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Nuclear spin qubits in a pseudospin quantum chain
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We analyze a quantum-computer design based on nuclear spin qubits in a quasi-one-dimensional chain of
non-Kramers doublet atoms. We explore the use of spatial symmetry breaking to obtain control over the local
dynamics of a qubit. We also study the decoherence mechanisms at the single qubit level and the interactions
mediated by the magnetic media. The design can be realized in_EFBwith nuclear magnetic resonance

techniques.
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[. INTRODUCTION mation with a sequence of building block operations pro-

Nuclear magnetic resonan@@MR) is the framework of a  Vided Dy the design. One of the most useful results in
very promising quantum-computing architect{it¢ NMR is quantum-information thepry is Fhat frqm all one-qub|t gates
ggd almost any two-qubit gate is possible to find a complete

a natural choice because nuclei are protected from man . .
sources of decoherence, and therefore produce robust qubi t of gateg6]. In a NMR QC, the one-qubit gates are easily

Successful realizations of quantum algorithms implemente(gL%?ticsga;h:ntm?égggzggate is the time evolution of two
on a NMR quantum computdlQC) have been realized in :

lauid soluti f lecules? N thel lioid The viability of a solid state NMR QC relies on interac-
Iquid sofutions of molecu e$2,3]. evertneless, a lIquid - +inng available to construct the two-qubit gate and the corre-
NMR QC is not easily scalable, that is, there is a practical

S _ ! pondent decoherence times. On the one hand, i, Tla¢
limit in the number of qubits that can be constructed in agply available interaction is the direct dipolar coupling be-

molecule. From a handful of qubits already achieved ongyeen nuclear moments. In most cases this interaction is ef-
must Scale the QC to Several thousands before a nontr|V|%Ctive|y short ranged for quantum_computationa| purposes_
algorithm can be ruii2,3]. Though other limitations can also The small nuclear moments and ther3dependence makes
be argued to the use of NMR], scalability is an undeniable the operation time of a gat&composed by two qubits far
problem. apary much larger than the decoherence times. On the other
A possible route to deal with the scalability problem is to hand, in Mnk, the relevant interaction is the Suhl-Nakamura
consider NMR in crystal§5]. There are several different coupling [7]. This is an indirect coupling of nuclear spins
proposed designs, but all of them share two common elemediated by magnons of the Mn electronic spins. Below its
ments. First, a gradient magnetic field is used to shift théNéel temperature the magnon spectrum has a gap. At the
nuclear resonance frequencies of different nuclei, allowinggame time that a gap reduces decoherence, it implies that the
qubits to be addressed independently. Secondly, as the nurfiteraction strength has an exponential decay with the dis-
ber of qubits increases, a second decoherence channel is f§nce. Thus, it is unlikely that a considerable separation be-
troduced by the low energy excitations of the interacting quiween qubits can be obtained in both cases. The search for
bits. In any crystal, the direct dipolar interaction betweenlONg-range interactions has motivated several recent publica-
nuclei produces secular broadening. To a certain extent thfions [8,9]. Unfortunately, long-range interactions are tied to
broadening can be reduced by NMR techniques. Thus, it i w-energy modes and, consequently, short decoherence
usually assumed that a perfect selective decoupling of th :
qubits from the dipolar interaction can be achieved.
Although very promising, there are technical problems

In this paper, we discuss nuclear-nuclear interactions me-
diated by an anisotropic quantum-pseudo-spin chain. We
. . ) analyze how the breaking of spatial symmetries in a system
with the use_of NMR in crystals. F_or example, in the Pro- of ngn-Kramers ions cangbe uged to g):_;/ain control overylocal
posed materials Cafand Mnk, qubits are the nuclear spin ,gnerties of a QC. We show that one can reduce decoher-
1/2 of the F iongS]. To obtain a measurable frequency shift ence and/or construct different two-qubit gates as a function
from one qubit to another a homogeneous gradient field off external electromagnetic fields. Although our ideas are
more than 1 T4m is required. The obvious solution is to general, we propose a specific realization in the compounds
separate qubits from each other. However, by distancing therCl,_F, and PrBs_F,. Both materials are equally suitable
qubits to work with an experimentally feasible value of theto our discussion, but we use the parameters of the latter in
field gradient, another problem is created by weakening theur estimates. We start by summarizing the properties of the
qubit-qubit interactions. parent compound=0. Subsequently, we discuss the chemi-

Interacting qubits are a necessary condition for quantuncal doping with F. Finally, we explore the use of the nuclear
computation. A quantum algorithm is a sequence of unitaryspin from the F ions as qubits.
transformations in the Hilbert space spanned by all the qu-
bits. A given transformation in a subspace mfqubits is Il. THE PHYSICS OF PrBr 5 AND THE CONSTRUCTION
called an-qubit gate. A quantum-computing scheme must OF QUBITS
provide a complete set of such quantum gates, in other PrBr;is a one-dimensiondlLD) ionic insulator made out
words, it must be possible to construct any unitary transforof Pr chains separated by 5 A. The Pr ions are subjected to a
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relaxation timer, is due to magnetic interactiofi$4,16 and

it is of order of 100 ms at 1 K. Moreover, the nuclear spin-
spin decoherence tim&, was found to bex40 us at 1 K.

The decoherence sources that lead to this valug&fare not

yet well understood11]. If we use the Van Vleck formula
[15] to estimate the secular broadening of resonance lines,
we find that the direct dipolar interaction among the nuclei
leads to a broadening of the order of1@s. Further consid-
ering the quadrupolar effects it is clear that the direct dipolar
interaction gives a sizable contribution to decoherence. Thus,
as usual in solid state NMR designs, we can conclude that
decoupling is very important in order to make this family of
compounds useful to a QC.

Each F introduces a local lattice distortion, hence lower-
ing the crystal field symmetry at neighboring Pr ions. The
distortion introduced by the F ion has its strongest effect on
the Pr ions labeled 2, 4, 5 in Fig. 1. In the pseudospin rep-
resentation, a local symmetry breaking corresponds to the
crystal field withCs, symmetry. Their ground state is & non- qgition of transverse fieldd and A on each one of these
Kramers doublet that is separated from the first excited statgjiag. Moreover, the Brs no longer have a plane of inver-
by a gap Of.17. K[10]. A Jahn-Teller transition takes place at sion perpendicular to the chain axis. Thus, these ions can
0.1 K [11], it lifts the doublet degeneracy, and sets a IOW'develop electric dipoles perpendicular to that plane. The

temperature limit to the applicability of th'S materlal_ t0 OUr |42 miltonian for the pseudospin chains can be written as
design. A convenient way to model this system is via a

FIG. 1. Two adjacent chains in PrigF,.

pseudo-spin-1/2 representatift?]. We focus on the phys- Hpr=Hion + Hyy + Aa i + E(7->5+ )+ E(75- 7).

ics of two adjacent chains and we label the pseudospins of 2
each of these chains asando” (see Fig. 1 The single ion

Hamiltonian at site is written as We consider the case where (K' A)

Hop= S hyBS + GES+ 0,9, <max%y:B,,kgT) <J,, otherwise the moments at Pj 5 .
i would be completely quenched by the symmetry breaking
R R and the analysis below would need to be extended to include
whereS={a,7}, ¥2=1.4x 10" T"1 571, Bis an external mag- next-near-neighbor interactions. Notice that in E2) the
netic field andE an applied electric field10]. We are un- transverse fields introduce matrix elements between the two
aware of published values for the electric dipolar constants ifnagnetic states of Bry 5. Thus, an oscillating magnetic
PrBr;, however, they should not be very different from the field parallel to the chain axis would reveal two distinct reso-
ones in PrGJ whereg®Y=4.0x 1031 C m [13]. It is impor- ~ nant linesw, and w, associated with the splitting of the Pr
tant to stress that there is no off-diagonal matrix element thadoublet state.
couples the doublet state to the magnetic field. Therefore, a
magnetic field cannot induce transitions between the doublet lll. THE QUBIT HAMILTONIAN
states. The ionic magnetic moments are coupled by a dipolar The use of F as a qubit has two advantages. There is no
term, however the most relevant contribution to the interacdecoherence due to electric field gradients because it does
tion Hamiltonian comes from transitions due to the trans-not have a quadrupolar moment. In addition, there is only
verse electric dipoles that are strongly coupled to the latticeone isotope of F in nature, so all qubits experiencing the
Although the only real magnetic moment is oriented alongsame magnetic field are identical. By assuming perfect de-
the chain(z direction), this family of compounds is regarded coupling, we can disregard the direct dipolar interaction be-

as XY chains described by the Hamiltonian tween nuclei. This is a much less stringent condition than in
other NMR QC schemes because the qubit resonance fre-

Hy=3, 2SS+ 9S00 (1) quency is very distinct from the other ions. Therefore,
i straightforward pulse sequences can be used to perform the

whereJ, =3 K [14]. decoupling. The remaining contribution to the nuclear

In order to construct a qubit, we propose the use of thd1amiltonian comes from the magne;ism_ of the_surrounding
nuclear spins of F ions in the diluted salt PsBF,. There Pr atoms. Hence, the nuclear hyperfine interaction of each F

are two main components to nuclear decoherence, connecté! in first approximation can be written as

with the two strongest interactions that a nucleus is subjected , TE+TI\ ~ ,

to the electric quadrupolar and the magnetic dipfl&}. We He=|fimB,+d| o6 - 5 )T dioZ+oy) |l”

are ultimately interested in the decoherence channels in a F

nucleus in PrBy_F,. Nuclear quadrupole resonance experi- +3d(r3- 73 *+2d(o 2, - gAY, (3)

ments have measureb, , for the Br nuclei in the parent ~
compound. They established fairly well that the spin-latticewhere d=(uZhy2y)/(4mrd)=10*K, d=d/5, y=25
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The pseudospin physics described by E).presents us
with a very interesting situation. An applied magnetic field _ ] _ _
with frequencyw, and/or an electric fieldE? only affect the FIG. 2. Interaction between two nucINear spins of F ions is me-
Pr4.5, and therefore can be used to act locally in the qubitdiated by the pseudospin chain of Brandd are the strength of the

For example, a sufficiently large electric field forcgsand ~ hyPerfine coupling defined in E¢g).
7, into a singlet configuration, freezing their dynamics. The
net result is dec_oupling (_)f thg F iqn frpm thechain. In this T =T~ 8w‘1yN(ﬁay§)zB§J . 7)
case the hyperfine Hamiltonian simplifies to
_ . The unusual dependence of the relaxation time with the mag-
He=[finB,+do§—-d(c?+a )]l “+V2d(a 2, - o DIV. netic field, scaling a8?, can be used to assert E¢8) and
(4) (4). Finally, an applied tr_ansverse electri_c figk , # 0) can
be used to open a gap in the pseudospin spectrum. This fur-
This is a particularly interesting effect. It cancels the stron-ther isolates the qubit by quenching the pseudospins mag-
gest transverse part of E@), and consequently, corresponds netic moments, and therefore, even smaller value§'§§
to a reduction in the dissipation rat@g . can be achieved.

In general, nuclear spins interacting with a gapless spin
chain would have super-ohmic dissipation. However, the hy-
perfine Hamiltonian(4) that we derive depends exclusively

In order to estimate the dissipation rates due to the Pon thez component of the pseudospins. This restricted dipo-
magnetic moments, we will focus on the low-energy physicdar interaction implies an ohmic dissipation. We emphasize
of Eq. (2). Therefore, we can use Abelian bosonizatiéid]  that this is somewhat unique feature of pseudospins. If Eq.
to obtain simple analytical expressions be,lz. (4) would have flip-flop terms, then the transverse correla-

Bosonization is a well stablished method to study spintions of the spseudo spins would imply a super-ohmic behav-
chains. In a concise way, we first use the Jordan-Wignejor.
transformation, mapping the pseudospins in spinless fermi-
ons. Then, we linearizing the dispersion relations around the
two Fermi points, pe=arcco$hyB,/J,), and define the
Fermi velocityv=J,sin(pg). The result is thaH,, can be Now that we have studied the single qubit problem, we
rewritten as a free bosonic Hamiltonian. In this language, iturn our attention to the qubit-qubit interaction. We focus in
is straighforward to evaluate the pseudospin correlation functhe regime described by E¢#) because it is the most favor-

A. Dissipation rates

B. Construction of quantum gates

tion at zero temperaturid 7] able for QC. Consider a second F atom along the chain as
shown in Fig. 2. By integrating out the spins we obtain a
1 X*-(v7)? cod2pkx) 1 retarded interaction between the two nuclei. This is very

@Z(T)%(@ = ﬁ[szr WP 27 X+ (wn? (5) simila_r to the Rud_erman-KitteI-Kasuya-Y_osi(dRKKY) in-
teraction, but mediated by the pseudosgizg).

where 7 is the imaginary timex=aoj, anda,~4.4 A is the Exactally as in the RKKY problem, the F nuclear spins
lattice spacing. have a much slower dynamics than the pseudosfinB,

For a sufficiently large magnetic fiel@®,>0.1 T), T;is ~ <J./#). Therefore, it is reasonable to consider an instanta-
given by[18] neous approximation to the interaction. At zero temperature,

we use Eq(5) to calculate its form.
I o’ For the RKKY, finite-temperature corrections are usually
Ty=5] dt (HL(OH (t+t))eeo, (6) irrelevant because the Fermi energy is much larger than the
- temperatures under consideration. However, in the pseu-
where, if we focus in the regime described by E4), we dospir_1 chain we are assuming temperatures o_nly one order of
defined magnitude smaller thad, . We can easily rewrite the zero-
temperature correlation functig®) in its finite-temperature

wo= By, form by using the conformal invariance of th€Y model
[21]. The final result is the effective interaction between to
— qubits
H, =\2d(6%; - 0%).
Hert 22 f,d 11 5+ Ty (1 11 3+ 171 D) + 1 11, 8

An equivalent expression fdF, is obtained when we match
the results of a random phase approximaiiBfA) calcula- where we have defined the nuclear exchange couplings
tion for the transverse suceptibility with the solution of the

Boch’s equationg19]. Using Eq.(5) in Eq. (6) or the RPA f,,= d2G(AX) — dd G(AX - 1) + G(AX + 1)]
result, we evaluate the zero-temperature decoherence rates _
due to the pseudospins as +d[2G(Ax) + G(Ax + 2) + G(Ax - 2)],
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f,,= V2{dd[G(Ax - 1) - G(Ax+ 1)]
+dG(Ax+2) - G(Ax-2) T},

f,y=2d[2G(AX) - G(Ax+2) - G(Ax-2)].  (9)

G(Ax) is the finite-temperature pseudospin propagator given
by

effective coupling constants

-2 0 05 1 15
G(AX) & M{sinf(A—xﬂ . (10 B (T)
270382 vB

FIG. 3. The coupling constanfs, f,, andf,, as a function of
where Ax is the distance between qubits in units of lattice the magnetic field3? in units of d? for two F atoms separated by
spacingay and B=1/(kgT). For distances smaller than the four lattice spacing.
thermal coherence lengty=v B, the interaction decays as a
power IaWQ(Ax)&l(l—co$2pFAx])/(_2n2v_Ax2), Igading to H,=J17 2, (11)
long-range interaction between qubits. It is also interesting to
consider the consequences of applying transverse electridhis Hamiltonian can also be approximated by E). For
fields. Since the pseudospin propagator acquires a gap, thelfee sake of argument, let us assume two F atoms separated
is an additional exponential decay in E§) which is a func- by four lattice siteg~18 A). In addition, let us consider the
tion of E ). Thus, we can use transverse fields to switch orexternal conditions that we considered before: a &0
and off the interaction between qubits. freeze the pseudospin dynamics7y andT=0.1 K.

Equation(8) is a two-qubit gate. In conjunction with the ~ From Eq.(8) and the definition of the pseudospin propa-
possibility to perform arbitrary rotations, it generates a com-gator we can plot Fig. 3, where we can see that Bor
plete set of quantum gaté6]. The inverse of the gate op- =1.01 T the effective coupling constants are
eration time is given byl ¢'(Ax)=f"'min(|f,4,|f,J). In or- ¢
der to comparelg with T, , we consider a particular case. £ =0.06,

TakeB,~2 T and a temperaturé=0.1 K, so that the pseu- d?
dospin chain is partially polarized. Low-temperature correc-

tions to Eq.(7) are very small, and we use it as an upper fyz
bound estimate to the decoherence tinfef,~1072s™ =, = 0.001,
These values are much smaller than the rates in;Ri&s to d

three facts: the absence of quadrupolar effects, the reduction

of pseudospin fluctuation imy ; and the assumption of de- fyy

coupling. Two qubits separated by 13 A havis(3) g2 = 0.001.

~10's, thus leading to a quantum gate at the edge of the

error correction threshold of 16[3,22). Thus, as in liquid NMR, the strongest component in the
Another important aspect of Eq&) and(3) is that sev- interaction is given by Eq1). In order to produce aNoT

eral different gates can be constructed as a function of thgate with this Hamiltonian in an NMR setUp], one must

magnetic fieldB,, the resonance frequencies, , and the first apply a radio frequency pulse to rotate about X

electric fieldsE,,. For instance, the pseudospin propagator(+z goes to ). Then the spin system evolves with Eg1)

(10) has an oscillatory behavior witB,. This can be used to for a timet==#/4J. Then, a second pulse is sent to rotigte

change the relative strength §f in Eq. (8). In order to make by 90° about the ¥ axis. Finally, an additional phase shift on

this point clear, we now pause and consider a concrete eXsoth spins is used to obtain tleNoT gate. If we add the

ample. initial Hadamard gate, it is necessary to use a total of five
One of the most simple quantum circuits is the one thatadio frequency pulse®ne-qubit gatesand the time evolu-

creates entangle pairs of qubi(Bell's state$. From the tion of the Hamiltonian(11).

guantum-logic perspective, this is accomplished by the use Let us analyze another possibility. Consider the same con-

of a Hadamard gate followed by a controlledT (cNOT)  dictions as before, but with an external magnetic fiBkd

gate[23]. Since the production of entangle pairs is funda-=2.02 T. In this case, the effective coupling constants are

mental to perform quantum computation and quantum comu-

nication, this straightforward circuit is a conerstone in any fz = —-0.005

design. The key element here is theOT gate. It is a two d2 '

qubit gate and, consequently its implementation depends

upon the avaiable interaction. In liquid state NMR the stron- f

gest component in the Hamiltonian that a pair of qubits is -2 =0.0003,

subjected i§3] d?
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dospins, as it is done in MRvith electronic spin. Unfortu-
=-0.025. nately, the same property that gives a lower decoherence rate
than in other gapless magnetic systems hinders this option.
In contrast with the previous case, the strongest part of theince there is no flip-flop terrt§'1”) in the hyperfine Hamil-
i ian i tonian, one cannot use the pseudospins to pump the nuclear
interaction is ; e . .
spins. There are two other possible “hardware” solutions that
H, = f, 0 J13. (12)  can be used to solve the initialization problem. A diluted set
y=lyy'1l2 o " , .
) of magnetic impurities can be used to refrigerate the qubits.
If we allow a free evolution of the system by Hd-2) for  The general idea is to add a small amount of an ion with a
a tlmet:-’ﬁﬁ/nyy, the unitary transformation that is Imple- |arge magnetic momer(guch as Gd rep|acing Some)Ro
mented is the sample. This set of impurities can be used to pump en-
ergy out of the nuclear systems and after some polarization is

E_h

2

o

1 00~ achieved a sufficiently large magnetic field would “freeze”
{0 11 O the impurities. There are two setbacks in this approach. First,
R= o i1 o0l the Gd ion would “break” the pseudospin chains and the F
i ions in each side might not interact. Secondly, virtual flips of
-1 00 1 the Gd spin could introduce an additional decoherence chan-

Acting on the computational basis with this rotation we Nel- The second “hardware” solution is based on the fact that
automatically generate the entangled states the crystals can be grown on a sermconductor _su_bstrate.. By
exciting the electron gas in the semiconductor, it is possible
\E ) to use “cross-polarization-coherent transfer techniques.” The
|B1) = -(100) ~i|11), latter is the solution found in Ref9] to the initialization
procedure in a QC based on 1D organic molecules. Finally, if
= only partial polarization is obtained by one of the “hardware”
|Bo) = L2(|01> +i[10)), methods cited above, the Schulman-Vazirani proce{24g
2 can be used as a “software” method to initialize the state.
The final element in a QC design is the read-out mecha-
V2 _ nism. All QC’s based on NMR of impurities have the com-
|B3) = ?(|01> -i[10)), mon problem of low signal due to the small density of qubit
copies. However, nuclear polarization can increase consider-
- ably the NMR sensitivity. In this case, the read-out of a qubit
|Ba) = LZ(|00> +i]11)). with only 10* copies is possible with current NMR technol-
2 ogy [9].
There are some relevant experimental questions that are

Hence, one can fine tune the experimental setup to Obta'8 en and can foster new theoretical work. In the first place,

a desired quantum circuit using less resources. In the abo e simplest way to produce crystals of a salt such as

example, the simple tuning of the magnetic field replace th?JrBr3_XFX is through dehydration of a liquid solutioi25].

one q?b't gates 0r_1bt|he previous settlrllgr.] H_owever,_ th'i's Jl_JIthis straightforward process creates samples with the F ions
one of many possible ways to control the interaction Hamil5, 1o qom positions. Although this is sufficient to infer our

tonian. A more subtlgand potentially more interesting way results for a single qubit, further developments in ionic crys-

is related to the frequency, andw,. In presence of a gra- tal growth should be accomplished before the full range of

dier/%ﬁeld they have a site indethwy  possibilities that we discuss can be experimentally studied.
=[¥B4x)]°+A?. Thus, one could act in the magnetic one possible research avenue is a molecular-beam epitaxial

environment of each individual qubit. growth (MBEG). MBEG is a well established technique in
semiconductors and metals. Although from a historical per-
IV. DISCUSSION AND CONCLUSIONS spective the growth of ionic crystals is an old field, the tech-

nology is much less mature. Nevertheless, it shows unique

Until this point we discussed how single qubits can becharacteristics that are worth explorifig6—2§. The most
constructed and how a pair of qubits can interact. We nowvinteresting feature is that the incoming molecule has a very
discuss how to use these building blocks in a QC. weak bound with the surface terrace and strong bounding to

The natural geometry is to consider a magnetic field grathe ledge. This can be simply understood in electrostatic
dient applied along the chain direction. Nuclei in the sameterms, and as a consequence, leads to a large surface diffu-
equipotential line belong to different copies of the QC, andsion until the molecule reaches the ledge. We speculate that
we assume that they can be periodically arrange be- this fact can be used to obtain a higher degree of control in
low). the impurity placement than in any other kind of material.

Initialization is a very hard problem in QC’s based on Another interesting characteristic is that large lattice misfits
nuclear spin qubits. However, there are some possible solare also allowed in the growth of layers. Thus, it is natural to
tions already available in the literatuf®,24]. At first sight  propose experiments with a crystal composed of a superlat-
one could imagine that the initialization could be done bytice of PrBg and layers of PrBi. This setup is feasible with
optical pumping(Pound-Overhauser effgctvith the pseu- the current technology and many of our results for the qubit-
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qubit interaction can be experimentally tested. Another posf12,29. Whereas our hypothesis is based on the experimen-
sibility is a super-lattice of PrBrwith layers of Prk, how-  tal facts in PrBg [11,14,16, a thorough experimental study
ever, the large lattice misfit will probably prevent the layershould be done to assert the hyperfine Hamiltonian.
growth [28]. A final remark is that ionic crystals grow well In summary, we showed how a non-Kramers ionic crystal
on semiconductors surfaces. This has two main consdias unique properties that can be exploited in a solid state
quencesi(1) the semiconducting substrate can be integratedNMR QC. We propose that chemical substitutions in such
in other quantum computer schenissnilar to Si/P propos- system can be used to encode quantum information and, at
als) and with current electronics an@) a semiconductor the same time, break the spatial symmetries. This control-
substrate can be used to initialize the quantum computer bable symmetry breaking can be used to act locally in the
optical pumping as we argued above. magnetic environment of the qubit, thus, having important
There is another issue that is common to all solid stateonsequences to decoherence and the construction of quan-
NMR designs: it is unlikely that perfect decoupling can betum gates. We based our discussion in a well known family
achieved. Therefore, the experimental valueTgfis poten-  of materials. However, the general principle that we put for-
tially smaller than the prediction of E¢7). Although we are  ward can be applied in a much broader context. In RgBy,
probably overestimatind,, we are also underestimating the we showed that a QC based on our ideas is scalable, the
gate timeTg. In order to derive Eq(3), we assumed an decoherence rates are low, the interactions between qubits
specific form to the hyperfine interaction. Following the ex-can be long ranged, and the qubits can be individually ac-
perimental results in PrBrand PrC}, we assumed that the cessed with moderate magnetic field gradients.
dipolar part is the most relevant component in the hyperfine
Hamﬂtomgn. This copclusmr_l arises from the hypothesis that ACKNOWLEDGEMENTS
the chemical bound is truly ionic. In general there are some
covalent components to the bound and this leads to a much We would like to thank I. Affleck, C. Chamon, N. Curro,
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