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Spin density and magnetism of rare-earth nickel borocarbidesRNi,B,C
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The rare-earth spin moments in quarternary borocarldii¢isB,C, R=Pr, Nd, Sm, Gd, Ho, Tm are deter-
mined by self-consistent density functional theory, using the embedded cluster formalism. Spin-polarized
electronic structure calculations considering antiferromagnetic coupling betR«tayers are performed.

Spin polarization of the lattice is examined in detail and related to observed ferromagnetic ordegRi@ in
layers and antiferromagnetic ordering between layers. The observed superconductivity of Y, Lu, Tm, Er, and
Ho compounds and regions of coexistence with antiferromagnetism in Tm and Ho is discussed in terms of the
magnitude of R moments, differences irR 4f-5d hybridization, and resulting lattice polarization.
[S0163-182606)06642-

[. INTRODUCTION These phenomena are inter-related, but to a great extent
their effects are additive, with one or another process being
For many years it was well understood that the presencdominant in a given material. The Heisenberg exchange
of local moments in superconductors reduces the transitiohlamiltonian,H,,, coupling the ion spinS;, to conduction
temperatureT ., either due to scattering mechanisms or dueelectron spins,
to spin-dependent exchange interactions between the mo-
ment and the electrons of the Cooper pairs. The discovery of Ho=| 2 Ss 1)
ternary materials likeRRh,B, (R=rare earth where super- &4
conductivity and magnetic order alternate or even coexist ) 13 -
raised important questions about the details of the interac¥@S used by Abrikosov and GorkdiAG),™ in the Green
tions and the possibility of coexistence of both types of longunction approach, to successfully predict the reductiofdin
range order. The observed coexistence of large magnetic m¥4th magnetic impurity concentratior in alloys such as
ments and superconductivity in high- materials was Le1-xGdAl;.™ Here the interaction parametér can be
initially very surprising, and eventually rationalized in terms POSitive or negative, denoting antiferromagneh=M) or
of spatial localization of moments, and their weak couplingf€romagnetic(FM) coupling. It was noted quite early that
to the superconducting fraction of the electron densfty. € magnetic ordering temperatufy and depression of su-
Thus the recent synthesis of quarternary compounds such B&rconductivity(SC) transition temperaturd; scales with
RNi,B,C (6.2<T,<16.6 K) which clearly show the possibil- the Projection of the ion spi upon the total momen, thus
ity of regions of coexistence and alternating order was espedentifying the dominant exchange mechanism. Specifically,
cially significant®~’ In the present paper we consider in de- S 3
tail the nature of the spin distribution and spatial extent of S‘:u J=(g;-1)J )
polarization and the exchange field in tRNi,B,C com- (J3-J)

pOlIJ:r.'df W|_thR_’:|Pr,de, St;mf Gdt’. HO’I-I;{]n' . d withi with ion-ion interaction energies proportional to the de
irst principles density functional theory is used within ~ factord,— 1)2J(J+1).

the embedded cluster formalism, using a nonrelativistic spin- Deviations from predicted behavior in materials such as

polarized approach. Cluster analyses provide a view comple- Al (Ref. 15 and existen f reentran rcon-
mentary to the band structure studies on these materia%rjl"‘cQ< 2 (Ref. 19 and existence of reentrant superco

: a1 : . ctivity over a limited temperature range have been attrib-
which have recently appear&d,’ here the localized orbltal_ uted to T-dependent scattering as described by the Kondo

g:;l:rglgnir?;nhjrggagt'r?;ug#'e ect(iesfc?rgg(;q.grlla%;;osmE_effect.le Extension of the AG theory by Fulde and Matki,
: ys i U0-also by Decroux and Fischérto multiple pair breaking

Str'gété%rt]' \'/gﬁg{rop:gfnﬁsezﬂcr;:;ggéﬁéﬁqg? th:(’)rl:]siéngotgﬁalsmechanisms revealed the essentially additive nature of inter-
FLCAO)-cIuster formalism has been previously aivén actions(i)—(iii ) listed above in reducing the critical magnetic
P y9 ) fleld He»(T). The possibility of coexistence of antiferromag-

It ha? b_een us_eful to con5|d_er separa_tely Se‘.’er?' differe etic order and superconductivity was pointed out quite early
magnetic interactions responsible for pairbreaking in the SU\E,’\}’ Baltensperger and Stsier!?

percpnducting state, as discussed, for exa”?p'e' in the rgvie In order to describe polarization effects the effective ex-
by E|sch¢ﬁ These processes may bg described most S'mp|¥hange fielH, has typically been defined as

as (i) Spin-flip scattering of conduction electrons off mag-
netic ions(ii) Exchange interaction between localized mo- geusH =x1(S,) 3)
ments and conduction electror(8i) Polarization effects sEB '

among the conduction electrons due to the exchange interaeich can be seen as an average over(Eqwith (S,) being
tion. the spatial average of the spin component parallel to the
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HoMogS; shows evidence that superconductivity is de-

stroyed by the internal fieltl due to ferromagnetic order,
while exchange polarization is believed to be dominant in
ErRhB,.! The layer-structur® materials, such aNi,B,C,

‘ reveal complex interactions and regions of coexistence be-

. ' ducting regions as a function of temperature. For example,

tween antiferromagnetic order and superconductivity whose
properties have been studied by neutron diffractioR’
NMR,2*-2°and as a function of pressui&.?° However, the
presence or absence of superconductivity, the orientation and
modulation of AFM coupling from one FM orderdrl plane

to another, the magnitudes and variation of ordering tem-
peraturesT), and T, remain to be explained. For example,

despite the alternating layer structureRe{C planes and Ni-B
slabs, the SC critical field is found to be highly isotropic,
very unlike the highf, Cu-O based superconductdfs®?

eNi . 5 ‘RE o & and in contrast to what may be expected of electrical con-
ductivity.

The present work is aimed at obtaining an atomic-level
FIG. 1. Schematic of 73-atorR;,Ni,3B3¢C;, variational clus- understanding of the exchange field and magnetization,
ters. which have been treated before largely in the spatial average,
or in the mean-field approximation. By examining the spatial
quantization axis, and is thus proportional to the averageariation of spin magnetizatioM and the first-principles
magnetizatiorM (H,T). Herex represents the concentration exchange fieldH, (defined below we can show which is
of magnetic impurities. Fits to experiment show that the ex-dominant in a given region of a complex material, and also
change field often dominates, being of the order of tens ofinderstand the meaning of the spatial averages responsible
Tesla, perhaps an order of magnitude larger than the dired¢or the exchange coupling parametenf Egs.(1) and(3). In
magnetization, first considered by GinzbdPgrhe reentrant particular we will also see that the isotropic oscillatory
rare-earth ternary compounds and their pseudoternary anBuderman-Kittel-Kasuya-Yosida spatial variation bf,,
logs display a wide range of magnetic order versus supercomvhich follows for a uniform electron ga$,is not satisfied in

TABLE I. Self-consistent Mulliken atomic orbital populations and spin momexi&)2ug). The rowg.S, is an estimate of th&*3
saturation spin moment parallel §o from Ref. 53(M)4,iS the experimental paramagnetic moment, which may be compared wittf the 4
only expected momentg;yJ(J+1)(ug). (M) values for Pr, Nd, and Sm are for PgSi,, NdNi,Si,, and SmCegGe, from Ref. 54; values
for Gd (Ref. 59, Ho, and Tm(Ref. 5 are for theRNi,B,C compounds.

Pr Nd Sm Gd Ho Tm

charge spin charge spin charge spin charge spin charge spin charge spin

R 4f 257 2374 368 3587 583 5790 740 6566 10.69  3.140 12.83  0.826
5d 0.34 0029 030 003 024 0042 047 0091 022 0023 018  0.004
6s 002 0000 002 0000 002 0000 003 0002 002 0001 002  0.000
6p 0.05 —-0.003 0.6 —0.004 006 —0.008 006 —0007 005 —0.004  0.06 —0.001
net 230 2400 221 3619 209 5828 226 6652 208 3160 209  0.829

Ni 3d 910 0000 910 0.000 9.09 0000 913 0000 9.09 0000 9.08  0.000
4s 0.64 0000 063 0000 060 0000 054 0000 055 0000 052  0.000
4p 052 0000 052 0000 052 0000 051 000l 056 0000 056  0.000
net -021  0.000 —0.20 0000 -0.16 0.000 -0.12  0.001 —-0.14  0.000 —0.10  0.000

B 2s 124 0000 124 0001 125 0001 129 0001 1.26 0000 126  0.000
2p 242 0013 242 0015 240 0017 220 0011 242  0.000  2.39.002
net -0.66 0013 —0.67 0016 —0.64 0018 —-050 0.012 —0.67  0.000 —0.65 —0.002

C2s 121 —0.001 122 -0.002 123 -0002 122 -0.001 1.29 0000  1.30  0.000
2p 424 -0013 422 -0016 420 —0.014 423 -0.005 421 0008 4.18  0.003
net 145 -0014 -1.44 -0.018 -1.43 -0016 -145 -0006 -1.51  0.008 —1.48  0.003

asS, ~1.60 —2.46 —3.58 7.00 4.00 2.00

9,VIA+1) 3.58 3.62 0.85 7.94 10.60 7.56

(M) expt 3.67 3.73 1.12 7.97 10.4 7.7




13022 ZENG, ELLIS, GUENZBURGER, AND BAGGIO-SAITOVITCH 54

wherep,, are the up- and down-spin electron densitMs. is
directly accessible to experiment, for example bydsloauer
spectroscopic measurement of magnetic hyperfine fields at
o probe nuclei, as has been done fbli;_,Fe,) substituted
compounds’
L] In density functionalDF) theory, the exchange field may
o be defined by

e GeaH 1) = Vi (1) = Vi, (1), 5)

whereV, , are the exchange and correlation potentials for

e either spin’® In the standard nonrelativistic spin-polarized

® DF approach, the spin densities and potentials are deter-
08 L mined by self-consistent iterations. That approach was fol-
. lowed in the present work, making use of the embedded

. cluster Discrete Variational method, which has been widely

applied in metals, semiconductors, and ionic sofits.

06 . | . ! . | . | Exchange and correlation potentials of varying levels of
56 60 64 68 72 sophistication have been developed and used, in the present
(a) Atomic number work the von Barth-Hedin forff has been employed. In the
simplest Kohn-Sham approximation, that of the free-electron
gas with exchange only,

er gsuesHy=(6/m)Y(p1" = p}) ®)

allowing some immediate qualitative deductions about the
relative size oM g andHy . For exampleM g will dominate
PR in the high spin-density region close to the magnetic ion,
o . while Hy will dominate in the low-density exponential decay
e region and has a much longer range.
e In the following, we give a quantitative analysis of spin
- magnetization and exchange field in the serfi@si,B,C,
. with R=Pr, Nd, Sm, Gd, Ho, Tm. This analysis provides a
possible explanation of the variation of strength in
magnetic/SC coupling which is observed across the series.
The remainder of the paper is organized as follows: In Sec. Il
we present details of the calculations, in Sec. lll we present
s ) . , ) ) . , , an analysis of resulting charge and spin densities. Our con-
56 60 64 68 72 clusions are given in Sec. IV.
(b) Atomic number

<r >(a.u.
Myt (a.u.)
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>—<r >(a.u.
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T
[ ]
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Il. DETAILS OF CALCULATIONS

FIG. 2. Systematics of orbital radii iR*>" ions, according to . o
nonrelativistic DF calculations(a) Mean 4f radius{r,) and (b) The discrete variationdDV) embedded-cluster approach
Difference between #radius and meandradius(rsg). was used in the framework of first principles DF theory; as

full details appear in the literatur®,only a brief outline is

given here. Effective atomic configurations of the cluster at-
i . ; = oms were obtained self-consistently by iterating the charge
and light elements @splaymg the full array of metallic, ionic, ;g spin density in a nonrelativistic spin polarized approxi-
and covalent bonding. _ o mation. It might be argued that relativistic effects are impor-

It is generally assumed that pair-breaking fields seen by, especially around tHe site; however, the properties we

Cooper pairs result from spatial averages over regions ofeek to describe result primarily from polarization of the
order of the SC coherence lengiiwhich may be estimated |ighter atoms(Ni,B,C) and the essentially nonrelativistic va-

to be of theé4c1r3(ger of 60-100 A in thBNi;B,C materials |gnce electrons by th& spin moment. The effective ex-
studied here.™ However, this idea needs to be reconsid-change interaction betwedhions, mediated by the lattice is

ered in view of the intraplanaR-R distance of~3.5 A’ found to be proportional to the spin component parallel to
interplanar distance of-5.2 A (corresponding R-R distance S,, as has been determined experimentafi§® In fact

~5.8 A) and the resulting strong variation of magnetization g vesult of considerable interest here is self-consistent de-

and field throughout the solid, on a length scale-df A. termination of the 4-spin moment, or more precisely, its
The spin magnetization may be defined as components,).

The variational clusters used consist of 73 atoms with
compositionR;,Ni;3B36C;, as shown in Fig. 1. The embed-
M(r)= 8_77[ (H)=p,(N)] 4) ding scheme treats interactions between the variational clus-
s 3 P P ' ter and the infinitely extended host crystal, by constructing a

more complex materials containirfg, transition elements,
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total charge(spin) density by superposition of cluster and 3d° configuration in all compound$. From the observed

host chargdspin densities; i.e. chemical shift of~1 eV to higher energies for the Ni,
_ white line, they suggested a charge transfer from Ni to its B
P o= Pocluster™ P, host (M andc neighbors, presumably from the Ni Band. We sug-

A real-space sum 0f-1400 external host atoms was suffi- gest that the shift is indeed due to charging of B and C, but
cient to converge the short-range potential, while an Ewaldhat theR is the donor. The experimental B edge also
procedure was used to sum the long-range Coulomb interagives evidence of strong hybridization between 8l &d B
tions. A double iteration scheme was carried out, by whichep states as found in both band structure calculations and the
both cluster and crystal are brought to self-consistency. Mulpresent cluster analyses.
liken population analysf$ of occupied cluster orbitals, The 4f occupancy is nonintegral, indicating hybridization
which are expanded in a basis of numerical atomic orbitalsyith (primarily) R 5d orbitals** A significant 5 occupancy
(NAO), provides effective atomic configurations at each sitepn theR is observed, and accounts for the major part of the
which are used to synthesize the host densities for subseeviation from the nominaR™® configuration, with 8l
quent iterations. The NAO basis is in turn constructed frompopulations ranging from 0.18'm) to 0.47(Gd). The pres-
the self-consistent cluster atomic configurations, in order t&nce off-d hybridization is crucial to an understanding of
obtain a chemically intuitive view of the charge distribution. the magnetic polarization of the lattice, and is expected to
In the present work the basis included Nifgd, 4sp, B and  diminish with the mean # radius(r,). The decrease in
C 2sp, andR 4f, 5spd, 6sp functions in the valence space; (r,) [Fig. 2a)] and the more relevant essentially linear in-
inner shell orbitals were treated as a frozen core. Valencerease in(rsq)—(r ), shown in Fig. 2b), give a simple ex-
cluster symmetry orbitals were constructed as linear combiplanation for the rapid reduction in coupling and hybridiza-
nations of NAO which were explicitly orthogonalized tion between the corelikef4and the rather diffuse dwith
against the core. The crystal structures and interatomic disncreasing atomic number. Guo and Temerman have previ-
tances were taken from the Iiteratd?e.. N ously suggested stronfgd hybridization as the main factor
Symmetry constraints were applied to densities andn suppressing SC in PrBau,0,_,, whereas all other
Hamiltonian to achieve the desired AFM or FM order of RBa,Cu;0,_, 1-2-3 compounds exhibit high,.*> As we
alternatingR-C planes. A three-dimensional numerical inte- will see, the strong overlap betwe&15d and C 2 leads to
gration grid of ~45000 points and several hundred self- extensive lattice polarization via the hybridization mecha-
consistent potential iterations was found adequate to deterism; the superexchange interaction betw&eim different
mine densities of statesDOS), energy levels, charge |attice planes thus proceeds via a multilink process. Appar-
distribution, and Mulliken spin and charge populations to theently theR 5d-O 2p overlap in the 1-2-3 materials is con-
desired level of precisioi<0.1 eV in energy<0.001 e in  siderably smaller than iRNi,B,C, as the observed magnetic

charge/spin ordering takes place at rather low temperatures, 2.3 K for Tb
and <1 K for the otherR.*6#’ The AFM ordering tempera-
lll. ELECTRONIC STRUCTURE ture T\, scales according to the de Gennes fa§df,+ 1),
AND MAGNETIC PROPERTIES (see Table |l again showing that th8, spin exchange inter-

action is dominant.

The calculated # occupancy is fractionally larger than

The self-consistent charge populations and spin momenthat of the nominal trivalent ion, ranging from 2.%/r) to
obtained by Mulliken population analysis are given in Table12.83(Tm). The excess # population may be attributed pri-
I. The general picture of bonding derived from Table | is of marily to effects of hybridization with & orbitals. Concern-
ionic interaction in theR-C planes and dominant covalent ing spin moments, we may compare auttiferromagnetic
bonding between four-coordinated Ni and B in the Ni-B results(using magnetic structure found in experimefar
slabs. Instead of the formal trivalent charge state, we Rnd GdNi,B,C with the ferromagneticstructure calculated by
charge varying from 2.08—2.30 e and typical carbon charg€oehoorn with the ASW methdd. By artificially shifting
of —1.45 e. Niis seen to be nearly neutral, while B acts as athe 4f minority spin levels to a large positive energy, he
acceptor, with typical charge-0.6 e. Few details about obtained a net spin on Gd of 7.2:4 , which corresponds to
charge distribution are given in published bandthe full 4f” subshell and some ferromagnetically coupled 5
calculation€™! In an LMTO study on the related material contribution. He found induced moments of 0.03, 0.00, and
YNi,B,C Lee et al. report net site populations for Ni of —0.01ug on Ni, B, and C respectively. Our fully variational
s%6p%874888 implying a net charge of-0.22, with net antiferromagnetic results give 6.¢§ for the Gd moment, of
charges of+0.56 and+0.44 for B and C, respectivefy. which 0.09.; is due to the 8 contribution. The moment on
According to this calculation, the net charge on Y-i4.13.  Niis zero by symmetry, and small induced moments of 0.01
This large negative value is astonishing when we consideand —0.006 ug are predicted for B and C respectively.
that Y has by far the lowest electronegativity of all four = Charge density contour maps are given in Fig. 3, showing
components. Our calculated value #R.5 for YNi,B,C?  theR-C plane, the Ni plane, and a plane containing Ni-B and
similar to the values encountered for the present compound3-C bonds in the Gd compound. Nearly circular contours
(Table l), seems more realistic. Part of this discrepancy mayand regions of low density between Gd and C characterize
be ascribed to different manners of defining “atomic the ionic interaction, with Gd-C distance of 2.53 A. The
charge” in the two methods. Pellegrit al. studied the Ni  Ni-Ni distance of 2.53 A, slightly less than that of metallic
L, absorption edge of the pure metal aRii,B,C (R=Y, Ni, leads to typical metallic diffuse density in the Ni plane.
Sm, Tb, Ho, Er, Tm, Luand concluded that Ni was near the The Ni-B bondg2.13 A) show considerable charge localiza-

A. Charge distribution and bonding
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dotted curves show

ela.
FIG. 3. Contour maps of self-consistent valence charge densityiegative values(a) (001) Gd-C plane, containing spin up ioris)

in GdNI,B,C; contour interval is 10? e/a3. (a) Gd-C plane(b) Ni

plane,(c) Plane containing Ni-B and B-C bonds.

(100 plane, containing spin up and spin down Gd ioft3.Plane

containing Ni, B, and C.
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FIG. 6. Bond-line plots of net exchange field for antiferromag-
netic states oRNi,B,C, beginning at one rare earth and passing
from atom to atom along bond lines, terminating & @ the next
plane(distancec/2) above or below(a) Pr, (b) Nd, (c) Sm, (d) Gd,

(e) Ho, (f) Tm.

antiferromagnetic states @NiB,C, beginning at one rare earth { |eye|*® We suggest that in addition to temperature-
and passing from atom to atom along bond lines, terminatingrat a dependent crystal field effects,f4d hybridization may

in the next planddistancec/2) above or below(After Ref. 49. (a)
Pr, (b) Nd, (c) Sm, (d) Gd, (e) Ho, (f) Tm.

tion, and the strong B-C covalent bon(ks43 A) lead to a

play an important part in determining the effective moment.
Since the present calculations are nonrelativistic, we can not
calculate directly the total moment arising from both spin
and orbital components. However, as discussed in Sec. I, it

highly anisotropic local charge distribution; thus it is surpris-is the effective spin moment parallel fowhich is observed
ing that the critical fieldH, appears to be essentially to control the exchange field, and indegg of the RNi,B,C
isotropic3®~32 Electrical conductivity measurements on compounds is found to correlate rather well with the
single crystals will help to clarify this point; to our knowl- de Gennes factorg;—1)?J(J+1), as does the reduction of

edge such data are not yet available.

B. Spin moments and spin density

T, in the laterR elements:*® We can thus compare the
expected saturation effective spin momegs, of the R*3

ion with the calculated)(S,), and with experimental para-
magnetic moments determined from susceptibilities

It is interesting that experimental magnetization generallyg;+/J(J+ 1), see Table I. The calculaté®,) correlates ap-
suggests & moment different from that of the bare trivalent proximately linearly with the absolute value of the free ion
ion, which has been attributed to crystal field splitting of theS;, with (S,) exhibiting typically larger values for Pr, Nd,
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TABLE Il. Observed superconducting transition temperatures TABLE Ill. Exchange energy differencesV, (meV) and cor-
T.(K), upper critical fieldd1 .(kG), and magnetic ordering tempera- responding exchange field,(T) calculated along Ni-B bond lines.

turesT,,(K) for RNi,B,C. Both peak values and root-mean-square values are given.
R T, H. Tm Pr Nd Sm Gd Ho Tm
Sm none none 9% AV max 35 45 54 53 6.7 1.8
Gd none none 20 AV s 12 15 19 16 4.3 1.6
Tb none none 15 Hy max 302 390 466 457 58 15
Dy 6.2 ? 10.3 Hy ms 100 130 161 137 37 13
Ho 8.0’ 4.8 6
75 8°
Er 10.8' 14.7 5.9 along with its polarization of the C near neighbor vid-&
Tm 118 218 1.5 2p mixing. A small polarization wave on the magnetically
v 15.6 320 none hard B site is followed by a relatively large response of the
Lu 16.6 ” none paramagnetic Ni atom. Due to the AFM symmetry, thet
polarization of Ni must be zero; however, local spin density
aReference 30. values above/below the symmetry plane amount to as much

bA. 1. Goldman, C. Stassis, P. C. Canfield, J. Zarestky, P. Dervenaas 0.006e/a,> which corresponds to a local magnetic field of
gas, B. K. Cho, D. C. Johnston, and B. Sterlieb, Phys. Re&0B 0.34 T in the maximum-moment case of Gd.

9668(1994. As discussed in Sec. I, the exchange fielld due to dif-
‘Reference 51. ferences in spin up and spin down potential is frequently
9B. K. Cho, P. C. Canfield, L. L. Miller, D. C. Johnston, W. P. considered to be the dominant factor in superconductor pair-
Beyermann, and A. Yatskar, Phys. Rev5B 3684(1995. breaking. This field is obtained directly in our self-consistent
®B. K. Cho, M. Xu, P. C. Canfield, L. L. Miller, and D. C. Johnston, DF calculations, as given by E¢), and is presented along
Phys. Rev. B52, 12 852(1995. bond lines in Fig. 6. As expected from the previous discus-
'Reference 4@). sion H, is qualitatively similar toMg; however,H, is of
9Reference 4@d). longer range and thus dominates at large distances from the
"Reference 30. driving moment, or in regions of low spin density. Peak and
'Reference 5. root-mean-squarérms) values of difference in exchange-
98. K. Cho, Ming Xu, P. C. Canfield, L. L. Miller, and D. C. correlation potentiabV,.=V,.,— V,. and the correspond-
Johnston, Phys. Rev. B2, 3676(1995. ing fieldsH, , calculated along the Ni-B bond line, are given
"Reference 34. in Table Ill. The rms exchange energies, which range from

1.6 (Tm) to 19 (Sm) meV can be compared in magnitude
and Sm, as would be expected. However, value§Sgf are  with a superconducting energy gap®£5.3 meV found for
systematically smaller tha@, for the latter part of theR  YNi,B,C* and the pair-breaking energy\2As seen in Fig.
series; i.e., Gd, Ho, and Tm. 6 and Table lll, peak values d¢f, as large as-450 T are

Contour maps of calculated spin density, proportional tofound in the interatomic regions surrounding Ni and C, and
the spin-magnetization densiM of Eq. 4 are presented in thus are much larger than typical SC critical fielig of 4—5
Fig. 4 for the AFM state of GANB,C. Values are shown for T in these materials. It is thus very interesting to see how
one Gd-C plane, for a plane containing both spin up and spispatial averaging over the extenté) of SC wave functions
down Gd ions, and for a plane containing Ni, B, and C. Thepermits the coexistence of superconductivity with such large
spin coupling betweeR and its nearest neighbor C shows anlocal fields. It is also notable that a rotation of only 12° in
interesting variation across tlieseries studied here. For the orientation of moment in adjacent planes of the AFM struc-
lighter R, the more extendeddbleads to anegativepolariza-  ture of Ho is sufficient to provide a net field capable of
tion of the region around C, i.e., an antiferromagnetic cousuppressing superconductiviy The existence of composi-
pling. With contraction of R 8, some positive features be- tional disorder between B and C sites, and possible C vacan-
gin to appear irps for Gd, which grow in intensity for Ho, cies inferred from recent Misbauer studiés provides an-
and finally appear as a fullyositivepolarization around C in  other important mechanism for disrupting the average
the Tm compound; i.e., a ferromagnetic coupling. cancellation of positive and negative regionsHf.

To understand the nature of long-range spin polarization Magnetic dipolar fielddd arising on the rare earths are
via the exchange interaction, we consider the magnetizatioalso sometimes mentioned as possible contributors to pair
density M along bond lines. A previous study has beenbreaking. Electronic shielding effects make it difficult to give
made ofMg in Ref. 49, where we demonstrated the crucialquantitative values for the dipolar fields, which are certainly
role of R 4f-5d hybridization in transmitting spin polariza- much smaller than those due to exchange, but may be of
tion to the lattice. Thus, beginning at o we follow a  similar magnitude to the local spin magnetization. To obtain
zig-zag path along bonds from one atom to another, finallysome upper-bound estimatestdf,, we carried out classical
terminating at anotheR in a plane at a distana#2 above or  point-dipolar lattice sums for typical values Bf moments,
below the starting point. Valence contributions b, are  evaluating the(unshieldedl values of Hy throughout the
shown for each of the cases studied in Fig(réproduced crystal. Due to théd,4 crystal symmetryH doesnot van-
from Ref. 49. The large 4 polarization is essentially off ish at thez=0 Ni plane, and values of 2—4 T are found in the
scale, while th€FM coupled R 5d density is clearly visible vicinity of the Ni site. Thus a quantitative treatment of all
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compound is indicated in the legend. Successive curves have been

offset byx,2x,3,... x=21 for ease of viewing. Fermi energyEg falling on or near a secondary peak domi-

nated by Ni and B character, in all the compounds studied.
Interpretation of ground-state DOS requires care, since it
is well known that final state relaxation, correlation effects,
- and fundamental limitations dfjround state DF theory all
C. Densities of states apply to description of excited state phenomena. For ex-
Densities of states were generated by broadening discrefénple, with a partially filledR 4f" shell, one will expect to
cluster energy levels with a Lorentzian line shape of widthfind (and does finda narrow 4 band straddlind=g . How-
0.14 eV for comparison with band structure models andever, Coulomb repulsion and other correlation effects of sev-
eventual spectroscopic data. Partial densities of state&yal eV in magnitude cause large shifts of the final state
(PDOS which resolve local atomic structure and orbital Energy upon addition/subtraction of an electron from the
composition were generated by weighting cluster energy levhighly localized 4 shell. Nevertheless, thground-statede-
els by appropriate Mulliken populations in the usualscription of level position and occupancy remains highly
fashion®® Consistent with published band structufesiwe  useful; and examination of PDOS composition permits pre-
find a highly structured and broad valence band, with theliction of some excitation properties. The calculated ex-

pair-breaking contributions will require consideration of di-
rect and shielding contributions tép .
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TABLE V. CalculatedR 4f exchange splittinghs (eV) in
RNi,B,C and proportionality factord 4;/M, and A ,;/M; (units of
eViug). M,=g4(S,) is net spin moment oR and M= g(S,s) is
net spin moment of # shell.

Pr Nd Sm Gd Ho m
Ays 1.56 2.38 4.05 4.97 2.38 0.68
Ag/M, 0.65 0.66 0.69 0.75 0.75 0.82
Ay M 0.66 0.66 0.70 0.76 0.76 0.82

change splitting 4 of the 4f,-4f, bands is given in Table
IV along with the factors A=A4:/9(S,) and
As=A4:/9Ss;) which give the(averagg proportionality
between the exchange field and the loBakpin-moment.
With constant(r 4;), one would expech,, also to be con-
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structure may be a key to understanding the relatively
high-T, values. The observeldB, !B isotope effect o . is

an important further indication of the “normal” electron-
phonon mechanism and of the role played by B in SC pair
formation®?

IV. CONCLUDING REMARKS

We have reported spin-polarized Density Functional em-
bedded cluster studies of the quarternary compouRds
Ni,B,C, with R=Pr, Nd, Sm, Gd, Ho, and Tm. The 4f
spin moments were determined self-consistently and found
to correlate reasonably well with experimentally determined
R3* spin-component momentS,;. Ferromagnetic coupling
of R 5d to 4f electrons provides the pathway for long-range
interaction of thef moment with atoms at a distance of sev-

stant; howeverA,, is seen to increase slowly across Re eral coordination shells. Resulting spin polarization of the

series, which can be understood in terms of the increasing 4lattice was calculated; magnetization and exchange fields
spin density due to contraction of thé 4hell with increas- Were mapped and discussed in terms of observed antiferro-
ing Z. We also see thah,=A,;, verifying the dominance magnetic order, reentrant superconductivity, and coexistence
of the 4f driving moment and relatively small screening ef- of SC and AFM order. Local exchange fields as large as 450

fects of the %l shell and polarized neighbors.
It is appropriate to examine PDOS of Ni, B, C, aRd
valence levels to ascertain structure aro@dwhich is im-

T are predicted; we thus obtain some information about the
local structure underlying the relatively long-range volume
averaging over field “seen” by SC pairs, which permits co-

portant for low-lying excitations, conductivity, and forma- existence of SC and magnetic order. Nl @nd B 2 states

tion of the SC state. The relative size of PDOS Eor Eg

in the vicinity of Ex were found to be dominant in conduc-

gives a clue as to the critical wave function composition: fortivity properties in all compounds studied. Lesser @ @nd

example in NdNjB,C we find Ni 3d (18.3>B 2p (17.6>C
2p (3.49>Nd 5d (2.3 in units of stategHartree-cell, with
negligible components of other statéfgain, we note that

R 5d contributions to the partial densities of states provide
essential components for the obsenfadd still surprising
isotropic SC critical fields. Thus, single crystal measure-

theR 4f contribution can only be “counted” in ground state ments of anisotropy of electrical conductivity would be very
properties; 4 excitation will greatly shift the corresponding useful.

4f PDOS. Thus, the # contribution to DOSEg) was not

included in the above numbers, nor in the DOS diagrams.
While quantitative differences are noted, qualitative similari-

ties are seen in all thR cases studied. The Nid3 B 2p, C
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