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Single Spin Superconductivity
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A spin-compensated half-metallic antiferromagnetic is shown to allow a new, type of superconduc-
tivity in which only one spin channel is superconducting. Thiis= 1 triplet pairing state that arises
from a unique type of normal state will differ markedly from conventional, heavy fermion, or high
temperature superconductors. Characteristics of such a state are outlined, and guidelines for making
promising candidates are presented. [S0031-9007(96)01366-X]

PACS numbers: 74.20.—z, 74.10.+v, 74.70.-b

Conventional, heavy fermion, and high temperature suanother set of bands (such as oxygefbands), giving
perconductors, although having very different superconene metallic channel, while the Fermi level lies within
ducting states, are all spin compensated, i.e., spinfup (a charge-transfer gap in the other insulating channel.
and spin-down [ electrons participate equally in form- Several properties of a HMFM are unusual: (i) because
ing the superconducting state. More precisely, electronthe insulating channel has filled bands, and there are an
pairs are formed within a complex consistingfoand|  integral number of electrons/(unit cell), the spin moment
states, on opposite sides of the Fermi surfdge €kz)  iS aninteger Ng; (i) electronic transport is 100% spin
so the quasiparticle and quasihole pairs have zero n@plarized; (iii) there is zero Pauli spin susceptibility
momentum and, in the simplest instance, zero spin reflecting magnetic rigidity, due to the fact that there are
0. These pairs mutually interact and form the super$0 | spin states at low energy to allow field-induced spin
conducting condensate. Ideal diamagnetism (the Meisglips [4].
ner effect) arises because the superconducting conden-It can occur that the HMFM type of band structure
sate resists the encroachment of magnetic fields. Thean arise, but thatVg = 0: the number off and |
interaction between the magnetic vector potential andlectrons are equal. Such a material has been called a HM
charge of the condensate drives orbital currents, produ@ntiferromagnetic (AF) [5] but since there is no symmetry
ing screening fields that oppose the advance of a magperation (translation plus spin flip) that connects the
netic field, and allows only entrance of the field aboveand | bands, it is qualitatively different from the usual
some critical fieldH.. Strong competition between su- AF. A model example is pictured in Fig. 1. Without
perconducting condensates and magnetic fields is a printbe half-metallic nature (the gap in a one spin channel)
source of difficulty in finding widespread applications of a ferrimagnet may have zero moment by accident, but
superconductivity. this occurrence is vanishingly improbable. With the HM

This antagonistic connection between superconductiveharacter, vanishing moment becomes a real possibility.
ity and magnetism is intriguing, especially because thesth many regards the HMAF will behave as a HMFM:
two phases of matter are the two macroscopically evi-
dent manifestations of the quantum mechanical behavior of
electrons. In this Letter we point out a new aspect of the
intimate interplay between magnetism and superconductiv- ] Model HMAF
ity: the development of an antialignment of spins with van-
ishing total moment (and zero macroscopic magnetic field)
that allows the possibility of a new type of superconduct-
ing state of triplet pairs in one spin channel only, which
we call single spin superconductity (SSS). A scheme
for designing the requisite properties into a compound is
outlined.

Half-metallic (HM) ferromagnetism (FM) has been
gaining visibility, due partially to the prediction that ]
the so-called “colossal magnetoresistance” manganites ] 'Ep Down
(viz. La;—,Ca,Mn0O;) will show HMFM behavior [1,2]. —— T -
HMFM is a FM state in which one spin channel is metallic -1.5 -05 0.5 1.5
while the other spin channel is insulating. Gr@ the Energy/Bandwidth

simplest example of a HMFM [3]. This condition is an FIG. 1. Density of states (DOS) of a model HMAF, with

uncommon occurrence, but the origin of HMFM CharaCtersemicircular DOS representing individual bands. Up spin bands

is easy to understand: exchange spliting may causgre centered at:0.40 and overlap, while down spin bands are
(only) one of the pair of spin-splitl bands to overlap centered at=0.65 and are gapped and insulating.

N(E)
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metallic with 100% spin-polarized transport, zero spin Kk =G - oef1(k)
susceptibility, and no Stoner continuum.
The central idea of this Letter is that, since the HMAF

- . . B
nature can enforce vanishing spin moment, there is no + Z Q“" Vi Uk gVk,y f3(K)
obstacle (macroscopic magnetic field) to superconductivity @By
appearing in the metallic channel. A HMAF with a pairing + e (2

interaction would provide the first example of a SSS. With
usual notation [6], and taking the metallic channel,dabe

reduced Hamiltonian is Heref, f3,... are symmetric functions o, andg, and
Ho\ — ZE 1 QB are_lz—indepe_ndgnt expansion cqefficients. We use
red - kit the velocity 7, which is more appropriate than the stan-
dard choice ok because it is has the proper lattice sym-
- %ZkafaZTaima—mam, (1) metry and is generalizable'to multiple Fermi surfaces of
k' arbitrary shape [12]. The higher symmetry superconduct-

where Vi = (k 1, —k 1 |VIk' 1, =k’ 1) is the pairing in- ing states are characterized by the \I/\eﬁolwith possi-

teraction. Thd channel is insulating and contributes noth- bilities such as an axial state (0,0, W(= v ;) and a

ing to low energy processes. heI|C|'5y pair (1, =i,0). Theg = (1, %£i,0) helicity states,
The general pairing theory can be adapted, and theiith Ay = v, * iv,, would have point nodes where

following consequences appear. Pairing occurs in only inhe Fermi surface is perpendicular to the spin direction:

the metallict channel, leading to spin triplet paiss= 1. v;, = v, = 0. Such a state would have characteristic

Fermionic antisymmetry requires that the orbital pair wavespectral and thermodynamic signatures at very low temper-

function must be odd, with = 1" being the simplest 5tyre, and a phase df that increases b in following
possibility. The conventional symmetry analysis [7—9] isg contour around the node, implying boojumlike singular-
restricteq considerably, since the ;pin asymmetry alreadyjeg [13]. A full symmetry analysis is necessary to enu-
breaks time-reversal symmetrff () in the normal state. merate the allowed unconventional pairing symmetries.
Magnetocrystalline anisotropy (MCA), through spin-orbit  |n 3 SSS the supercurrent is 100% spin polarized, and
coupling, fixes the spin direction to the lattice in the gpens the possibility of spin-polarized Josephson junc-
normal state, and if the MCA energy is large spin-rotationtjons. Combined with magnetic normal metals, HMFMs,
mvarlar'lces is removed because the spin is fixed toor magnetic insulators, the SSS would allow new magne-
the lattice. However, the MCA energy is likely to be toelectronic configurations that have not been considered
the smallest energy scale for the 3D-based materials Wereviously. Interest in high current density applications
consider (smaller than the superconducting gap), and thyaturally leads one to question whether the SSS will be
will be a minor perturbation [10]. We suppose there is &jnfluenced (adversely, as a consequence of the Meissner
center of inversion of the crystal, so parity is a quantumggfect) as strongly by magnetic field as are conventional
number. _ _ . superconductors. Conventionally, the coupling of the vec-
The surviving symmetries are simply the crystal pointys; hotential to the orbital current (i.e., the charge) of the
groupG = R X I (R, I are the proper rotation group glectrons is dominant; coupling to spin is less important
a}nd inversion, respectively), the_ comblljat'(ﬁ?rT of  at moderate fields. Because of the axial nature of pairing
time reversal followed by a spin rotation through i, 5 SSS (and in analogy witiHe [14]), the response to
(which becomes simply complex conjugation), and gauge, field and in particular the phase boundafy(T) will
(A) symmetry. The number of possible superconductingjepend onfl - 2. Measuring a direction dependence of

. . . . 3 X .
stﬁtes 'ﬁ thus _consEeratalXRmore I|m|.ted th"’::g, Iﬁ]e, H.(T; H) could be one of the most straightforward ways
where the continuous and X symmetries, andl, 1, = fiqenifying this unconventional state and its axial direc-

and A Symme”'e?.'ead to numerous aII_o_wed brOI(e”tion. Another way of identifying this unconventional state
symmetry triplet pairing phases. Triplet pairing has beeqNould be by tunneling into a conventionalwave super-

studied extensively (because of its occurrencéHa), but . conductor. Such tunneling would be disallowed, both due

only for cases of identical triplet condensates in both spin, symmetry differences and because spirarriers can-
channels (or the generalization [11] to include spin-orbit, . 1o transported through the HM material

coupling in possible heavy fermion realizations). The symmetry of the HMAF, with spin-orbit coupling

The center of inversion requires thh, be degenerate 5,45 1o a net orbital moment, and the resulting field
with ¢, and associated withrk. (¢, is a single particle  \yoyld oppose conventional superconductivity. However,
eigenstate.) This ensures that the Fermi surface has ifhe symmetry of the SSS order parameter allows a spon-
version symmetry, so zero momentui {k) pairing is  taneous orbital moment (see [8,13]) that would cancel
possible. Fermionic anticommutation requires that the orthe intrinsic orbital moment and lead to vanishing total
der parameted, = >, Vix{arta—p) be odd ink, giving ~ macroscopic field. Therefore a normal state orbital mo-
the expansion ment can be tolerated, and canceled, by a SSS state.
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We turn now to the question of finding a SSS. Tofor the | channel. Here+ (—) denotes the majority
promote HMAF (the normal state precursor of SSS) char{minority) component; recall that for antialigned moments
acter in a crystalline material, one should observe the fola spin{ electron is majority on one site and minority
lowing guidelines: (a) the crystal must be magnetic withon the next. This simple picture will actually be much
chemically distinct (i.e., symmetry unrelated) spin chan-more complicated, first by crystal field splitting, which
nels having antialigned atomic moments (see Fig. 1); (bjnay be comparable tdA (see below), second, by the
to obtain an insulating channel, thel states on neigh- dependence ofA; on the moment of ionj, third, by
boring active ions (viz. transition metal ions) should beinteraction with oxygen ions that leads to strongly spin-
separated in energy by an amount comparable to the bandependent hybridization, [2] and, fourth, by the multiband
width, as this will promote both band insulating behav-nature of real materials.
ior and Mott or charge transfer insulating tendencies; (c) We propose that ordered alloys &f transition metal
to obtain a metallid channel, thg conduction states on (TM) perovskitesABO; provide promising candidates for
neighboring active ions should be separated in energy b$SS. In the class with trivalemt cation, e.g., L&" or
considerably less than the bandwidth; (d) to obtain van¥3", the metal ions are nominal+, which allows one
ishing net magnetic moment, the moments on ions withio “prepare” the compound with pairs of ions with equal
spin down must sum to the same value as the momentasoments. In Table | we provide anticipated moments of
on ions with spin up; (e) to encourage insulating behavioiTM ions in perovskite compounds in two limits. The
in a cubic material, AF preferably should be of a bipartitefirst case is for vanishing crystal field splitting, for which
(e.g., rocksalt or zinc blende) type of arrangement, With the moment is simply the Hund's rule value. The sec-
spins surrounded by in each of the three directions; (f) ond case is for a crystal field greater than the exchange
ionic radii and charges should differ as much as possisplitting A = I,m, where I, is an exchange constant
ble to promote well ordered crystals with high sublattice=~0.9 eV/ g, [15] andm is the local moment. The per-
integrity; (g) strong electron-phonon coupling should beovskite structure is known to promote antialignment of
sought, since the half-metallic nature of the normal statepins in stoichiometric compounds and many such com-
rules out pairing by single-magnon exchange [4]. pounds have strong electron-phonon coupling. The struc-

Criteria (a)—(e) can be achieved in the simplest wayturally simpler rocksalt-type transition metal monoxides,
with two types of ions whose on-site energy separatiorviz. NiO, appear to be a less optimal choice. The metal
€ — € is comparable to their intra-atomic exchangeions lie on an fcc lattice, and it is not possible to sat-
splitting A, and A, (not to be confused with the order isfy requirement (d) above that each active ion be sur-

parameter\; above). Letting ion 1 of the pair of ions be rounded only by opposite spin nearest neighbors (*frus-
the one with highest energy (> ¢,), then one achieves tration”). Intermetallic compounds are however a pos-

the conditions sibility [5]. _ .
Bierg=¢€ —AJ2 A simple candidate for a HMAF is L&nCoG;,
with a rocksalt ordering of the Mn and Co ions in the
~e + A2 =¢€_», (3) simple cubic perovskite lattice. If each ion (Mnis
for the channel, and d*, Co't is d° has a Hund’s rule moment ofug,
Ae =€ + A2 ther_1 if. directed oppositely the cqmpound may attain a
vanishing net moment. M, having a lower nuclear
> e — Ay/2 = €1, (4)  charge, will have an on-site energy that might be of

the order of 1 eV higher than that of €o (but see

TABLE I. Nominal charge states, Hund’s rule magnetic momentwg), and crystal field momente: (wg), for AMO;
compounds. lons in parentheses are uncommon. As discussed in the text, Hund’s rule will not be followed if the crystal field
splitting is comparable to the intra-atomic exchange splitting. “cf” and “no cf” indicates atomic moments with a normal crystal
field for the perovskite structure, or negligible crystal field (Hund’s rule), respectively (see text).

Compound lon d' d? d? a d’ d° d’ d® d’
AT M2 03 M2+ (Sc) Ti Vv Cr Mn Fe Co Ni Cu
m (no cf) 1 2 3 4 5 4 3 2 1
m (cf) 1 2 3 4 5 0 1 2 1
ASTM3T 0, M3+ Ti \% Cr Mn Fe Co Ni (Cu)
m (no cf) 1 2 3 4 5 4 3 2
m (cf) 1 2 3 4 3 0 1 2
ATM*T 0, M4t \% Cr Mn Fe Co (Ni)
m (no cf) 1 2 3 4 5 4
m (cf) 1 2 3 4 3 0
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below). Each ion tends to Jahn-Teller instability, whichlower in energy. Thus at this volume {MnCoO; does
will provide strong electron—phonon coupling, but any not appear to be a likely HMAF, or SSS. Calculations for
static structural distortions could complicate the picture ofLa, CrNiOg show it to fit the expectations of (a)—(d) above
their electronic and magnetic structure. The difference imather well (the site energy difference4sl.5 eV), but a
ionic size between the two transition metal cations is smalHMAF situation is narrowly missed and a ferrimagnetic
but should tend to promote ordering (relative to disordereaharacter with net moment 6f3 5 results. Relaxing the
site occupation, which is not favorable for HMAF). The cell volume might produce a HMAF.
compound LaCrNiOg provides an analogous possibility  The possibility of single spin channel, triplet super-
based on Hund’s rule moments diz (see Table I). conductivity in a spin-compensated compound with ferro-
Local spin density approximation (LSDA) calculations magnetic symmetry has been raised in this Letter. Crys-
[16] indeedlead to aHMAF solution for L&aMnCoQ;,  tal structures other than the perovskite structure discussed
with antialigned MA* and C3" moments. The metallic here may be promising. We suggest to experimenters that
spins (ourf channel) are parallel to the Mn moment, while metallic “nonmagnetic” samples involving magnetic ions
the Co sublattice is insulating. The local densities ofshould be checked for superconductivity whenever possi-
states are pictured in Fig. 2. The moments are not thble. Two caveats should be noted. The requirement of
full Hund’s rule value, bein@2.7up rather thandup.  zero net spin magnetization appears to limit this phenom-
Because the crystal field splitting is comparableAp enon to stoichiometric compounds (or compensated alloys
minority states begin to get filled before majority stateswith an integer number of electrons per unit cell). Fi-
are full. The HMAF character arises due to more subtlenally, triplet superconductivity is more sensitive to defect
factors than suggested in (b) and (c) above. The sitscattering than is conventional superconductivity, but if
energy difference)™ — €5° is smaller than anticipated, the coupling is moderately strong this should not preclude
but since it is spin independent, it assists in splitting theSSS [17].
Mn t,, and COe; | states around the Fermi level that runs | am grateful to D. W. Hess, D. J. Singh, I. . Mazin, and
through the degenerate Maj and Cor,, 1 states. Thus P.B. Allen for helpful communications. Computations
the outcome depends on three energy scales (site energigre carried out at the Arctic Region Supercomputing
difference, exchange splitting, and crystal field splitting)Center. This work was supported by the Office of Naval
as well as necessitating rather narrow bandwidths (smaResearch.
hopping amplitude).
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FIG. 2. d densities of states of LMnCoQ;, illustrating [14] N.D. Mermin and C. Stare, Phys. Rev. Le80, 1135
the HMAF character. Solid (dashed) lines denote Mn (Co) (1973).

character, and spin ( spin) is plotted upward (downward). [15] R. Lorenzet al.,Phys. Rev. Lett74, 3688 (1995).
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