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Evidence that all high-temperature superconductors arep-type
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The ground charge state of Ce substituting for'Rlth Nd,CuQ, is usually assumed to be €& indicating
that Ce is a donor which causes NdCe,CuQ, to be ann-type superconductor. Using the self-consistent
bond/charge method, we show that the Ce ground state i$, @et Ce"#, in ideal Nd,CuQ,, implying that
monatomic Ce dopants are isoelectronic centers, mdype donors. The observed Ce doping of
Nd,_,Ce,CuQ, can be understood if an interstitial oxygen binds to the Ce, elevating its charge stat&*to Ce
This is a paired defect of Ce and oxygen, which dopes the fixdgpe, notn-type, because of oxygen'sp2
holes. The condition that the interstitial oxygen does dope thepbgte translates into an approximate steric
constraint that the ionic radius of the rare-earth RA® must exceed that of T8 for R,_,Ce,CuQ, to
superconduct. A similar situation occurs for the infinite-layer material 3Md,CuO,, where the Nd dopant is
isoelectronic Nd?, not donor Nd® as assumed, unless an extra oxygen is adjacent to the Nd. The data are
reviewed in light of these results, and show no convincing evidence either of particle-hole symmetry in doping,
or of n-type doping of any high-temperature superconductor. Instead they hint that the superconductivity is
associated with oxygen, rather than with any particle-hole-symmetric cuprate-plane phenomenon.
[S0163-18297)01209-5

[. INTRODUCTION The main candidates fon-type superconductivity are
R,_,Ce,CuQ,, for the lighter, magnetic rare eartfi&s=Pr,
An important issue concerning high-temperature superNd, Sm, and EG&;® and the infinite-layer compounds
conductivity is whether all such superconductors asype  Sr;_,R,CuQ, for R=La, Pr, Nd, Sm, Gd, and ¥-** How-
or not. The models that rely on oxygen as the generator ofver there is substantial evidence that defects play a central
superconductivity, whether cuprate-plane oxygfenor  role in infinite-layer superconductiviti and the case for
charge-reservoir oxygehassume that the current carriers aren-type behavior is rather weak. For example, although
the 2p holes of oxygen. Such models would require majorSr,_,Nd,CuG,’s chemical formula suggestsn-type
modification to be compatible with-type superconductivity doping,lzv Smith etal. found the Hall coefficient of
by electrons: there is no particle-hole symmetry in an oxygersr, _,Nd,CuG, to bepositive normally interpreted as strong
model of superconductivity, because toand O 2 naturally  evidence ofp-type superconductivity. Therefore, except to
form in ceramics much more easily than'©or O*2. The  make a few comments near the end of this paper about the
more traditional models based on cuprate plAmgserally infinite-layer materials, we shall restrict our attention to ma-
do not provide a clear and specific picture of the assumetkrials which assume the' crystal structure, namely homo-
remote source of carriers, but merely treat the source as lagues of NgCuQ, (Fig. 1).
parameter to be specified independently of the superconduc- In addition to the Ce-doped compouné&s_,Ce,CuQ,
tivity, allowing the carriers to be either electrons or holes.with R=Pr, Nd, Sm, and Eu, three Th-doped homologues
The models themselves typically have particle-hole symmealso superconduct, with TH assuming the role of Cé:
try, with the theoreticalcuprate planes that generate the su-Pr,_,Th,CuQ,, Nd,_,Th,CuQ,, and Sm_,Th,CuQ, (with
perconductivity being equally compatible withtype and T,~2 K).!* A closely related material is Ca-doped
p-type carriers. To our knowledge, no single compound hadm,_,CaCu0,,° which exhibits theT’ crystal structure of
exhibited botm-type andp-type high-temperature supercon- Nd,_,Ce,CuQ,, is p-type, and superconducts.In all of
ductivity with different dopants, although this doping behav-these superconductors, the optimal doping composiids
ior is expected of theories with particle-hole symmetry.typically in the range 0.13-0.17. Except for TmCa,CuGOy,
Moreover, all assignments af-type superconductivity are all of these compounds that superconduct are thought to be
controversial, including that for the most studied candidaten-type electron superconductors for the same reasons that
Nd,_,Ce,Cu0Qy,. The evidence is such that one can crediblyNd,_,Ce,CuQ, is. Six closely related materials, which have
argue thamo high-temperature superconductor exhibits thebeen fabricated in th&' crystal structure but do not super-
particle-hole symmetry common to so many theories, botltonduct, are Ce-doped &d,Ce,CuQ, (Refs. 5-8 and 14
because none of the main candidatesifaype superconduc- and Lan_ZCeaCqu,16 Th-doped Ey_,Th,CuQ, and
tivity also exhibitsp-type behavior with another dopant and Gd,_,Th,Cu0Q,,}* and Ca-doped Gd,CaCuQ, and
also because all the-type candidates themselves are contro-Dy,_,CaCuQ,.° A number of compounds, including
versial. Nd,_,_,CeR,CuQ,, for R=Gd, Y, and La, have also been
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Nd _C &uo is well known in semiconductor physics that the doping char-
1.85 0.1 4 acter of an impurity depends on its host. For example, in
PbTe, anion-site In is a donor, but in SnTe the same defect is

Cu0y an acceptof? A similar situation occurs in superconductors,
Nd/Ce where one cannot simply guess that an impurity is a donor
0, because it sometimes assumes a particular charge state, as in
e O Ne/Ce the case of C&. Indeed, we shall present evidence that Ce
doping of ideal Nd_,Ce,CuQ, leads to the formation of the
® Cu . Cuo, isoelectronic defect C€&, not the donor C&*—namely that
Nd-site monatomic Ce does not liberate its fourth electron
Nd/Ce ) Nd/Ce and dope (ideal) NgdCuQ, n-type as is widely assumed.
? Interstitial Site
c ::ICe B. The actual dopant is interstitial oxygen paired with Ce
cuo, We propose that Ce doping normally results in formation
b of a (Ce, interstitial-oxygenpair consisting of substitutional
a Ce on a Nd sitéactually slightly distorted from the ideal Nd

site) and an adjacent interstitial oxygéRig. 1). Such inter-
FIG. 1. Crystal structure dfidea) Nd, <Ca, 1.CUO, in the T/ Stitials have been reported in various experimeéhts; *°and
* : . . . . . ., 8
structure. The approximate possible locations of &xtrg inter-  IMPly mhomogeneous _superconductnﬁ_Fyz.. For the Mad_e-
stitial oxygen ion are denotedX”. When Ce substitutes for Nd, Iung4p0tent|al at a Ce site to reach the ionization potential for
atoms move slightly from their ideal sites. Ce™, there must be an interstitial oxygen adjacent to the Ce
and bound to it. Thus the dopant is not actually monatomic
studied® with Gd generally being unfavorable to supercon-Ce: butCe plus oxygenand this paired defect ideaffylib-
ductivity. erates a net gf one hole: one electron as Ce undergoes the
The main purpose of this paper is to contribute to thelfansition Cé®—Ce™ plus two holes as oxygen becomes
discussion of whether the prototypicaitype superconduc- O - Thus the ideal pair is aet p-type dopant, liberating

tor, Nd,_,Ce,CuQy, is actuallyn-type or if it is p-type. one hole, not one electron
II. IS Nd,_,Ce,CuO, n-TYPE? C. The self-consistent bond/charge approach
The n-type characterization of Nd,Ce,CuQ, has been In attempting to determine the ground state of monatomic

controversial: (i) Mangelschotset alX’ observed positive Ce in NCuO,, we first refer to an early self-consistent-field
normal-state thermopowers in Nd,Ce,CuQ, samples local-density-approximation calculation for the electronic
which superconducted at lower temperatures. The sign of thetructure of T-crystal-structure La zSr,CuQO, with 5=0.0,
thermopower is an indicator of the sign of the charge carrieP-5, and 1.0, implemented using the spin-polarized pseud-
(at least for a single-band free-electron gas undergoin@function method® That calculation produced the following
energy-independent scatterifig (ii) Jianget al*® concluded ~ significant results(i) the holes of the doped material were
that Nd,_,Ce,CuQ,’s transport has multiband character, predicted to lie in the La (4, Sr2O layers, not in the cu-
with contributions from both electrons and holes, and MaadPrate planesii) the predicted hole location of that theory is
et al?° observed a virtually symmetric current-voltage char-in excellent agreement with both the recently developed self-
acteristic for a heterostructure composed of indisputconsistent —bond/charge model and with  recent
ably p-type YBaCuO;, with purportedly n-type measurement¥:*2 (jii ) the doping(8+0) does not alter the
Nd,_,Ce,CuQ,. (One might have expected some evidencePand structure much, but does alter the Fermi energy
of ap-n junction to remain even though the doping levels ofsomewhat—an amount of the same order as is assumed in a
these materials are high by semiconductor standards. rigid-band approximation(iv) although no comparable cal-
culations for Nd_ ,Ce,CuQ, were executed using the pseud-
ofunction method, other local-density calculatibheported
that the electronic structures of heuO, and LgCuO, near
Completely absent from previous discussions of thethe Fermi surface are extremely similar; afwl the calcu-
n-type or p-type character of a dopant such as Ce is thdated magnetic moment on the Cu in,Cu0, was localized
question, “In Nd,_,Ce,CuQ,, is Ce™ or Ce™ the ground and in excellent agreement with the measured vlughe
state of the ion?” Obviously, if the ground state of Ce in result that the holes lie in thé.a, Sp-O layers is the oppo-
Nd,CuQ, is Ce"3, it does not dope its hosi-type; C&€3  site of what was once widely assumed: that the holes trans-
merely replaces Ntf, and is an isoelectronic center rather ferred from the(La, Sp-O charge-reservoir layers and doped
than the expected-type donor. An unexpected doping char- the cuprate planep-type. However, the cuprate planes in
acter of an impurity is common in semiconductors, wherela,_,Sr,CuQ, are now known to ben-type"** and the
for example, oxygen replacing P in GaP is not a dofaa  p-type hole-doped regions of the crystal structure are the
expectegl but instead is neither a donor nor an acceptor(La, Sp-O layers. Only thesp-type (La, Sp-O regions(and
tending to make the GaP semi-insulating by virtue of a deemot then-type cuprate plang¢san producep-type supercon-
electron and hole trap oxygen produces in the band?y#p.  ductivity.

A. Charge state of Ce
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TABLE I. Computed ionic chargeéin units of |e|), magnitudes of Madelung potential® V), and
ionization potentials IRin V) (Ref. 37 for ideal Nd,_ ,Ce,CuQ, (with z=0.15), and for the ideal infinite-
layer material Sr_,Nd,CuQ, (with v=0.08. The numbers in parentheses with the ionization potentials are
the charges of the final states of ionization. The ionization poteritial¢) to the R™® charge state are, for
R=La, Nd, Pr, Sm, Gd, and Y, 19.2, 22.1, 21.6, 23.4, 20.6, and 20.5, respectively. @bemterstitial
oxygen pairs are introduced into Nd ,Ce,CuQy, the Madelung potential at the Ce site becomes sufficient
to ionize Ce to C&* (>36.8 V). The charge on the interstitial oxygen-isl.16|e|, both from the volume of
the oxygen cage containing it, and from the bond-valence sum mé¢Refd. 39—42, provided the Cu ion
which has the interstitial at its apex is displaced away from the interstitial by the experimentally required
distance of between 0.5 and 1.0(Ref. 24. A displacement 0f~0.5 A meets both the steric and charge
constraints. The Ce also relaxe®.2 A away from its adjacent cuprate platiRef. 25.

Nd,_,Ce,Cu0, S _,Nd,Cu0,
lon Charge Potential P Charge Potential
Nd +3.09 -29.1 22.1+3), 40.4+4) +2.14 -16.6
Ce +3.23 -29.1 20.2+3), 36.8+4)
Cu +1.84 —-19.3 20.3+2), 36.3+3) +1.81 —18.7
Sr 11.4+2), 42.9+3) +2.14 —-16.7
O (cuprate plang -1.82 +23.3 -1.98 +25.2
0 (0, layen -2.21 +23.7
The success of the pseudofunction electronic-structure 1. Application to Ng_,Ce,CuQ,

calculations for La ;Sr,CuQ,, combined with various suc- We applied this method to Nd,CeCu0,, and found
cesses of the easier-to-implement self-consistent bond/chargﬁat the charge state of Ce is C& ;nd that%e magnitude
theory and the similarity of NALuG, to La,CuQ, provides of the Madelung potential at the ’Ce site-29.1 V, com-
justification for applying the self—cqnsstent bond/qharge ap—pared with 36.8 V required to ionize Ce to CeSee Table I;
g;f%i(t;ir\]/etc():rfgf gogﬁﬁeﬁﬂ? i%r?%pg;?nozfg“l f?é.m(liis-rbr;i d (Refs. 37, 39-4R This ~7.7 V difference is so large that it

98, 7 pu is unnecessary to do a more sophisticated calculation, espe-
lengths|r, ,| using the phenomenological bond-valence-

.35 : .~ "cially since both the computed charge3.23e|) and the
sum method:**With bond lengthsr 1 | " the relationship potential(—29 V) self-consistently indicated that, at the Ce
between the bond lengths and charges is

site, Ce is C&3, is an isoelectronic center, and is not a dop-
ant of any type. In particular, Ce is not artype dopant. In
Q.| =€e|2 yrWyexp{[R,~ |1, ,|1/B}, ideal Nd,CuQ,, Ce replacing Nd is in the charge-state'Ce
and does not account for the observed superconductivity.
where we haveB=0.37 A, |e| is the proton’s charge, the Experimentally, Ce in NgCuQ, yields superconductivity,
sum is over all ionss’ directly bonded to therth ion2® w . each Ce donates about one electron to a Cu-related3 band
l fod . . . . . . . 4
is the probability that the site is occupied by a particularWhile leaving the typ'ﬁ", Cu ion in the Cd "é?n'c state,
atom of typeo’, and|r,s | is the bond length between the @nd Ce is nonmagnetic(i.e., closed-shell C&). The only
atom on sites and an atom of typ@’ at one of its neigh- Way that the electrostatic point-ion potential at a Ce site can
boring sites. The parameteR;, are extracted from known P€ made large enough to ionize Ce to'Cis if an additional
bond lengths of many chemical compounds and are tabulatedion is placed close to the site—an oxygen interstitial.
in Ref. 34.(ii) With these charges, the Madelung potentialThere is space available in the unrelaxed lattice to accommo-

V(r,) at each site, is computed by summing over all ions ~ daté hypocharged oxygemot fully charged to 0? at or
near the ideal, unrelaxed interstitial site, which is at the face-

center of the Nd plane an¢2.3 A distant from the nearest
V(ry)=3%,Q,/[r,—r,|. Ce site®®*! This oxygen could meet the steric constraints

even without local lattice relaxation if its chargeZ,|e|
(i ) The Madelung potential is compared with the ionizationwere such thaz,<1.16* making the interstitial oxygen
potentials of the ion on that sité to determine if the poten- small enough to fit in the cage of surrounding oxygen ions.
tial is strong enough to ionize the ion to the expected chargéhis interstitial charge would contribute an additional poten-
state®® If the magnitude of the Madelung potential is weakertial of magnitude(6.5 Z,) V at the Ce site—compared with
than the ionization potential by more tharl V, then in all  the 7.7 V needed to achieve Ce Thus, for reasonable in-
likelihood the ion on that site is not ionized to the higherterstitial charges —Z,|e| (and with reasonable lattice
charge state. Only if the various ionic charges obtained fronelaxation,?2° the potential at the Ce site is likely to be
the bond lengths are nearly equal to the charges deducetirong enough to ionize Ce to Ct Likewise, the charge at
from the ionization potentials do we accept the computedhe Ce site will increase by-|e| due to the inclusion of the
charge states. Otherwise we start over, selecting differeriond between the interstitial and the Ce, while the Cu charge
integral ionic charges as input for the bond-length analysesyill remain near+2|e|. Thus the Ce charge assumes a value
until we find a self-consistent solution. around+4|e|, making the(Ce, interstitial-oxygendefect a
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dopant that self-consistently satisfies the conditions of thend superconductivity(1<Z,<1.16 is small even in
bond/charge method, with C& We executed calculations Ndz,ZCeZCuO45 and smaller yet for the heavier rare-earth
for Nd,_,Ce,CuQ, containing interstitial oxygen, and found homologues®>! Since the radius of the inscribed sphere de-
that this is indeed the ca&e. creases approximately linearly with the decreasing ionic
Thus the self-consistent bond/charge method offers tweadius® of the trivalent rare-earth ion of the host, the
possible solutions for Nd ,Ce,CuQ,: (i) Ce is isolated, in R,_,CeCuQ, homologues cease to superconduct once the
the charge-state Cé and electrically inactive, neither dop- rare-earth ionic size becomes too small for the interstitial
ing n-type nor causing superconductivity; afith Ce is ac- cage to accommodate the requirgd>1 oxygen ion. From
companied by interstitial oxygen, contributes its fourth elec-an examination of the lattice constafiighe Z,=1 condition
tron to doping, and is C&. The C&* solution is the one is met for a rare-earth ionic radius near "Pis, namely,
relevant to superconductivity in Nd,Ce,CuQ,, but leaves slightly smaller than G®s. This trend with size is visible in
the material p-type, because interstitigfinitially neutra)  the data:T. decreases from=32 K in pressure-fabricated
oxygen ideally has two @ holes which it can releag8.in Nd,_,Ce,Cu0, (Ref. 47 (21 K for normal fabricatiorf) to
the ideal weak defect-host coupling limit, the dopant is a~7.5 K for Ew_,Ce,CuQ,,*° as the oxygen cage size de-
(Ce, O pair: ideally C&*—Nd*3+e +072+2h*. Conse- creases, and vanishes for 5¢Ce,Cu0, andR,_,Ce,Cu0,
quently the(Ce, interstitial-oxygendefect complex can be a with smaller trivalent rare-earth ior8, although the failure
net acceptor doping NgCuQ, p-type. Previous workas-  of Gd,_,Ce,CuQ, to superconduct is probably not due to a
sumedthat the C&% observed was associated with mo-  Size effect, but to its total angular momentiurs0.53-5¢ For
lated defect, and thus that Ce’s ionized electron doped theloping by TH%, a slightly larger dopant than C8 the onset
cuprate planes-type?34346The self-consistent bond/charge of R,_,Th,CuQ, superconductivity corresponds to a slightly
scheme shows that the relevant defect is not isolated Céarger trivalent rare-earth radius, between those of*Fand
which is an isoelectronic center and a neutral defée %) Smf314
rather than a donor, as assumed. It also indicates that the

defect complexCe, interstitial oxygenproducesp-type su- B. Particle-hole symmetry
perconductivity in the vicinity of the interstitial and in the  |f particle-hole symmetry is valid, and if interstitial oxy-
nearby Q layer, as discussed in Ref. 31. gen is involved in the doping as we propose, then the
Ce**-doped and Th*dopedR,CuQ, compounds must not
ll. IMPLICATIONS ceasesuperconducting foR"3 smaller than G&® (as they

do), but must switch ta-type superconductivity, as the in-

Having concluded that Ce in Nd,Ce,CuQ, forms a(Ce,  terstitial oxygen’s charge becomgg<1.

interstitial-O complex that is g-type dopant, it is straight-
forward to draw similar conclusions for both the Ce-doped C. Ca-doped TmCuO,
and the Th-doped homologues. The Ca-doped T ,CaCuO, appears to be another
manifestation of thep-type R,CuQ, compounds®—except
that the Ca doping is by an isolated defé€a on a Tm sitg
rather than by a defect paiCe on a rare-earth site, paired
A major factor governing the occurrence of superconducwith interstitial oxygen. This significant difference be-
tivity in the R,CuQ, homologues is the Ce-induced doping tween the Ca-doped Tm,CaCuQ, and the Ce-doped
by interstitial oxygen. Therefore the solubility of interstitial Nd,_,Ce,CuQ, implies that thep-type doping, not the inter-
oxygen in the cage of surrounding oxygen ions becomes astitial oxygen itself, is critical for superconductivity in the
issue, as does the question of whether the cage is large,CuQ, compounds?® The Ce-doped compound is expected
enough to accommodate an oxygen ion with the requiredo have roughly one interstitial oxygen ion per Ce, while the
charge. The highest values of the critical temperature arinterstitial oxygen concentration in the Ca-doped material is
obtained when the superconductirig,_,Ce,CuQ, com- likely to be much smaller because there is no strongly posi-
pounds are fabricated under high presdirepnsistent with  tive Ce™ ion attracting the negative oxygen. Thus, we ex-
the expectation that the solubility of oxygen in the interstitial pect thatT, of Tm,_,CaCu0, should not be depressed by a
cage can be increased by pressfire. lack of greater interstitial-oxygen solubility; this appears to
The size of the interstitial cage determines a condition folbe the case for this pressure-fabricated superconductor:
p-type doping and superconductivity. The cage of oxygenTl.=30 K, compared with 32 K for Nd ,Ce,CuQ,. More-
ions surrounding the interstitial oxygen must be large enouglover the effect of replacing Cu by Ni and Zn in Ca-doped
to accommodate a superconductivity-sensitizing interstitialm,CuO, and Ce-doped N&LuO, will be rather different: In
oxygen ion that has acquired a charg&,|e| with Z,>1, Nd,_,Ce,CuQy, less than 1% Ni destroys the superconduc-
namely an oxygen that has yielded more than one hole to thivity, while about six times as much Zn is required to ac-
host (to both compensate the electron from dopant Ce andomplish the same effeef. This is because the interstitial
dope the hosp-type). An examination of the crystal struc- oxygen is apical to the impurity site and directly bonded to
ture of Ng,_,Ce,CuQ, reveals that the sphere inscribed in it, and the supercurrent in Nd,Ce,CuQ, passes through
the interstitial cag&***is sterically incapable of containing this interstitial site. Therefore the superconductivity of
an oxygen ion of charge-Z |e| if Z,>1.16, assuming an Nd,_,Ce,CuQ, senses the adjacent magnetic moment of Ni,
oxygen ionic radius linearly interpolated between those bf Oand T. is depressed rapidly by the Cooper pair-breaking ef-
and O'% (0.65+0.3752,) A.** Consequently the range of fect of that magnetic moment. In contrast, we expect very
interstitial oxygen charges compatible withtype doping little interstitial (apica) oxygen in Tm_,CaCuQ,, and

A. Oxygen solubility and interstitial cage size
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hence any superconducting condensate should primarily odNd*?, not Nd*3. Thus Nd does not dope Sr,Nd,CuG, at

cupy the Q planes, where the strongly electropositive Ca
will insert the holes® This means that, to a good approxi-

all, much lessn-type, and off-site oxygen or a cation va-
cancy must be involved in its superconductivity, which must

mation, the supercurrent, which does not involve interstitialbe p-type.
oxygen, will not experience exchange scattering and Cooper In summary, the analyses presented here indicate that

pair breaking by Ni on a Cu sitébecause the distance from
the impurity to the nearest hole-carrying oxygen exceeds th
range of the exchange scattenngand hence that Ni and Zn
should have similar effects of, due to their similar long-
ranged scattering potentials. StudiesTgfversusNi and Zn
dopant concentrations for the two materials should exhibit
this dramatic differenceT.(u) for Ni and Zn should be
about the same in superconducting ,IipCaCuQ,, but
T.(u) for Ni is smaller than for Zn in Ng_,Ce,CuQ, and
vanishes for a considerably smaller valueuof’

IV. CONCLUSIONS

Our main conclusion is that isolated Nd-site Ce in ideal
Nd,_,Ce,CuQ, is Ce"® and does not provide-type doping,

Nd,_,Ce,CuQ, and its T'-crystal-structure homologues are
all p-type. They also suggest that thg Sy\R,CuG, infinite-
layer compounds are not dopaetype by isolated rare-earth
ions R either, because those ions appear unlikely to achieve
the R™3 charge state in isolation.

Thus one can propose that there ame n-type high-
temperature superconductors, which, if true, points toward
superconductivity by hypocharged oxyg&nrather than
particle-hole-symmetric cuprate-plane superconductivity, as
the general cause of high-temperature superconductivity.
This, of course, means that Cu-less, BgK,Pb, _,Bi,O5 can
be reclassified as a high-temperature supercondtitial,
though discovered by Sleight, Gillson, and Bierst&dtng
before the discovery of high-temperature superconductivity
by Bednorz and Miler.®!

as widely assumed. Rather, most Ce ions facilitate the for-

mation of an adjacent interstitial oxygen, and tk@e,
interstitial-oxygen pair causes Ce to ionize to €t while
the oxygen dopes NG@uO, net p-type. A dramatic test of
this picture would be the demonstration thBi(u), as a
function of Ni or Zn dopant concentratiam would be the
same for Ni and Zn in superconducting TmCaCuQy,,
which is not the case for Ni- and Zn-doped
Nd,_,Ce,CuQ,.%’

A similar story holds for the infinite-layer compounds that
are thought to ben-type. As Table | shows, the predicted
ground charge state of Nd on a Sr site in SNd,CuG, is
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