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Spin waves and large electron-phonon coupling near the metal-insulator transition
in hole-doped high-T . oxides
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The effects of spin and lattice modulations on the band structure of Thighxides are described, with
HgB&CuO, as an example. A simple model for band gaps induced by potential perturbations with long-range
Fourier components is applied to the barrel band. The opening of gaps is confirmed in self-consistent band
calculations for modulations in elongated supercells, where spin waves and phonon coupling compete for equal
g vectors. It is argued that the wavelengths of spin-wave modulations, and of the phonon modes with large
coupling, depend on the doping. This mechanism supports the idea that pseudogaps are caused by stripelike
spin modulations in underdoped systems, while superconductivity is attributed to enhanced electron-phonon
coupling for long-wavelength phonons.
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The mechanism behind highs superconductivity in cop- the structure. The structure, details of the method, and band
per oxides is still unknown. From the vast amount of experi-esults for the basic unit cell, are described eatfiéf.Only
mental information that has been collected from highex- ~ Cu, and to some extent the planar O, have a significant DOS
ides, one can recall some facts that seem to distinguish the@¢Er . The band structure of the normal cell is shown in Fig.
materials from ordinary lowF, superconductors.® Phase 1 fork points in thek,=0 plane. Thez projection of the FS
sensitive tests of the pairing indicatevave symmetry of the ~ for the undoped case is shown in Fig. 2. The FS reaches the
superconducting gabThis is also implied from photoemis- Zone boundary at X for a doping of about 0.25 hole per
sion and tunneling measurements where the gap is highifPrmula unit(f.u.). The cell of the AFM insulating case has
anisotropic over the Fermi surfad€9).>® Such measure- WO Cu in thexy plane with opposite magnetic moments.

ments detect pseudogaps, which extend well abByen This cell of 2 f.u. has 26 site§l6 atoms and 10 empty

underdoped systems. They appear to have the same symn’? _here; Th‘? AFM state can be reached by_lntr_oducmg large
correlation, increased exchange or by application of external

try as the superconducting gap, making the FS visible only; . ; -
) . S ield. Here we include a staggered fidlabsitive and nega-
along the d|.agonal. The isotope effect, W.h'Ch IS small anqive with 30 mRy amplitude)s)gngthe twodg*ljj in the AFM cgll.
variable, exists also for the pseudodqﬁpm quptuaﬂgns The undoped material is insulating with this field, with a gap
follow the same type of antiferromagnetisFM) orientation of 10 mRy and local moments of about @.. The critical

of ordered Cu moments that can be seen in undoped, iNSig|q for having a gap is about 20 mRy.

Iating copper oxides. .Separation of metallic_ gnd insulating  The 26-site cells are put together in tfie1,0 direction,
regions form static stripes for some compositidiimit they 1o form larger cells in order to studg waves modulated
might be dynamic in other cases. Band theory based on thgiong the diagonalwith respect to the Cu-O bondingFour

density functional approximation fails to describe the un-supercells containing 104, 130, 156, and 208 sites are con-
doped, insulating cuprates, while the bands and FS of metal-

lic, superconducting cuprates agree well with experimental
data. The electron-phonon coupling.)( calculated from
band theory'°is quite large in view of the low density of
states(DOY) in these materials, but still not high enough to o33t
explain the highT.'s.

Here we perform self-consistent electronic structure cal-
culations based on the locéspin density approximation
(LDA),! for long-wavelength excitations of either spin fluc-
tuations or phonons, by use of large supercells. As will be
shown, spin waves and phonons seem to compete for the
sameq vectors, and the perturbations will be large at the FS,
leading to a tendency for gap formation in both cases. We ,
focus on HgBaCuQ, (HBCO), since it is relatively simple
with one CuO-plane and only one cylindrical FS, a so-called
“barrel.” Such a piece of FS is common to all high- ox- 0.15
ides and probably involved in the mechanism for supercon-
ductivity. The lattice constard is 7.32 a.u. The bands are FIG. 1. Band structure of HgB&uO, along symmetry direc-
calculated using the linear muffin-tin orbital method, wheretions in thek,=0 plane of the tetragonal BZ. The Fermi energy is
five empty spheres are introduced in the most open parts dfidicated by the broken line.
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Y M will be seen, modulations of the AFM moments will open
b gaps at different doping levels, with possible energy gains.
An example of a modulation is when the Cu sites projected
on the[1,1,0] direction have moments: zero, up, down, up,
zero, down, up, down. Such a “stripe” hasV, components
a in the spin potentials, with a wavelength covering totally 8
Cu layers. IfEg is far below (or far above the gap, both
c states will be occupietbr unoccupieglwith no gain in total
energy. It is only ifEg is near the gap that there will be a
ky r X possibility to gain total energy. The occupied state reduces its
kinetic energy, while the rise in energy of the upper, empty
-\ /— state does not contribute to the total energy. The process is
P self-supporting via the exchange potential, since an increased
e spin density in regions where the potential is spin splitted
/ will increase the potential splitting further. Nesting, which
becomes more evident at higher doping, helps to generalize
the process over a large portion of the FS, but@&yis valid
locally. Thus, the argument is that the CuO-plane systems
can chose the wavelength of the modulation according to its
K doping to make an optimal gain in total energy. This mecha-
_ nism always opens the gépr pseudogaypclose toEg, lead-
_ FIG. 2. Thezprojected FS ofundoped HgB&,CuO, ataband  jng to a correlation between the wavelength and doping.
fllllng of 63 electrong per f.u.. The M-centered barrel will swell for. These arguments can be used as long as there are no other
mcret?s;]ngxhole_ doplfng. Al 62'72 electl_ronsl per f.u the band willy,4q hea, , which may involve an increase of the total
reach the point to form a van Hove singularity. energy when a modulation is imposed.
Similar arguments can be used to discuss the coupling
between phonon modes and the electronic states Bear
For example, a phonon-induced modulation of the potential

sidered, corresponding to a maximal wavelength ¢28.
AFM modulations along1,0,0 require a two-layer wide

unit ceII_ (along y). A cell of 208 sites will describe spin 5 ¢y sites will also have its Fourier compondfyt. (Since
modulation with wavelength & along x. Phonon modula- e |ocal Cu DOS is the highest neg , its largest effects
tions (without spin use a one-layer wide cell, so that a 104- jj| pe from potential changes on Cu site§he (non-spin-
site cell describes a modulation vect@a,0,0]. In each case  o|arized band will open a gap as for each of the spin bands
we calculate the bands in 2dpoints in the respective irre- i, the AFM case, if the gap is close B . As before, one
ducible Brillouin zones(BZ's). The DOS s determined by particular wavelength will be preferred, depending on the
tetrah_edrork—pqlnt integration, where it is assumed that thedoping. It is worth noting that for a given doping, the same
energies vary linearly within each tetrahedron. vector is involved for both spin waves and phonons. This

The z dispersion of the barrel band is very small, as seennechanism will be dynamic for phonons, unless the gain in
from Fhe widths of the FS in Fig. _2, but the dlsp_ersmn IS energy will make the phonon completely soft to make a lat-
large in thexy plane, as along the diagoriaiM (cf. Fig. 1. tjce instability. Spin waves could be pinned to impurities and
A modulation of the potentiaV/, sin(@r), expressed by the therefore be static, but coupling is likely between spin waves
Fourier coefficient,, whereq is along[1,1,0), will opena  gng phonons of equa vectors.

gap for a free-electron-like band. From the well-known so-  Next, we consider the band results. The basic results from
lution for bands near the zone boundary in semlcondu&?ors,the simple, one-dimensional model are confirmed by the
band calculations, and the gap can be formed over the whole
FS for varying doping. AFM modulations are induced by
sinuslike modulations of staggered fieldsn Cu sites,
throughout the iterationsvith the same maximal amplitude
which at the zone boundafy= 3q, becomesE(q) = €(1/2)q as for the undoped case. The undoped system contain 63
*Vq4. Thus, there are two states with a gap/,2 in be-  electrons per f.u.. However, the gafms pseudogapsiound
tween, at the new BZ limit afq. The square of the wave in the four cases with elongated cells are always found at one
function belonging to the state below the gap has the largestate(one electron of each spitbelow this electron filling.
amplitude where the potential is most attractive. The correThis means at band fillings of 502, 628, 754, and 1006 elec-
sponding function for the state above the gap has its phageons, for the four supercells of increasing lengths. The dop-
shifted, so that the large amplitude coincides with the repuling is adjusted to coincide with these fillings, by use of the
sive potential. virtual crystal approximation. The DOS nekg with and

The AFM state in the undoped case is, apart from exwithout AFM modulation, are shown in Fig. 3 for the 104-
change energy, stabilized by the opening of the gaBmat  site cell. The gap is small, like a pseudogap, and it coincides
Hole doping made in a rigid-band manner on the same DOSvith Ex when the doping is 0.25 holes per f.u., correspond-
leads to a metal, without the stabilizing effect of the gap. Asing to the particulag. Modulations in the longer cells give

1 1
E(k)= 5 (et ek-q) T 5V (e~ €kg)*+4Vg, ()
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FIG. 3. Paramagnetic DOS for a 104-site unit cell of HBCO
(doped with 0.25 holes per f)ualong[1,1,0] (thin line), paramag-
netic DOS when the structure contains a sinus modulation ¢f Baalong[1,0,0].
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positions (heavy ling, and the DOS for a sinus-modulated AFM

state along the celbroken ling. The latter is obtained via applied
fields (maximum amplitude 30 mRyon the Cu sites. A higher field
will open the gap completely, but also move the €land edge

closer toEg .

be cut to form gaps at different positions alohgM, de-
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FIG. 4. Paramagnetighin line) and AFM (heavy ling DOS for
a 208-site unit cell of HBCO(doped with 0.125 holes per f)u.

ferent polarization are very similar. The DOSEat is largest
on the nonpolarized Cu sites, but still sizable on the polar-

ized Cu sites, at least for one of the spins. Thus, conduction
is not only restricted to the zero-moment part of such stripes.
similar small gaps, or pseudogaps, but at positions correFurther, the connection between the doping and the wave-
sponding to decreased hole doping, at 0.2, 0.1667, and 0.126ngth implies longer wavelengths for low doping. It is prob-
holes per f.u., for the cells with 130, 156, and 208 sitesable that long-wavelength modulations are more stable than
respectively. The opening of the pseudogap starts near trghort ones. This is because at least two Cu sites have no
point “a” in Fig. 2. Stronger fields form a complete gap moment in each modulation, i.e., no exchange energy can be
extending over the whole FS. Thus, in agreement with the@ained from a polarization of these two sites. The fraction of
simple model, the band results show that the barrel band cazero moment Cu sites is larger for short-wavelength modu-

lations, making them less stable. This cannot be verified by

pending on the Fourier component of the potential perturbaab initio total energy calculations, but for the short modula-
tion of only six Cu layers alonf1,0,0 it is more difficult to
AFM modulations in thex direction are made for the 208- open a gap even for large field amplitudes, and there is a
site cell, where the pseudogap is found for a doping of 0.12%opologic change of the FS at the X point when the doping
hole per f.u., as for the longest cell along the diagonal direcapproaches 0.25. Therefore, a possibility is that pseudogaps,
tion (see Fig. 4 By folding thek points in the BZ back to caused by spin waves, cannot exist for too large doping. This
the original BZ, it is seen that the partial opening of a gap igs consistent with observations of pseudogaps only in under-
largest near point “b” in Fig. 2. This is consistent with the doped hight. oxides. A critical concentration of about 0.19
observations made by photoemission, where the FS seemshas been suggestédhis is to be compared with the values
“disappear” except near the diagormallt is assumed that 0.125 for the shortest modulation alofd,0,00 and 0.25

tion.

stripes are running both alongandy,! making their effect

superimposed at “b” and “c.) Also the observation of static tions.

stripes along1,0,0] in one highT, materiaf suggests that

along[1,1,0 to produce a “good” pseudogap in the calcula-

The non-spin-polarized band calculations for phonon

[1,0,0-modulations are more probable than diagonal onesnodes areb initio within LDA, for the imposed lattice dis-
This can be understood from the band results by the largertortions. Coupling between spin waves and phonons is plau-
dispersion near points “b” and “c” on the FS, making the sible, but we do not study such cases here. Different lattice
DOS higher on this part of the FS. A band opening on thismodulations along1,0,0] and[1,1,0] are considered in the
part will lead to a larger gain in total energy than if the gapelongated supercells, like the change of the distance between
opens near point “a.” As the orientation in real space can beCu and apical O, or between Ba and the CuO plane. “Breath-
associated with the different FS points, it is therefore prefering” modes are modeled by moving the four planar O sites
able for the system to choose tfi0,0] orientation leading alternatively towards or away from the central Cu. The
modulations are chosen to be sinuslike. Distortion ampli-

to the largest gain in energy.

Other theories based on strong on-site correlation havtudes of the order 0.@lare expected at low temperature for
been shown to lead to stripe formation and spin-chargdypical force constants and zero-point motidAgut in order
separatiort.Here, in a band description, the spin, charge, ando enhance the effects to be seen in the DOS, we also con-
local DOS information show that the charges on Cu of dif-sider amplitudes of 0.G8
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The DOS for the 104-site cell is shown in Fig. 3. By In conclusion, the simple model of gap formation, sup-
comparing the backfolde# points with the points in the ported by band results for HgB@uQ,, suggests a connec-
normal BZ in Fig. 2, one can verify that the effects due totion between spin waves, stripes, pseudogaps, and strong
modulations along the diagonal or along the CuO bondingelectron-phonon coupling, because of a sensitivity to pertur-
indeed are concentrated to the expected parts of the Fgationsv,,. The amplitudes o, due to phonons of realistic
Moreover, if the sinuslike modulation is replaced by the ab-geformation amplitudes at loW, are smaller than in the case
50'“::9 value of Si;‘.‘;ts’ on;findRs abloutfonehordehr of mﬁ‘gnitUde AFM modulation, and fully developed gaps are normally
smaller energy shifts nedi . Results for the other cells are cinle i : :
similar, so that the distorted structures show some diﬁerer@ﬁg:ﬁg lfea\;(r;rsthbean[zjosi.iftglgt 2ogaertlst:eu;ta;‘ggslr;?t:ﬁgdlzgyand a

DOS compared to the undistorted cases, but no reall gaps %?rgex. Any perturbation, phonons, spin, or valence fluctua-
developed. However, strong changes of the energies megn

thatA is large for these modes. Full calculations\odvill not fons leading to a simila/, component will show similar

be presented here, but a few observations can be made. gfects on the electronic states. This scenario explains a num-

was argued above, the wavelengths are determined via doBSar of features of the h'gE'C o?des.mentloned albove. El:r)ll- f
ing so that only energies close B are changing. Calcula- S'9Y arguments suggest that the spin waves are less stable for

tions of electron-phonon coupling made for the urwk)ped'ncreasing doping. If this pictgrt_e is true, and spin fluctuations
composition$°will miss this effect, since the sensitivity to &€ harmful to superconductivity, one can expect that pres-
V, of a certain wavelength appears below the positioEf ~Sure shquld suppress t_he spin fluctuations more at low dop-
for the undoped system. The largest change in energy froflg and increasd ¢, while the effect of pressure should be
the model above, is equal 4, i.e., equal to the maximal smaller in overdoped samples. This is partly seen experimen-
amplitude of a sinusoidal potential perturbation. Two ex-tally although the results are sensitive to pressure induced
amples of O and Ba distortions wit#, from the potential in ~ 0xygen ordering at high temperatdfelt can be speculated
the band calculation, give in the range 1-2. This is from an that large electron-phonon coupling coexisting with spin
approximate expressith for the long-range couplingh  stripes open a possibility for superconducting fluctuations
= NVé/EK(AR)Z, whereN is the DOS aEg per cell,Kisa  between regions of spin modulations, and that this will con-
force constant’ AR the displacement of each site, so tKat tribute to the pseudogap as well. Competition between dif-
times the sum over alAR? gives the total elastic energy of ferent mechanisms can make interpretation of experiments

the deformation. difficult.
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