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Detection of a coherent boson current in the normal state of a high-temperature superconductor
YBa,Cuz0, film patterned to micrometer-sized rings
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The key to clarifying the mechanism of the appearance of fiighnh the high-temperature superconductor
seems to be related to the anomalous properties in its normal[ktai¥¥asuoka, S. Kambe, Y. Itoh, and T.
Machi, Physica BL99-20Q 278(1994; H. Ding T. Yokoya, J. C. Campuzano, T. Takahashi, M. Randeria, M.

R. Norman, T. Mochiki, K. Kadowaki, and J. Giapintzakis, Nat(@irendon 382 51 (1996; and T. Ito, K.
Takenaka, and S. Uchida, Phys. Rev. L@@, 3995(1993]. Related to this is the presence of Bose-electron-
type species such as paired ho[ss J. Emery and S. A. Kivelson, Naturfgondon 374, 434 (1995] and
holons[P. W. Anderson, G. Bakaran, Z. Zou, and T. Hsu, Phys. Rev. 5&t2790(1987] in the normal state

which has been proposed by theoreticians. We have succeeded in detecting the coherent Bose species in the
normal state of YBZL w0, . The ideg[L. P. Levy, G. Dolan, J. Dunsmuir, and H. Bouchiat, Phys. Rev. Lett.

64, 2074(1990] of having the detected oscillation of a fermion persisting current caused by the Aharanov-
Bohm effect on magnetic field scanning in the assemblage of the mesoscopic rings of metal was employed in
the assemblage of a ring patterned in the,€B;0, film. The sensitivity of our detection system is not high
enough to detect fermions, but it is high enough for detecting coherent bosons if they exist. Oscillations with
flux periods corresponding to/2e have been found af>Tc, even at temperatures 30 K or more abdye
inserted in the patterned YBauO, film, but have not been found in the patterned Au or Pd films. To explain

the coherent current circulating in a ring with a circumference as long agsm@resumably in the prestage to

the superconducting stage, the possible coexistence of a minority of coherent bosons and a majority of inco-
herent bosons is discussed. The detection of minority coherent bosons in the background of a majority of
incoherent species is possible in this metH&0163-18208)08129-9

The problem of why and how high-temperature superconmay be a boson. These kinds of boson3 atT. have been
ductivity manifests itself has not been resolved yet after terproposed theoretically, but could not be confirmed experi-
years since its discovery, and is still the hot problem in solidmentally. We believe that we have succeeded in directly de-
state physics. One of the recent interests of researchers seetasting the bosons in HTSC's a>T,.
to be the anomalous properties of the normal phase of the The idea we employed in detecting the boson current is
high-temperature superconductofHTSC) observed by the same as the one that Leeyal® used in detecting per-
NMR,! x-ray photoemission spectroscopfXPS),?> and sisting fermion current. In a ring in which the mean free path
conductivity’ [recently also in Raman scattering, see G.of the electron between the two inelastic scattering events is
Blumberget al, Science278 1427(1997] which are con- longer than the circumference, persistent current exists and
sidered to be the cause of the anomolously high Based oscillates according to the Aharonov-Bohm effect on mag-
on these experimental results, Emery and Kievélsdis-  netic field scanning with a period ofi2/¢o, whereg is the
cussed the striking possibility of the presence of a pairedlux threading the hole of the ring ang, the magnetic flux
hole aboveT, that is, in HTSC's the pairing occurs &, quantum. Levyet al® observed this oscillation in an array of
higher thanT,, in contrast toT,,z=T, in the conventional 1x 10’ mesoscopic isolated copper rings at a few tens mK.
superconductor. The one paired hole with spin 0 is the sam€echnically, detecting such fermion current is very difficult
as one Bose particle or boson. Another type of boson probbecause only one electron is effectively detected in one’ring.
able inT>T,_ was proposed by Andersdjust after the dis- In contrast to this, many boson carriers can occupy the same
covery of HTSC. In the resonating-valence-bo(RVB) energy level at the same time, reducing this difficulty much,
model, holes are separated into holons, charge carriers witsp long as the phase coherence among the bosons is estab-
spin 0, and spinons, spin carriers with no charge. This holofished. We have measured the magnetic moment of the array
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2 20 FIG. 1. Magnetization vs magnetic field at 95
I 2x10% emu s ; K in a 0.3 um thick YBCO film of T,=88 K.
L7 =7 The films are patterned to the assemblage of mi-
- o croscopic rings as written in the text. This sample
g L9 showed a twin pattern similar to that in single
A crystal Y123 by polarized optical microscope ob-
S 167 | servation. The value at one magnetic field is an
= average of five-times repeated measurements (
1.65 =5; n in the tex}. The oscillation on magnetic
field scanning is clearly seen. The solid line curve
163 is only a guide to the eye. The inset is the mea-
sured diamagnetism of this patterned film, show-
L6l 1 1 ] | I | ing T.=88 K.
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of the isolated microsize ring of YB&W;O, (Y123) in the ~ One magnetic field point in the field scanning of the 0.1 Oe
normal state using a superconducting quantum interferencgiep. The averages of thistimes measuremeng and the
device(SQUID) and succeeded in the detection of the oscil-average deviatiolX |x,—Xo|/n are plotted in the figures of
lation, presumably due to the coherent bosons. the present paper. The usual specimens were of the size
Before proceeding to the description of the experimentab x 5 mn?, with two to four pieces layered to the total thick-
procedure, the magnetization in our system is estimated ifiess below 2 mm.
the onlye in one ring is effectively detected as in the case of In Fig. 1, the result for a YBCO sample by using five
a fermion. The current circulating ring | sVf/L, whereV  times repeated measurements at one magnetic poinb(n
is the velocity of the carriee, f is the factor that the carri- mentioned abovds shown. As shown in the inset, tig of
er's real path is extended by elastic scattering, lrid the  this patterned film measured by diamagnetism is 88 K. The
length of the circumference of the ring. The magnetizatiomearly sinusoidal oscillations are clearly seen in Fig. 1. The
M of the system isVl =NIS, whereN is the number of the flux period of this oscillation5B calculated froméB S= ¢,
ring andS is the area of the hole of the ring in which the flux is 0.58 G, whereS is the area of the hole of the ring
is threaded. An example of an experimental paramet&t is 6x6 um? and ¢, is magnetic flux quantumch/2e,
=1X10°, L=40um, andS=1x10"%cn?. If we setV  2.07x10 7 G cnt. If the effectiveS is used as X 7 un?
=5x10P cm/sec, which corresponds to the velocity for thethe flux period is 0.42 G. The experimental results in Fig. 1
Bose electron at 100 Kk(T=0.01 eV), andf=1, M is cal-  show that theSB’s are 0.4 to 0.5 G. In another sample the
culated to be X10 *? emu. M=4x10 1! if we use the flux periods were 0.5 G and did not exceed 0.6 G in any
speed at the Fermi surfagélowever, our lowest limit of the samples. This variation of the flux period seems to depend on
detection system foM is about X 10”8 emu. So, detecting the effective area of the ring hole, which mostly depends on
one fermion using our detection system is impossible. Wehe patterning process. It can be said that the observed flux
need a coherent charge ok10* at least. periods agree well with the calculated value, which will lead
The dimensions of one unit of the rings are a ring width ofimmediately to a conclusion that the species we are observ-
3 um, an outer and inner circumference of 48 and/ @4, ing atT>T. has 2, the same as that iIn<T.. The oscil-
respectively, and a hole dimension ok® um? The rings lation amplitude seen in Fig. 1 is not always uniform with
are arrayed with a center-to-center distance ofy®0. The the flux. This seems to be partly due to the fact that the area
thin film of 0.3 um thick Y123 was deposited on a MgO of the current path in the ring is too large compared to that of
single crystal substrate of 0.5 mm thickness. The ring patterthe ring hole. The size of the ring was determined by recon-
was drawn using the photolithography method on the resistiliating the need to make the ring as small as possible and to
coating the Y123 film, and printed on the film later by ion- reduce the technical difficulty on the small size patterning. If
bombardment etching. Measurement of the magnetizatiothe ratio of the area of the ring hole to that of the ring were
was made using a SQUID XE-II of Quantum Design Co. Theto become reasonably improved, a uniform oscillation ampli-
residual magnetic field was reduced to lower than 10 mG byude would be observed. The oscillation amplitude was
a flux-gate meter before the measurement. The EDC systefound to depend on the quality of the Y123 film. The sample
gave small fields with 0.1 G step by using a coil woundin Fig. 1 showed twin pattefrdomains(before the ring pat-
inside the superconductin@C) magnet coil.(Sometimes a terning under the polarization microscope which are gener-
fixed field was set by a SC coil in addition to EDC to get aally observed in the single crystal of the orthorhombic phase
good SQUID responseThe data were taken in RSO mode. of Y123. In this sample the widths of the domains were
For each point of the magnetic field the measurements wenaider than 20um which are sufficient to include one ring in
made 5-10 times. A typical example of one unit of the mea-one domain. This means that for one ring, the film quality is
surement is the average of four 19 cycle RSO oscillations iras good as the twinless single crystal.
1.5 Hz and 3 cm amplitude. The sequential repetition of this In the samples in which the twin patterns were not ob-
unit by n (usually 5-10 times measurements was made forserved, a similar oscillation of 0.4 to 0.5 G flux periods were
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thick ring-patterned film off ;=78 K at 110 K, shown ir(a); in the _FIG. 3. Magnetization vs magnetic field is measured in g.0r8
patterned Au films of 500 A thickness at 110 K (io); and in a Pd thick Y123 ring-patterned filnfthe twin pattern was not observyed
film (not patternegiat room temperature ifc). The sample Y123 @t 110 K. The sample was kept at 110 K for 17 h before the mea-
(before the ring patterninglid not show the twin pattern by optical Surements. The measurements were repeated times at each
microscope observation. A fixed field of 30 G was set by an SC coifmagnetic field. Data are reducedrte- 3 by the processing as stated
to get a good SQUID response. All the data were taken by thd Fig. 2 and the text. As in Fig. 2, the averagesrierS are plotted
repeated measurement pf=10 for the one magnetic field. The as plus signs at the points where thes_e symbols are not concealed by
averages and deviations are shown after peeling off the smallest atige average symbols for=3. The solid line curve is drawn only
the largest points three times from= 10, reducing tm=4. How-  for @ guide to the eye.

ever, the averages in the=4 do not change much from the aver- fi f Eig. 2. As in Fig. 2. the averages for5 are
ages ofn=10. The averages fan=10 are plotted as plus signs nation or Fg. 2. As In 9. 2, verag

only on the points where these symbols are not concealed by th%lmted as plus signs at the points where these symbols are

average symbols fan=4. The absolute values o at 2.5 Oe are Ot concealed by the average symbolsrier3. _
1.24x107%, 1.05<10°5, and 0.7 10 ® for (a), (b), and(c), respec- Summarizing the descriptions stated above in Figs. 1-3, it

tively. The solid line curves are drawn only for a guide to the eye.Can be concluded that periodical oscillations with 0.4 to 0.5
G are observed only in the ring-patterned HTSC Y123, and
also observed, although the oscillation amplitude becameven at temperatures 30 K higher tHan. It is to be noted
much smaller. In Fig. 2, the case for a Y123 samplelof that this kind of oscillation, though smaller in amplitude, was
=78 K measured at 110 K is shown {@), in comparison recognized even at 120 K or above in some underdoped
with patterned-Au films measured at 110 and with a Pd  samples. We found a similar oscillation in Bi2212 at tem-
film (not patterned measured at room temperatu®. All peratures of 140 R.In Ref. 2, Dinget al. reported that a
the data in these cases were taken by the repeated measuypseudogap observed by ARPES in the underdoped samples
ment ofn= 10 for one point of the magnetic field. The data exists atT>T. up to 170 K. Some researchers think the
in Fig. 2 are shown after peeling off the smallest and largeséxistence of such a pseudogap is related to the existence of
points three times fromm= 10, which reduces to 4. How- the paired hole. Our results on these oscillations indicate the
ever, the averages m=4 do not change from the averages same tendency as the oscillation of this pseudogap.
of n=10. In this figure, the averages for= 10 are plotted as The oscillation signals observed here must be due to the
plus signs only on the points where these average symboBose particle current for the reason that we stated in the
are not concealed by the average symi®) for n=4. One  beginning of this paper. The fact that the coherent signal is
may think that even ir(c), and rather ambiguously itb), observed may suggest that the inelastic scattering length
small fluctuations may exist, but the maximum amplitudes ofmust be larger than the circumference of the ring, 4.
the fluctuations do not exceed 0:830 8 emu, in contrast But this length is much longer than those which are familiar
to 0.7x10 8 emu in(a), and the fluctuation periods are not in HTSC's. The scattering length is given byly=v7, 7
the same as those i@). Such small fluctuations ith) and  =h/(27AKT) (h: Planck’s constant\: constant relating to
(c) seem to be intrinsic in the SQUID measuring system inthe strength of the coupling between the phonons and the
the range close to the detection limit. The oscillation signalsarrier,k: Boltzmann's constaht The largesh is estimated
clearly periodical with a period of about 0.4 G as shown into be 0.3!° which gives al, of less than 100 A. Some re-
(@ were always observed in the ring-patterned Y123searchers think <0.3. But is it possible to extenlg, to 40
samples, especially if the samples were kept for a long timeum? We discuss this discrepancy in the following. In Table
such as 15 h, at 110 K. It can be concluded that this oscillal, we give (1) the magnetizatioM if only one e with veloc-
tion at 110 K in the Y123 samples af,=78 K is the same ity v per ring exists(2) the number of the boson carrier per
kind as that observed at 95 K in the ring-patterned sample afing to getM =1x10"8 emu, (3) the number of the doped
T.=88 K prepared from the twin-patterned film, although hole calculated from the well-accepted value of the density,
the amplitude of the former is much smaller than that of thel X 10°%/cm®, and (4) the De-Broglie wavelength, for three
latter, by about %108 emu. kinds of velocity (or energy, (a) 5x10° cm/sec, (b)

In Fig. 3, a similar periodical oscillation in the extended 5x 10° cm/sec, andc) 5x 10* cm/sec. The velocitya) is
range of 0—4 G is shown fan=5 measurements at 110 K the maximum velocity of Bose electrons at 100 K, calculated
for another sample of ;=78 K. In this case data are reduced from E=kT=0.01 eV. The velocityb) just coincides with
to n=3 by the same procedure written above in the explathat of the sonic velocity in Y123 Generally, a particle
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TABLE I. This table gives the typical parameters of the as- A B)
sumed boson carriers to show that the existence of an experimen- Incoherent Coherent
tally detectable amount of coherent carriers, circulating a long path
with a circumference of 4Qum, is reasonable. < >

@ (b) ©

Velocity (v, cm/9 5x10°  5x10°  5x10* . .

and energyeV) of e 11072 1x104 1x10°° ) '

(1) M (emu by one %1012 2x10718 2x10° 2 4 6
e per ring withv (f=1) log 10E (V)

(2) Numbers ofe per ring 5¢10° 5x10* 5x10°
necessary foM=1x10"8 emu

(3) Numbers of hole per ring %10t°

(4) Wavelength ofe (A) 73 730 7300

FIG. 4. This sketch shows an example of a scheme discussed in
the text on boson carriers. The boson carriers are divided into inco-
herent and coherent parts with a boundary &tiD 2 eV. Going to
the right, the integrated phase of the collective boson carriers con-
tained in one wavelength become more stable against the collision
by incoherent bosons.
with chargee traversing a medium with a velocity slower .
than the sonic velocity cannot receive or give energy from o@rOW- This assemblage of bosons reacts as a whole to the

, - - .single collision made randomly in time sequence by the
to the lattice, .that is, the lattice phonons are n(.)t. responmbl%ogons in regioriA), and the engrgy of the in?egrated p)(]ase
for the inelastic scattering. Therefore, one condition to estaby ' ¢ change much. as in the one-to-one incoherent boson

lish the cpherence in our system is. .that'the velocity i.S SIOWe{:ollision. In other words, the phase becomes more stable for
than (b) in Table I. Another condition is that the distance the collision. This effect makes it look as if the mean free

between the two carriers circulating the ring should benaih petween the inelastic scatterings becomes longer. This

shorter than the wavelength of the carriers. The latter Condiphenomenon becomes enhanced at lower energy where the
tion is also satisfied irfb) and (). In Fig. 4, we give this \yayelength becomes longer. For instance, at an energy of
scheme by a sketch that the carriers are divided to incoherentx 10-6 ev [Table Kc)] 55 bosons are included in one
region(A) and coherent regiofB) with the boundary aE  wavelength even if we Ilimit the energy width to
=1x10"*eV. In thermal equilibrium where the boson 1x107° eV. Such collective ordering seems to be similar to
charge carriers react with lattice phonons effectively, the bothat atT<T. where all bosons are condensed into the lowest
son obeys the Boltzmann distribution. Therefore, around 10@evel. This state can be called the prestage of superconduc-
K, the bosons are considered to be equally distributed inivity. Thus, it is quite reasonable to assert that coherence
every energy. If so, the ratio of the number of bosons inbosons can be detected in the ring with a circumference as
region (B) is 1x10 4/0.01=1% of the incoherent bosons in long as 40um. This conclusion can be made quite reason-
the region(A), that is, about %1® per ring. In region(B) ably if we once postulate that the charge carriers in the nor-
where the energy transfer by a lattice phonon is impossiblemal state are bosons.

the energy transfer by collision processes must wéifh) Thus, in the normal phase a majority of incoherent species
the collision between two bosons in the regi®), (B2) the  and a minority of coherent species coexist as in the sketch of
collision with incoherent bosons in regidA), and(B3) col- Fig. 4. The present method detects only the coherent current

lisions with spins The collision(B2) is indirectly related to  exclusively.

lattice phonons, therefore the energy distribution may still be  We have succeeded in the detection of boson current in
of Boltzmann type, that is, distributed equally in every en-the normal state of Y123 films patterned to micron-sized
ergy. In region(B) the boson with the highest enerffjable  rings. The method of using the assembly of microscopic
I(b)] has a wavelength of 730 A. The number of bosons ofings makes it possible to select minor coherent carriers in
4x1C is distributed in the circumference of 4@m. If we  the background of the major incoherent carriers. In addition,
consider that all particles in regid8) are centered at this an important merit of this method is that it can determine
energy, 550 bosons are included within one wavelength. Invhether the carrier is o& or 2e. For these reasons this
this one wave, one cannot distinguish the position of eaclnethod is unique in comparison to other conventional meth-
boson. The phase integrated from the individual bosons wilbds, i.e., resistance or optical measurements.
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