\N(E;) drops but concomi-
- € tantly the electron-phonon matrix elemefit), is reduced
z el H . 1 . b
1 [, af iiﬂ:ffc;xg H4 due to changes of the band structure in the light-rare-earth
— ol Z T borocarbides. Thus, we implemented the calculation of the
I . 4 & T, matrix elementg12) into thewliEN97 code using an approach
La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb Lu based on the rigid muffin-tin approximatigRMTA).53:54

Such calculations were reported for ¥,Bi,C by Leeet al?
and for LuUN,B,C by Pickett and SingHi yielding A~0.6
and A\ ~2.6, respectively, and these values were confirmed
by our independent calculations based on Wien97 code
[when using the same values for the Debye temperdyye
and an average density of statd$E;)]. Since the experi-
mental\ values of YNyB,C and LuNpB,C are both close
to onel® the large discrepancy between the experimental and
theoretical\ values may be attributed to the substantial ap-
proximations introduced by the RMTA approach to calculate
the mean electron-phonon matrix elements of the individual
atoms(l%) (a=R, Ni, B, C). Moreover it has to be noted
that a further severe approximation occurs when summing

FIG. 6. The calculateti(E;) and the superconducting transition OVer the atoms of a multicomponent compound to calculate
temperature§ ", rescaled according to the McMillan formulaee
text) of the RNi,B,C series. Full squares: experimentE;) val- N(Ep)(12)
ues forR=La and Lu from the electronic specific heat coefficignt A= g m’ (6)
derived from the linear low-temperature extrapolatior€gf T ver- “
susT?2 shown in the insetsee text Full triangles: experimentdl, where{ w?)= @%/2 is usually estimated from the Debye tem-
values for LaNjB,C and LuNjB,C (a); the Hopfield parameters perature. Thereby, the factoiM/, strongly weights the light
7, Obtained by the RMTA approach; the full lines are guides for atoms(boron and carbonwhile the rare-earth contribution
the eye(b). becomes negligible. However, from INS experiméhts it

is known that in particular those low-energy modes

McMillan relatiorP* T5oc exp{—1.04 1+ AR/ (\R— u*[1 (~10-15 meV) that originate from the rare-earth motion

+0.62R])}. The T?o values ofRNi,B,C obtained by this within the rigid cage formed by Ni, B, and C couple to the

simple approaclfusing a constant prefactor apd* =0.13) electronic system, in particular to a nesting feature at the

are shown in Fig. @) together with theNI(E;) values. While Fermi syrfa.ce. The B a'nd C modes, on the other hand, are
N(E;) and accordinglyT., remain fairly constant on the rather high in energymajor spectral weights at 50, 100, 160

heavy-rare-earth sideR=Th, . . . ,Lu), thereduction of the meV) and thus are hardly relevant for the electron phonon

density of statesN(E;) on the light-rare-earth side is large coupling® As w enters quadrzatlcally into E6), it is obvi-
enough to explain the suppression of superconductivity t&US that the assumptions ¢a;,) are crucial for the absolute
below 3 K for LaNi,B,C, to belowTy=4.0 K and 4.8 K for  value derived fon. _ o
PrNi,B,C and NdN}B,C, respectively. We note that the for- ~ FOr multicomponent compounds an important point Is the
mation of the antiferromagnetic ground stétet considered ~calculation of the Hopfield parameters,=N(Eq)(I7)

; : ; . : 18 :
in our calculations may influence the electronic structure Where in some papefs'®an average density of statbi¢E)
below Ty. for all atoms is used, while in othefsee, e.g., Ref. 54he

In order to demonstrate that the loweM(E;) of Site projected density of states is assumed to be the relevant

LaNi,B,C with respect to LUNiB,C is well supported by ©One, i'e'lna:Na(.Ef)“.i)' For the borocarbideN ,(Ey) val-
the experiment, we include in Fig(# the values oN(E;) ues are summarized in Table I and show, for'example, for
=3v/[(mkg)?(1+\)] (full square$ obtained from the nor- LUNI>B,C that the Ni site DOSNy;(Ef)=2.3 is largest

mal state specific heat displayed in the insetC43 vs T2 While N (Ef)=0.4, Ng(E)=0.25, andN¢(E;)=0.15 are
yielding the Sommerfeld values y=8.0(1) and comparably small. The remaining 0.96 states/eV f.u. corre-

20.6(2) mJ/mol R for LaNi,B,C and LuNjB,C, spond to the plane-wave contribution from the interstital re-
respectively’® The fact that LaNiB,C is not superconduct- 9ion. Using these site projected DOS for the Hopfield param-
ing above 20 mK(see Ref. Y provides an upper limit for the eters, we obtainyy;=Nyi(Eq)(I};)=1.42 eV/A?, which is
electron-phonon enhancement?<0.35 according to the significantly larger thany,,=N_(E;){I7,)=0.26 eV/A?,
McMillan relation, which is significantly smaller than the 7g=Ng(E)(13)=0.1 eV/A?, and  5c=Ng(Ef)(13)
rescaled value\yic,=0.65 obtained above. With\"! — =0.06 eV/A". With (w?)=1.1x10°" s™? (estimated from

La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Yb Lu
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®,=360 K) these values yield=0.4 compared ta.=0.9
obtained viazn,=N(E)(12) with an average DOMN(E;)
=(0.7 states/eV atom. The fact that=0.9 is close to the
experimental result may suggest that the average DOS is the
appropriate choice for calculating the values. However,
calculating A =3N(E) ,(12)/M (w?) with more realistic
mean frequenciew, for each atom sort, e.gw,, corre-
sponding to 10 meV anay;~22 meV (suggested by the
Born—von Karman calculations by Gomef al.,?® see Fig. 6
therein one can easily obtain & value close to one.

The RMTA approach yields, irrespective of the uncer-
tainty of the absolute value af, information about the varia-
tion of the Hopfield parameters, across theRNi,B,C se-
ries that at least gives a qualitative argument for the
applicability of the very simple rescaling @f.; shown in
Fig. 6@ where we took into account only the changes of
N(E;). In Fig. 6b) we show for comparison the RMTA
results for 77,=N(E;)(I2). The obvious correlation be-
tween the variation oN(E;) and the, values is connected
with the fact that the calculated site projected contributions
N.(E¢) follow the trend of the totalN(E;) going from
heavy-rare-earth borocarbides to the light ofs=e Tables |
and 1).

Hence, we conclude that magnetic pair-breaking is the
source for the suppression of superconductivity in
GdNi,B,C and TbN};B,C due to the large de Gennes factor
(g—1)2J(J+1) becaus®(Ey) is of the same magnitude as
for the corresponding Lu and Y compound. On the other
hand, the reduction dfi(E;) and\ appears to be detrimental
for the occurrence of superconductivity in PsR}C and
NdNi,B,C where the pair breaking is weak due to the small
de Gennes factor. SmpB,C seems to be a borderline case

where the absence of superconductivity may be attributed to ~ (b)
:ir;emreductlon ofN(E;) as well as the influence of magne- FIG. 7. Charge density for GAB,C in the (001) plane. (A)

. L . Valen nsitycontour level rt at 0efA3, and incr
This conclusion is in contrast to the suggestion by Pelle; alence densitycontour levels start at - and increase by a

grin et al2” drawn from their NiL and BK near x-ray ab- factor of \2). (B) Difference density taken between the crystalline

. . . _ and the superposed atomic denditpntour levels with an incre-
sorption spectra of polycrystalliéNiB,C (R=Y, Sm, Tb, et of 0.08/A3, negative density denoted by dashed lines
Ho, Er, Tm, Luy. According to their near-edge x-ray-

absorption fine structure data there is no significant variation 4 4ot support the conclusion by Pellegeiral 2’ mentioned

of the Ni 3d and a slight reduction of the Bi2projected 44y but propose that the disappearance of superconductiv-
DOS at or close t; in the RNi,B,C series. From these iy in the light-rare-earth borocarbides is caused by the re-
results the authors deduce that the decreas&.oin the i ction of N(E;). The same conclusion was also proposed

earlier rare-earth compounds of this series is not related tgy 5 recent photoemission and theoretical investigation of
the position of the Fermi level relative to a maximum or to a Ni,B,C.15

decrease of the DOS at or close B . Our calculated
charges inside the Ni atomic spheisee Tables I, I) are
almost constant through the whole series. For this charge
analysis the constraint muffin-tin radii,+=2.25 a.u. was The valence charge densitgmitting the Gd P electron
used for Ni. Nevertheless, the total DOS at or close to thelensity and the respective difference denskty (difference
Fermi level drops significantly in the series from Gd via Sm,between crystalline density and a superposition of free
Nd, and Pr to La but remains rather constantRetY, Tb,  atomic densitiesof GdNi,B,C is shown in theg001) [Figs.

Dy, Ho, Er, Tm(see Figs 2, 3, and 6 and Tables | 9.IlThe  7(a,b] and the(100 plane[Figs. §a,b]. From Figs. Ta)
changes in the DOS are, however, more pronounced beloand 7b) it is obvious that the charge density is essentially
E;¢ in the occupied region of the valence states and thus argpherical around the C atoms but the Gd charge density ex-
not accessible to the x-ray absorption spectra. We emphasitgbits significant differences from spherical symmetry dis-
that the calculated values of the B-DOg(Eg) decrease for playing a fourfold rotational symmetry in some region close
the rare earths lighter than Gdee Tables | and Ilj a fact  to the Gd nuclei. While the bonding between Gd and C is
that is in agreement with the changes near the absorptiodominated by ionic contributions, additional quite large as-
boronK threshold observed experimentatfyTherefore, we pherical distortions occur in the regions close to the Gd sites

C. Valence charge density and electric-field gradients
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(a

=

(b)
FIG. 8. Charge density for GdpB,C in the (100 plane. Details as in Fig. 7.

presenting covalent contributions. In contrast to {681 crystal structure. This structural type is closely related to the
plane the valence charge density in t#®0 plane[Fig.  crystal structure of th&Ni,B,C compoundgboth have the
8(a)] shows much smaller departures from spherical symmespace group4/mmm), but the additional C atoms close to
try around the Gd atom as can also be seen in the differenabe R site increase the EFG significantly due to the covalent
density Ap [Fig. 8b)] where only two very weak positive R-C interactions mentioned above. The existence of large
maxima in the(010) direction occur. These significant asym- EFG values is of great importance in connection with the
metries of the valence charge density in the region close tanisotropy in the magnetic properties RNi,B,C.

the R nuclei are the origin of the quite large value of the EFG  In order to analyze the origin of the Gd-EFG, we decom-
at the Gd site. Also the crystal fielF) interaction of the pose the calculated Gd-EF[&d(B)] into several different
localized 4 states is strongly influenced by this on-site as-contributions(Table V). The lattice contributiorithe contri-
phericity. Besides these features related toRw&tom, Fig.  bution to the EFG from outside the respective atomic sphere
8(b) nicely manifests the strong directional bonding betweeris negligibly small (18°Vm~2 or less than 1% of the
boron and carbon atoms connecting the two Ni-B layers an&FG), which reflects the fact that the physical origin of the
the covalent character of the bonding between nickel an&FG lies in the deviation from spherical symmetry of the
boron. We can conclude that the valence charge density imalence charge density near the Gd nucleus. This aspherical
the neighborhood of the localizedf 4density (up to the charge density can be resolved irtd’ contributions for
fourth C nearest neighborss quite inhomogeneous and ex- o ) ) _

hibits significant anisotropic features. Therefore, one can ex- ,JABLE IV. Electric field gradients(EFG) of GdNi,B,C (in
pect a remarkable anisotropy of magnetic properties originatt® ¥ M ) at all nuclear sites. The symbols G¢-Gd(E) de-

ing from CF interaction of # electrons in question. This will note the method of treating thef_ “states and the selected DFT
be addressed in detail in another pa??er. potential(see Sec. Il € The experimental data are taken from Ref.

The EFG's at all atomic positions of Gdji,C are sum- 45.
marized in Table IV for all constrained DFT calculations grq Gd Ni B c
Gd(A)-Gd(E) (see Sec. Il ¢ The theoretical EFG at Gd
reveals good agreement between theory and experﬁﬁent.Gd(A) 12.10 2.44 1.44 2.65
The ferromagnetic calculations @Gl and GdD) provide  Gd(B) 12.89 2.48 1.39 2.39
poorer agreement than the others. The calculated value of th&d(C) 12.05 2.23 1.33 2.22
EFG does not change significantly when spin-orbit couplingcd(D) 12.36 2.24 1.45 2.66
is included in the calculatiorjsee GdE) |. The experimental  Gd(E) 12.17 2.21 1.33 2.24
value of the Gd EFG in GdMB,C is much larger than in  Experiment 12.1

GdNi,Siy(—1.2x10°1 Vm~2) ®” which has the ThGSi,
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TABLE V. EFG analysis for the Gd site in GdMB,C [calcu-  was also experimentaII%/ observed by Ikushietaal ° who
lation GdB), see Sec. Il ¢ The on-site contribution is analyzed in obtained 1.4& 10?* V/m? for the B-EFG for LuN;B,C.

terms ofs-d (5s and @), p-p (5p and &), d-d(5d), andf-f(4f) We have not found any direct experimental EFG measure-
valence electron contributions. The lattice contribution includes evments on the Ni site, but’Fe Mossbauer spectrosco‘i}}on
erything from outside the Gd sphere. a substituted Ni site provides a quadrupole splitting of
- - AEG=0.27 mm/s. Using the value of 0.16 b for titére
Gd(B) On-site Lattice Total nuclear quadrupole momeftftwe can estimate the EFG at
that site to be about 2:410°* V m~2, which compares rea-
s-d 0.11 ; .
sonably well with our calculated values for the regular Ni
5p-5p —30.63 site quoted in Table IV.
6p-6p 43.80
d-d —-0.15 IV. CONCLUSIONS
f-f —0.10 .
The calculations based on the DFT theory are able to
Others -0.01 . . - .
provide useful information about the electronic structure of
13.02 -0.13 12.89

rare-earth borocarbideBNi,B,C. The calculations of the
electronic structure yield the DOS, which shows the Fermi
energy located in the DOS peak fBr=Y, Dy, Ho, Er, Tm,
each spin direction as shown in Sec. IID. The dominantand Lu. In the sequence &=Thb, Gd, and Sm, this peak is
contribution to the EFG comes from the asphericity ofgradually broadened and in the caseRst Pr, Nd, and La,

Gd 5p and & electrons inside the atomic sphere. We foundthe Fermi energy is situated in a broad valley of the DOS.
that the low-lying % states contribute with a large negative We verified that these general trends do not depend on the
portion to the EFG, which is compensated by an even largefietails(LSDA, GGA, spin orbi} of the DFT methods used.
positive & contribution. Thus, the final EFG stems from a The calculated reduction of the density of stalé(E) on
delicate balance of thegband 6 anisotropy. This is in the light-rare-earth sidén particular forR=La, Pr, and N

contrast to Coehoorlf, who has neglected the contribution 'S large enough to explain the suppression of superconduc-

from the 5 states and has taken into account only the On_tivity to below 3 K for Nd, Pr, and La. The calculation of the

site asphericity of the charge density related o #hd 5 Hopfield parameters confirms this conclusion. Furthermore,

electrons. Nevertheless, he has found a reasonable value "€ IS good agreement between the calculated and experi-
the EFG=12.8X 107! V m™ 2 using the ASW method in the mentalN(Ey) of YNi,B,C, LaNpB,C, and LUNyB,C. This

T . consistent physical picture is only reached when we assume
ASA approximation. The large positive value of the EFG that the 4 electrons inRR=Pr, Nd, Sm, Tb, Dy, Ho, Er, and

indicates that the occupation of orbitals within the Gday- Tm are atomiclikelocalized and thus no # projected DOS

ers (px andp,) is larger @1, =np =0.134) than perpendicu- s present aE; . In contrast to those compounds, GgBC

lar to it (an: 0.081). Smallf-f, s-d, andd-d contributions, and LuNiB,C show according to our analysis this(E;)

all with comparable magnitude, are also present. Using thé_nd related prop_erties are not substantially ianuenqed b_y the
decomposition of the charge density coefficipps [see Eq. itinerant or localized treatment of thef 4tates used in this

(2)] we have calculated the partial contributions from eachVork (see Sec. Il € The EFG on the crystallographic sites
(I=1"=3, m=m’=3,1,0) of the occupied orbitals. We of GdNi,B,C and YNiB,C were calculated and the values

found that the partial contributions of the occupietigpin  found for the Gd site and B site are in good agreement with
up states can reach about 10% of the relgepl partial ex_p(_arlmental data. The relatively Iarge EFG on the Gd_glte
contributions but the final value of EFGis quite small due  ©riginates from a strong cancellation between positive
to an almost complete cancellation. Thus, the EFG prooféP-6P and negative p-5p contributions.

that the 4 states are effectively almost spherical as one
would expect in this case.

YNi,B,C single crystals have also been investigated The work in Vienna was partly supported by the Austrian
by B nuclear magnetic resonanté® and the measured Science FoundationfM.D., Grant No. M 00413-PHY,
quadrupole frequency was found to be constant from 300 Koroject by G.H. Grant No. P 11090, and OEAD project WTZ
down to 15 K. The corresponding EFG, 1x420° V/m?, ~ 1999/21. The work of M.D. and S.K. done at Prague was
is in very good agreement with our value of 1.4 supported by the Grant Agency of Czech Republic under
X 10" V/m? calculated for YNjB,C. This calculated Grants Nos. 202/00/1602, 202/99/0184, and 106/98/0507, re-
B-EFG is almost constant for all RM8,C compounds as spectively.
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