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Scann ing tunn elin g spect r oscopy is used to study t he disp ersi ve wave
vectors of the local-density- of -states mo dulati ons in near- optimal

Bi 2 Sr 2 C aCu2 O8+ £ . A tomic- resolution energy- resolved spectroscopi c images
are acquired in a 650 ¡A Ùeld of view on the BiO cleave surf ace of these
crystals at 4.2 K . Fourier transf orms are used to measure the w ave vec-

tors of spatial mo dulati ons in the local density of states. A t sub-gap en-
ergies , up to 16 inequiv alen t sets of disp ersi ve wave vectors are observed.
When analy zed w ithin a model of quasiparticl e scattering- ind uced interf er-
ence betw een a characteristic \o ctet " of states in momentum- space, they

yield an estimate of the Fermi- surf ace location and the energy gap j Â ( ) j

in agreement with angle-resolved photo emissi on spectroscopy . At energies

approaching the gap-maximum, the local- density- of-states mo dulatio ns b e-
come intense, commensurate with the crystal, and localize d by the apparent
nanoscale domains. T his may indicate that the lif etimes of the = ( 0 0)

quasiparti cl es are determined by nanoscale disorder scattering.

PACS numb ers: 74.72. {h, 68.37.Ef

1. H igh -T su p er cond ucti vit y

The parent com pounds of the cupra te hi gh tem perature superconducto rs
are anti f erromagneti c Mo tt insul ato rs. These crysta ls conta in 2-dimensional pl anes
consisting of square Cu O uni t cells wi th di mension a : ¡A. Standard band
theo ry would predi ct a m etal l ic ha l f-Ùlled electro nic band. Ho wever, these materi als
are anti f erromagneti c insul ato rs wi th a eV energy gap due to stro ng correl a-
ti ons. New electro nic states are created in thi s gap when the m ateri als are doped
usi ng di ˜erent valence ato ms. A schemati c phase di agram of the cupra tes is shown
in Fi g. 1. The maxi mum cri ti cal tem perature T of any cupra te superconduct or
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Fig. 1. A schematic representation of the hole- dop ed copp er- oxide phase diagram

adapted from Ref . [1] .

i s ¤ 1 5 0 K and thi s T c -m axi mum occurs at a hole-doped carri er concentra ti on of
0 : 1 6 Ï 1 holes per CuO 2 plaquette. Am ong the key chal lenges to understa ndi ng
the cupra tes are the identi Ùcati on of the electroni c ground states and associated
exci ted states, for each part of thi s phase di agram.

2. Bi 2 Sr 2 C aCu O

A wi dely studi ed cupra te is Bi Sr CaCu O (Bi -2212). Its m axi mum T i s
near 95 K. The uni t cell structure conta ins two Bi { O planes whi ch are charge neu-
tra l and weakl y m echanical ly coupled. Thi s means tha t Bi Sr CaCu O can be
easily cleaved between these two planes to reveal a Bi O surface. The qual i ty and
rel iabi l it y of thi s cleaved Bi O surface has resulted in i ts wi de use for angle-resolved
photo emission spectroscopy (A R PES) studi es [2{ 4]. For the sam e reasons thi s sys-
tem has also been used for STM studi es. Fi gure 2B and C show typi cal to pographic
im ages of thi s Bi O surface ta ken from our studi es.

On these surfaces the Bi ato ms are cl earl y seen. In addi ti on, there is a cor-
rug ati on of ¡A peri od occurri ng at to the Cu{ O bonds. Thi s is the m an-
i festati on at the Bi O surf ace of the three- dim ensional crysta l superm odul ati on.
Na noscale electroni c disorder [5, 6] is also m ani fested as the few nm length scale
l ight and dark patches where the ti p m oves forwa rd and backwa rd apparentl y to
compensate for varia tio ns in integ rated density of sta tes.

3. Bi -2212 m om en tu m -sp ace elect r on ic st r uct ur e an d A R P ES

Ang le-resolved photo emission has been used wi th great success to study the
cupra te electroni c structure [2{ 4] especial ly in Bi -2212. In thi s techni que, the elec-
tro nic spectra l functi on A ; ! is determ ined from the intensi ty of photo emission
at mom entum tra nsfer h and energy tra nsfer ! . Using AR PES, the loca-
ti on of the Ferm i surface [7, 8], and the magni tude of the energy gap in -space
Â 12] of Bi -2212 have been determ ined.
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Fig. 2. (A ) A schematic representation of the Bi- 2212 unit cell. (B) A 250 ¡A square

top ographi c image of BiO layer. (C ) A 65 ¡A square top ographic image of BiO layer.

Fig. 3. (A ) A parameterizati on of the supercondu ctin g electronic band- structure as

deduced from A RPES. (B) Measured structure of the anisotropi c energy gap along the

Fermi surf ace.
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In Fi g. 3A we show as sol id l ines the locus in mom entum space of quasi-
parti cl e states wi th di ˜erent energies ranging from E = À 1 0 0 m eV (below the
Ferm i level) to E = +1 0 0 meV. For energies less tha n the gap m axi mum Â 0 ,
these \ conto urs of constant energy" are banana shaped. Thi s param eteri zati on of
the electro nic structure in mom entum -space has been deduced [2, 3] from AR PES
exp eriments on the Ùlled states of Bi -2212.

In Fi g. 3B we show the m agnitude of the sup erconducti ng energy as a func-
ti on of m omentum- space locati on along the tra jectory of the norm al state Fermi
surf ace (see Ref. [3] for deta i ls). From i t we see tha t there are four nodes in the
gap at the intersecti ons of the 1st Bri l louin zone di agonals and the norm al -sta te
Ferm i surface.

4. Scan n in g t u nn elin g sp ect r osco py t ech ni qu es

In STM- based tunnel ing spectroscopy, the ti p{ sam ple di ˜erenti al tunnel ing
conducta nce g = dI =dV i s m easured over a range of sampl e bias vol ta ges V . The
resul t, g ( V ) , is pro porti onal to the local density of sta tes, L D O S ( E ) at energy
E = eV . For a system wi th perfect d -wa veBCS superconduc ti vi ty wi th momentum
dependence of energy gap as shown in Fi g. 4A, the expected tunnel ing spectrum at
a single point on the surf ace is shown in Fi g. 4B. Fi gure 4C is the typi cal spectrum
observed on opti mall y doped Bi-2212 sam ples and is in reasonabl e agreement wi th
exp ectati ons.

LD O S -m appi ng is the pro cessof m easuri ng of g E as a functi on of locati on
in a given Ùeld of vi ew (FOV) to yi eld g ; E and thus energy-resolved local

density of electro nic states im ages LD O S ; E . If these LD O S im ages have a
large enough FOV and have high enough spati al resoluti on, they can be Fouri er
tra nsform ed to determ ine the -vecto rs associated wi th any spati al m odul atio ns
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of the LD O S . Thi s is referred to as Fouri er tra nsform scanni ng tunnel ing spec-
tro scopy [13] (FT- STS) and has recentl y been intro duced to studi es of the high-T c

cupra tes [14]. In thi s techni que, the wavel engths Ñ (or wa ve vectors q = 2 ¤ =Ñ) of
spati al m odul ati ons in g ( r ; E ) are identi Ùed by m easuri ng the q-vecto rs of local
m axi m a in g ( q; E ), the Fouri er tra nsform m agni tude of g ( r ; E .

W e carri ed out m easurements [15] of g ; E in a ¡A FOV spanned
by pi xels (or a spati al resoluti on of 1.3 ¡A). The sam ple-bias modul atio n is
2 m V . In Fi g. 5a we show the to pographic image, in 5b an exampl e of g ; E ,
and in 5c{ h the m agnitude Fouri er tra nsform g ; E of each g ; E at the labeled
energy.

T o m oti vate an understa ndi ng of these data , we considered a sim ple m odel
based upon the electroni c band structure. In Bi -2212 f our nodes exist in the
superconduct ing gap Â (Fi g. 3B) and, below the gap m axi mum Â , the re-
sul ti ng conto urs in -space along whi ch quasiparti cles exi st at a given energy
are \ banana" -shaped (Fi g. 3A). The quasiparti cle density of sta tes at energy
E ! ; n E ! , is pro porti onal to

E dk ; (1)

where the integ ra l is perform ed over the conto ur E ! . Each \ banana" evi-
dentl y exhi bi ts i ts largest ra te of increase wi th energy, E , near i ts two
ends. Theref ore from Eq. (1), the pri mary contri buti ons to n E com e from the
octet of mom entum -space regions centered around the points E j ; ; ,
at the ends of the \ bananas" . An exam ple of such an octet is shown as circl es in
Fi g. 3A and as dots in Fi g. 6A.

In the presence of disorder, quasiparti cles wi l l be elasti cal ly scattered . A
quasiparti cle located in momentum- space near one element of the octet is then
hi ghly l ikely to be scattered to the vi cini ty of another element of the octet, because
of the large density of Ùnal states there. W i thi n thi s simpl e heuri sti c m odel , pai rs
of sta tes at these m omentum -space locati ons wo uld then generate the most intense
LD O S modul ati ons.

At energy E , the wa ve vecto rs E of these modulatio ns woul d then be
determ ined by al l possibl e pai rs of points in the octet E . By consideri ng one

in a representa ti ve octet in Fi g. 4A we see tha t there are seven characteri stic
scatteri ng wa ve vecto rs E i ; ; . Thi s \ octet" -model then predi cts a
to ta l of scatteri ng wave vectors and, of these, 32 consti tute a com plete
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Fig. 5. (a) T he top ographic image of BiO surf ace in this FO V, (b) an example of

g ( r ; E ) , and (c{h) the calculated g( q; E ) for the lab eled energies.
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set of inequi valent wa ve vecto rs | 16 pairs of whi ch could be detected by FT- STS
studi es of Bi -2212.

Fi gure 5 shows tha t there are indeed num erous (up to 12 easily observabl e)
inequi valent local m axi m ain g ( q; E ) as one woul d expect wi thi n the \ octet" -model .
By compari ng the locati ons of these maxi ma at di ˜erent energies, one can see tha t
the q-vecto rs do indeed disperse in di ˜erent di recti ons. In Fi g. 6B we show the
m agni tudes of each of these interf erence wa ve vectors as m easured from a com plete
set of data of the typ e in Fi g. 5.

Fig. 6. (A ) Representative set of seven scattering vectors q
i

( E ) of the \o ctet" mo del.

(B) Measured disp ersion for each of these q -vectors q to (excludin g which we

Ùnd di£cult to observe).

Theo reti cal predi cti on of quasiparti cle interf erence in high-T sup erconduc-
to rs was m ade earl y in the l i tera ture [16]. Mo re recent theo reti cal calcul ati ons
[17{ 19] have conÙrmed the model tha t, at each energy, there wi l l be up to 16
inequi valent sets of peaks in g ; ! , and each peak di sperses wi th energy con-
sistent wi th the quasiparti cle dispersion E . The data in Fi gs. 5 and 6 are in
good qual i ta ti ve agreement wi th these predi cti ons. For exampl e, between

m eV > ! > 30 m eV, the locati ons of di ˜erent ! can be identi -
Ùed as the wave vecto rs disperse.

From these data alone, the Fermi surf ace locati on and energy- gap Â

can be estim ated by assuming tha t each the m easured ! are given by connect-
ing vecto rs of the \ octet" ! at tha t energy. The resul t o f ! for

< ! < m eV is shown as open circl es in Fi g. 7A. W e interpret i t as k -space
tra jectory of the ends of the energy- conto ur \ bananas" or, in other words, the
norm al -state Fermi surface. In addi ti on to the Ferm i surface we also estim ate the
energy gap functi on Â . For a given ! eV we m easure the associ ated thus
yi elding ! k . W i thi n the heuri stic octet model , thi s is the superconducti ng en-
ergy gap Â along the Ferm i surface. We parameteri ze the locati on along by
usi ng the angle ˚ about the (¤ ; ¤ ) point. T o compare the ! and Â ˚ f rom
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Fig. 7. (A ) The locus of scattering measured from the data in Fig. 6B is show n as open

circles. T he A RPES- determined Fermi surf ace is estimated to be in the region of the

gray band. (B) The FT - STS-derived momentum- dependent superconducti ng energy gap

is show n as open circles while the A RPES- derived momentum- dependent energy gap is

show n in open squares. T hey are in good agreement away from the antino des w here the

interf erence patterns are not detectable.

FT- STS wi th tho se from AR PES, we plot the AR PES-determ ined Ferm i surface
as the gray band in Fi g. 7A and the AR PES- derived Â ( ˚ k ) in Fi g. 7B as open
squares.

The good agreement between these results deri ved from two to ta l ly di ˜erent
spectroscopic techni ques, is a key resul t of thi s research pro ject. The AR PES and
STS results for Bi -2212 are dem onstra bly consistent wi th each other. Because the
m atri x elements for photo emission and tunnel ing are qui te di ˜erent, thi s agreement
streng thens our conÙdence in both techni ques. Furtherm ore, pro posals tha t the
wi dely reported [5, 6, 20{ 26] nanoscale electronic di sorder in Bi -2212 m ight be
due to surf ace dam age not present in AR PES studi es cannot be correct. Thi s is
because the m omentum -space electronic structure as determ ined independentl y by
both techni ques is qui te consi stent. It theref ore seems tha t STM and AR PES data
are both correct and new theo ri es are requi red for them to be reconci led wi th each
other.

7. G ap m ap an d an t i no dal qu asip ar t icl es

Na noscale disorder in the di ˜erenti al conducta nce spectra of Bi -2212 has
been kno wn for more tha n a decade [20, 21]. The Ùrst com prehensive ato mical ly
reg istered studi es of the spati al arra ngements in Bi -2212 tunnel ing spectra [22]
were analyzed in term s of ato mically- resolved m aps of the superconduc ti ng energy
gap in space or \ gapm aps" . These revealed several previ ousl y unkno wn charac-
teri sti cs incl uding a 3 nm length scale characteri stic patches wi thi n whi ch the
spectra rem ain qui te uni form in gap m agni tude but vari abl e in ampl i tude. Thi s
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phenom enology has by now been veri Ùed and expl ored by a wi de rangeof new stud-
ies. These include studi es of thi n Ùlms [23], the rela ti onshi p of topographi c disorder
to gapm ap [5], e˜ects of underdo ping [6, 24], e˜ects of tem peratures above T c [25],
and e˜ects of Pb- dopi ng [26]. The essential characteri sti cs of thi s nanoscale elec-
tro nic di sorder of Bi -2212 is therefore highly repeata bl e and indep endent of sampl e
prepa rati on, cl eave hi story , and STM / S instrum entati on or techni que. Ho wever,
no m icroscopi c expl anati on for these phenomena has so far been identi Ùed.

In Fi gs. 8 and 9 we show resul ts from exp eriments relevant to thi s question.
In Fi g. 8A the gapm ap measure in a ¤ 1 4 nm FOV on an as-grown Bi -2212 surface
is plotted using the color scale shown. It is qui te consi stent wi th tho se reported
by other workers for as-grown sam ples. In Fi g. 8B is the LD O S m ap m easured in
thi s exact FOV at E = 2 4 m eV. It is shown in a color-code so as to emphasize tha t
wherever a 24 m eV gap magnitude is seen in Fi g. 8A, a concomi ta nt region of high

Fig. 8. (A ) T he gapmap measure in a 14 nm FOV on an as-grow n Bi- 2212 surf ace.

(B) The L D O S map measured in this exact FO V at E = 2 4 meV . It is so color- coded to

emphasize that w herever a 24 meV gap magnitude is seen in (A ), a concomitant region

of high LD O S is seen in (B). (C ) The LD O S map ta ken at 36 meV . A gain, w herever

a 36 meV gap magnitude is seen in (A ), a concomitant region of high LD O S is seen

in (C ). (D) T he map taken at 54 meV . Wherever a 54 meV gap magnitude is

seen in (A ), a concomitant region of high is seen in (D).
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Fig. 9. (A ) Fourier transf orm of LD O S map at E = 36 meV w hich is ¤ Â 0 for

this sample. I t is dominated by disorder at long w avelengths and intense p eaks at q =

(2 ¤ = a; 0) and q = (0 ; 2 ¤ =a ) .

LD O S wi th very short length scale m odul ati ons is seen in Fi g. 8B. Sim ilarl y, the
LD O S map ta ken at 36 m eV in Fi g. 8C (54 meV: Fi g. 8D) has intense m odul atio ns
of the sam e wa ve vector but now only where a 36 m eV (54 m eV) gap magni tude
is seen in Fi g. 8A.

The tra nsiti on from the long range LD O S -modul ati ons in Fi g. 5 to the very
short range m odul ati ons in Fi g. 8 occurs because, in real space, a rapid shorteni ng
of the range LD O S -m odul ati ons occurs as ! appro aches Â 0 , or equivalentl y as
appro achesthe Bri l louin-zone-face.Even m ore surpri singly, al l LD O S -m odul ati ons
occurri ng at ! Â (wha tever the local value thereo f ) exhi bi t wa ve vecto r

¤ =a ; or the equivalent. One can see an exampl e of thi s in Fi g. 9 whi ch is
the Fouri er tra nsform of the 36 m eV LD O S m ap and whose predom inant f eatures
have wa ve vecto r ¤ =a ; or equivalent.

If we assume tha t these phenom ena are occurri ng because the scatteri ng is
from ¤ =a ; to ¤ =a ; and equivalent, one woul d deduce tha t, since
Â vari es rapi dly at the nanoscale, the energy condi ti on for whi ch ¤ =a ;

i s sati sÙed at di ˜erent locati ons for di ˜erent energies. Thi s f urther impl ies tha t
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local microscopic quasiparti cle dispersions of anti nodal quasiparti cles di ˜er on the
nanoscale. Thi s woul d be consistent wi th nanoscale carri er density vari atio ns [5].

8 . F ut ur e

Key unresolved issuesin FT- STS of Bi -2212 incl ude: (1) whether the LD O S -
-checkerboard at the vo rtex core [27] is due to quasiparti cle interf erence or to
stabi l izati on of another order parameter vi a suppression of superconduc ti vi ty , and
(2) how the relati vely simpl equasiparti cle interf erence e˜ects in near-opti mal sam -
pl es described herein, evolve wi th di mini shed doping as the m ateri al appro aches
the tra nsiti on into the pseudogap region. New FT- STS experim ents are requi red
to address these issues.

Ac kn owl ed gm ent s

The autho r wi shes to acknowl edge and tha nk al l the col laborato rs on thi s
pro ject: H. Ei saki (AIST, Tsukuba ), J.E. Ho ˜m an (Sta nf ord Uni versi ty), D .-H. Lee
(U. of Cal i forni a, Berkel ey), Kyl e McEl roy (U. of Ca l if orni a, Berkel ey), and
S. Uchi da (T okyo Uni versi ty). W e ackno wledge and tha nk for research supp ort:
LASSP at Cornel l Uni versi ty , Lawrence Berkel ey Na ti onal Lab. , ONR Grant
# N0 0014-00-1-0066, NSF D MR # 9971502, NED O, and by Grant- in-Aid for Sci-
enti Ùc R esearch on Pri ori ty Area (Ja pan), a COE Grant f rom the Mi nistry of
Educa ti on. J.E.H. acknowl edges supp ort of a Hertz Fellowship.

R ef er en ces

[1] A . Milli s, J . Orenstein, Sc i ence 288 , 5465 (2000).

[2] A . Damascelli , Z. H ussain, Z.X . Shen, Rev . M od. Phys. 75, 473 (2003).

[3] P.D. Johnson, A .V . Fedoro v, T . V alla, J. El ectr on Spectr osc . 117, 153 (2001).

[4] J.C . C ampuzano, M. R. N orman, M. Randeria, preprint available at

cond-mat /020947 6.

[5] S.H . Pan, J .P. O' Neal, R.L. Badzey , C . C hamon, H . Ding, J .R. Engelbrecht,
Z. W ang, H . Eisaki , S. U chida, A .K . Gupta, K .-W. N g, E. W. H udson, K .M. Lang,
J.C . Da vis, N atur e 413, 282 (2001).

[6] K .M. Lang, V . Madha van, J .E. H o˜man, E. W. H udson, H . Eisaki, S. U chida,
J.C . Da vis, N atur e 415, 412 (2002).

[7] D.S. Dessau, Z.X . Shen, D. M. K ing, D.S. Marshall, L. W. Lombardo, P.H . Dick-

inson, A.G. Lo eser, J . DiC arlo, C . Park, A . K apituln ik , W. E. Spicer,
2781 (1993).

[8] P. A ebi, J . Osterw alder, P. Schw aller, L. Schlapbach, M. Shimo da, T . Mo chiku,
K . K adow aki, 2757 (1994).

[9] B. O. W ells, Z.X . Shen, D. S. Dessau, W. E. Spicer, D. B. Mitzi, L. Lombardo, A . K a-
pituln ik , A .J . A rko, 11830 (1992).



204 J .C. Davi s

[10] Z. -X . Shen, D.S. Dessau, B. O. W ells, D. M. K ing, W. E. Spicer, A .J . A rko, D. Mar-
shall, L. W. Lombardo, A . K apitulni k, P. Dickinson, S. Doniach, J . DiC arlo,

T . Loeser, C.H . Park, Ph ys. R ev. Lett . 70, 1553 (1993).

[11] H . Ding, M. R. N orman, J .C . C ampuzano, M. Randeria, A .F. Bellman, T . Y okoya,

T . Takahashi, T . Mo chiku, K . K adow aki, Ph ys. Rev. B 54, R9678 (1996).

[12] Z. -X . Shen, W. E. Spicer, D. M. K ing, D.S. Dessau, B. O. W ells, Sci en ce 267, 343
(1995).

[13] L. Petersen, Ph. H ofmann, E. W. Plummer, F. Besenbacher, J. El ect ron Spectr osc.
Rel at. Ph enom. 109, 97 (2000) ; D. Fuj ita, K . A memiya, T . Y akabe, H . N ejoh,

T . Sato, M. I watsuki, Sur f . Sc i. 423, 160 (1999).

[14] J.E. H o˜man, E. W. H udson, K .M. Lang, V . Madha van, H . Eisaki, S. U chida,
J.C . Da vis, Sc i ence 295, 466 (2002).

[15] K . McElroy , R. W. Simmonds, J .E. H o˜man, D. -H . Lee, J . Orenstein, H . Eisaki,
S. U chida, J .C. Da vis, N ature 592 (2003).

[16] J.M. Byers, M. E. Flatt Çe, D. J . Scalapino , 3363 (1993).

[17] Q.H . W ang, D.H . Lee, 020511 (2003).

[18] A . Polko vniko v, S. Sachdev, M. V ojta, 19 (2003).

[19] D.G. Zhang, C .S. T ing, 100506 (2003).

[20] J.-X . Liu, J .-C . W an, A .M. Goldman, Y .C. C hang, P.Z. J iang,
2195 (1991).

[21] A . C hang, Z.Y . Rong, Y .M. Ivanchenko, F. Lu, E. L. W olf , 5692

(1992).

[22] V . Madha van, K .M. Lang, E. H udson, S.H . Pan, H . Eisaki , S. U chida, J .C . Da vis,

416 (2000).

[23] C. H owald, P. Fournier, A . K apituln ik , 100504 (2001).

[24] T . C ren, D. Roditchev, W. Sacks, J. K lein, 84 (2001).

[25] A . Matsuda, T . Fuj ii, T . W atanab e, 207 (2003).

[26] G. K ino da, T . H asegawa, S. N akao, 224509 (2003).

[27] J.E. H o˜man, K . McElroy , D. -H . Lee, K .M. Lang, H . Eisaki, S. Uchida, J .C. Da vis,
1148 (2002).


