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1Õf noise in insulating YBa2Cu3O7Àd
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~Received 24 July 2000; published 5 June 2001!

We have studied the 1/f noise in underdoped YBa2Cu3O72d ~YBCO!. The YBCO material being studied is
the conducting layer in a three-terminal gated device. In sufficiently underdoped devices, the carriers are
localized and the main transport mechanism is variable range hopping. In this regime, the normalized power
spectrumSI /I 2 is observed to be linearly proportional to the device resistanceR. This scaling is observed as we
changeR by changing the temperature of the device, the amount of oxygen doping, or the gate voltage. The
observed noise is interpreted as being the result of the motion of oxygen atoms in the CuOx ~basal! planes of
the YBCO.
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Recently, there has been considerable interest in the
mal state properties of underdoped cuprates. In particu
there are several interesting studies reporting the observa
of stripe phases in La22xSrxCuO4 and YBa2Cu3O72d
~YBCO!.1–3 Equally interesting is the observation of
pseudogap in the normal state excitation spectrum of sev
cuprate superconductors.4 There are of course other intrigu
ing subjects that need to be more carefully studied in
underdoped regime. For example, the precise tempera
dependence of the resistivity in insulating cuprates is of
not well characterized. For this reason we recently initiate
series of measurements investigating the temperature de
dence of the resistivity of YBa2Cu3O72d for 72d,6.4. We
found5 that in sufficiently underdoped material we clear
observe two-dimensional~2D! Mott variable range hopping
~VRH!. As we remove even more oxygen, we then obse
hopping transport that is dominated by electron-electron
teractions.

Another subject that deserves more attention is low
quency resistance fluctuations~1/f noise!. Several groups
have reported measurements of 1/f noise in various cuprate
materials.6–15Most of these measurements involve studies
optimally doped material,6,7,9,10and one of the main issues
the larger than expected noise levels. It is customary to c
acterize the noise in a material using Hooge’s empiri
formula16

SV /V25a/ f gNc , ~1!

where SV is the power spectral density,V is the applied
voltage, f is the frequency,g is a number near or equal t
one, Nc is the number of carriers, and the dimensionle
parametera has a value of the order of 102121025 in con-
ventional metals. In high-Tc superconductorsa is typically
found to be;1032106, although ana as low as 1022 has
been reported.14 These very large noise levels are perha
puzzling and many microscopic models have be
reported.6,7,9,10,12,14,15These models generally fall into tw
categories: those describing what is occurring nearTc and
those strictly dealing with the normal state well aboveTc . In
the second category, the noise is often identified as being
result of motion of oxygen atoms in the CuOx ~basal! planes,
which contain the Cu-O chains.12,14
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Despite the recent interest in underdoped cuprates, t
are in fact no studies of the 1/f noise in the insulating regime
72d,6.4. This is a regime where the resistivity rises asT
decreases, and there is no superconducting transition ev
very low T. In this paper we present our measurements of
temperature dependence of the 1/f noise in thin films of in-
sulating YBa2Cu3O72d having different amounts of oxygen
We find that the normalized current noiseSI /I 2 (5SV /V2)
is linearly proportional to the resistanceR of the film. This
scaling is observed as we changeR by changing the tempera
ture T, by changing the amount of oxygen doping, or
changing the voltage to the gate of our three-terminal
vices. Our observations are interpreted as being the resu
fluctations in both the number of charge carriers and
mobility of those charge carriers as oxygen atoms mo
about in the basal planes.

The YBCO material being studied is the conducting cha
nel of a three-terminal device. The substrate is single cry
electrically conducting Nb-doped SrTiO3 ~STO! and is the
gateG. A 400 nm layer of undoped STO is then deposited
top of G. This is followed by a 50 nm layer ofc-axis-
oriented YBCO grown epitaxially on top of the STO laye
The device is completed by adding platinum sourceS and
drain D electrodes. Each device has a channel length
55 mm and widthw590mm. Additional fabrication details
may be found elsewhere.5,17,18

All devices start out with fully oxygenated YBCO. Oxy
gen is then removed by controlled annealing in Ar at a te
perature of 250–350 °C for 1–2 h. The precise amount
oxygen removedd is not known, but can be estimated fro
the measured resistivity at room temperature.19,20All devices
studied for this paper have 72d,6.4. A list of the final
annealing parameters for each device studied is given in
umn 2 in Table I. In column 1 the label in parenthesis ide
tifies individual devices located on one of several chips t
were fabricated. The third column gives the resistiviyr of
each device at 290 K. The resistivity is calculated from t
measured resistanceR using the formular5(dw/1)R where
d550 nm. Each device has a different starting resistance
a different amount of oxygen. We note that even thou
devices 1, 3, and 4 have the same final annealing parame
as indicated in Table I, the annealing history of each dev
©2001 The American Physical Society05-1
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is in fact different and therefore the amount of oxygen a
disorder is expected to be different.

The devices are vapor cooled above a bath of liquid
lium and the temperature is measured using a Si-diode t
mometer. Two-wire dc conductance measurements are m
using a battery powered power supply to voltage bias
device and a low noise current preamp to measure the re
ing current I. An HP3562A spectrum analyzer is then used
measure the current noiseSI .

Before we discuss the noise properties of the devi
listed in Table I we shall first briefly review the temperatu
dependence of the resistance of these devices. In Fig. 1
plot the log ofR for each device vsT21/2. This is the ex-
pected temperature dependence for VRH whene-e interac-
tions between the localized carriers are important.21 In Fig. 1
we see that device 1 obeys theT21/2 dependence very well
Devices 3 and 4 show significant high temperature effe
and then begin to follow the expectedT21/2 behavior. Device
2 has a very large starting resistance and very quic
reaches the maximum resistance that we can reliably m
sure. Given the limited range inR, the T dependence of de
vice 2 is not uniquely determined. In a previous publicatio5

we considered other possible temperature dependence
these very resistive devices and we found that theT21/2 de-
pendence was best. Also, even though the temperature
pendence of devices 2, 3, and 4 is not as well defined a
device 1, we expecte-e interactions to be important in thes
devices given the convincing evidence that they are imp
tant in device 1 and that the starting resistivities of the

TABLE I. Final annealing parameters and starting resistivities
290 K for four devices.

Device Final anneal in Ar r~290 K! ~V cm!

1 (471m) 1 h @ 310 °C 16.1
2 (471r ) 1 h @ 320 °C 6.63105

3 (450d) 1 h @ 310 °C 760
4 (450f ) same 67

FIG. 1. Resistivity vsT21/2 for four devices. The lines are
guides for the eye.
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devices are higher than in device 1. Finally, we note that
data shown in Fig. 1 were taken with the gate voltageVg

50. When we apply a sufficiently negative gate voltage
cleanly observe5 theT21/3 temperature dependence expect
for conventional 2D Mott VRH.22 In this case, the additiona
charge added to the conducting channel strongly reduces
effect of e-e interations.

Typical noise data are shown in Fig. 2. In this figure, w
plot the measured noise of device 2 versus frequency for
different applied voltages. From each noise trace we h
subtracted noise data taken with zero applied voltage. T
removes both the Johnson noise and any preamp or sy
noise. The dashed line indicates the expected frequency
pendenceSI;1/f g51/f for g51. The slopeg of the four
data traces varies between 1.05 and 1.15 which is typica
our devices. The data also scales with the square of the
plied voltage. This is expected if the applied voltage is s
ficiently small that we are in the Ohmic regime and if th
noise is in fact due to resistance fluctuations. At room te
perature, the resistance of device 2 is about 200 MV with
Vg524 V and 7 GV with Vg50.

In Fig. 3~a! we show the typical effect of changing tem
perature on the noise characteristics of device 4 withVg5
211 V. These measurements are always taken at low bia
insure Ohmic behavior, and therefore the applied biasV is
usually in the range 2–10 mV. We note thatV54 mV for the
data taken at 7.3, 14.4, and 80.5 K; andV510 mV at 17.6,
170, and 257 K. If we take each noise trace shown in F
3~a! and divide the measured noise by the square of the m
sured current we obtain the result shown in Fig. 3~b!. The
ratio SI /I 2 will be called the ‘‘normalized’’ noise. Each trac
is now labeled by the sample resistance at which the n
was measured. The lowest trace in Fig. 3~a! measured at 7.3
K now becomes the top trace in Fig. 3~b! with the label 2580
MV. The interesting result shown in Fig. 3 is that ev
though SI decreases asT decreases,SI /I 2 increases asT
decreases. This occurs because in a hopping systeI
5(V/R);exp@(T/T0)

1/n#, and thereforeSI /I 2 increases rap-
idly as we decreaseT becauseI is decreasing exponentially

t

FIG. 2. Noise vs frequency for device 2 measured using f
applied voltages. The dashed line shows the expected slope fof
noise.
5-2
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In the above formula,n depends on the effective dimensio
ality of the conducting channel and on the strength of thee-e
interactions.

So far we have changed the noise in our devices
changingT. Another way in which we can change the noi
is to change the amount of oxygen in the YBCO layer
annealing in argon. This changes the number of mobile
riers and the amount of disorder. In Fig. 4 we plot measu
ments off SI /I 2 vs R for 3 devices withVg50. Each device
has a different amount of oxygen and a different start
resistivity. For each point, the value off SI is obtained from
a measurement~trace! of SI vs f at fixed temperature and i
an average off SI at 0.1, 0.3, and 1 Hz. For a given devic
the changes inR are obtained by changingT. ~Please note
that we shall use the notationf SI and SI interchangeably.!
The main result shown in Fig. 4 is thatSI /I 2 is linearly
proportional to the measured resistance as indicated by
dashed line. This result is observed as we changeR either by
changingT or by changing the oxygen stoichiometry 72d.
We have considered other possible functional depende
for SI /I 2, for example, we have tried log(SI /I

2) vs logT
~power law inT! and log(SI /I

2) vs 1/T ~activated!. However,
we then find that the data no longer follow a single univer
curve as we change the amount of oxygen.

Before we discuss in detail the observed scaling we s

FIG. 3. ~a! Noise vs frequency for device 4 at several tempe
tures. ~b! Normalized noise vs frequency at severalR(T)’s. The
noise dataSI are the same as in part~a!. The dashed lines show th
expected slope for 1/f noise.
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first consider one other way in which we can change
noise of our devices—by changingVg . At fixed T, changing
Vg adds charge to the conducting channel near the
YBCO/STO interface and this effects the measured re
tance. Figure 5 shows measurements off SI /I 2 vs R as we
changeVg and then as we changeT. At 257 K, the resistance
of device 4 decreases from 1.3 MV to 136 kV as we change
Vg from 0 to 218 V. At lower T, the effect is much larger.5

We note that the1’s in Fig. 5 are the same1’s that appear
in Fig. 4 and that most of the dots in Fig. 5 are obtained fr
the raw data shown in Fig. 3. For completeness, we h
indicated the temperatures at which a few of the points w
measured. Fig. 5 shows that the data continue to scale
sonably well withR as we changeVg , although there does
seem to be a systematic increase in the normalized nois
uVgu increases. We note that when we changeVg we usually
wait several hours before we measureSI . We do this be-
cause there is some initial drift inR at fixed T which lasts
about 1/2 hour. The observed systematic increase may th
fore be the result of long term drift effects which get wor
as we increaseuVgu. However, if this were occurring we
would expect to see a significant change in the slope ofSI vs
f, which is not observed.

-

FIG. 4. The average of the normalized noise measured at
0.3, and 1 Hz versus the device resistance for three devices
Vg50. The dashed line indicates a linear dependence onR.

FIG. 5. Normalized noise vsR for device 4 at three applied gat
voltages.
5-3
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We shall now present our interpretation of what is fluc
ating; i.e., what is the source of the 1/f noise? To do this we
shall first briefly consider the standard theoretical framew
for 1/f noise.23 An event causing random resistance fluctu
tions with a characteristic timet generates a noise spectru
of the form S;t/@11(2p f )2t2#. If t is thermally acti-
vated, i.e.,t(E)5t0 exp(E/kBT), and if there exists a distri
bution of activation energiesD(E) that is roughly constan
over a range in energy much larger thankBT, then

S;E t~E!

114p2f 2@t~E!#2 D~E!dE;1/f ,

where the range of energies over whichD(E) is uniform
determines the limits of the 1/f region. Let us then return to
the question: what is fluctuating, or within the context of t
above discussion, what is trapping and detrapping? In deo
genated YBCO we propose that it is the oxygen atoms in
CuOx planes, which contain the Cu-O chains.12,14 For 72d
,6.4 there are two main types of fluctuating events:24,25 ~1!
free ~not aggregated! oxygen atoms that move between u
aggregated O~1! sites to O~5! sites and~2! aggregated oxy-
gens that move between O~1! sites within chain fragments
and O~5! sites. The first event has a relatively discrete a
vation energy50.1 eV, and the second has an energy;1 eV.
There is a spread in the energies of events of type two
cause the chain fragments have different lengths. Since
number of unagregated oxygen atoms is small,24 the second
type of event should be the main source of noise. Furth
more, if E50.1 eV andT5280 K, then t;10211s, and
therefore events of the first type will not contribute signi
cantly to the observed noise nearf 51 Hz. The motion of the
oxygen atoms changes the coordination number of the
atoms in the CuOx planes which in turn changes the numb
of ~localized! carriers in the conducting CuO2 planes. How-
ever, more importantly, in a hopping system these change
s
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the number of carriers have a significant effect on the mo
ity of the carriers. This last point will be made clearer belo

The main result of our paper is the observation:SI /I 2

scales linearly withR in YBCO material that is sufficiently
deoxygenated that VRH is the dominant transport mec
nism. This is observed whether we changeR by changingT,
or by changing the oxygen stoichiometry, or by applying
gate voltage. We can develop some insight regarding
result if we recall the following:R5r( l /wd)5 l /(swd)
5 l /$@em(Nc / lwd)#wd%5 l 2/(emNc), and therefore

SI /I 2;R;1/Ncm, ~2!

wherem is the mobility. We can now interpret the observe
changes in the normalized noise in terms of changes inNc
and m. In YBCO, as we changeT, the number of carriers
changes no faster than a simple power law inT: Nc;Tk,
where k<1.20 This is true even if a soft gap develops
EF .21 Therefore, in the hopping regime, whereR
;exp@(T0 /T)1/n#, bothR andSI /I 2 increase exponentially a
T decreases becausem is decreasing exponentially. We no
that in this case the strongT dependence ofR and m is a
natural result of VRH transport. However, we would like
emphasize that the observed noise is caused by number
tuations which in turn cause mobility fluctuations and t
overall observed noise is stronglyT dependent becausem
is.26 When we change the stoichiometry by removing oxyg
the primary increase in noise is the result ofNc decreasing.
We also expect the noise to increase because there is
more disorder and thereforem is smaller. Finally, when we
apply a negative gate voltage this adds carriers~holes! to the
YBCO and the main effect of doing this is to increasem,
since the additional holes provide additional hopping site

We thank C. C. Tsuei for stimulating discussions and
Trafas and T. Doderer for valuable technical assistance.
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