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1/f noise in insulating YBaCu;0,_ 5
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We have studied the flhoise in underdoped YBE&u;O;_ s (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
spectruns, /12 is observed to be linearly proportional to the device resist&ddis 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 theb@sél planes of
the YBCO.
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Recently, there has been considerable interest in the nor- Despite the recent interest in underdoped cuprates, there
mal state properties of underdoped cuprates. In particulagre in fact no studies of theflhoise in the insulating regime
there are several interesting studies reporting the observation- §<6.4. This is a regime where the resistivity risesTas
of stripe phases in La,SrCuO, and YB3Cu;O; s  decreases, and there is no superconducting transition even at
(YBCO).'”® Equally interesting is the observation of a very lowT. In this paper we present our measurements of the
pseudogap in the normal state excitation spectrum of severgdmperature dependence of thé mbise in thin films of in-
cuprate superconductctsThere are of course other intrigu- sulating YBaCu,O,_ 5 having different amounts of oxygen.

ing subjects that need to be more carefully studied in theyq find that the normalized current noise/I2 (=S, /V?)

underdoped regime. For example, the precise temperatufg linearly proportional to the resistanéeof the film. This

dependence of the resistivity in insulating cuprates is Oﬁe%caling is observed as we charRgey changing the tempera-
not well characterized. For this reason we recently initiated Qe T by changing the amount of oxygen doping, or by
series of measurements investigating the temperature dEpecr:Fang’ing the voltage to the gate of our three-term’inal de-
dence of the resistivity of YB&u;O;_ 5 for 7— 6<6.4. We

found that in sufficiently underdoped material we clearly vices. Our observations are interpreted as being the result of

observe two-dimensiona2D) Mott variable range hopping fluctations in both the number of charge carriers and the

(VRH). As we remove even more oxygen, we then observdnobility of those charge carriers as oxygen atoms move

hopping transport that is dominated by electron-electron in@Pout in the basal planes. o ,
teractions. The YBCO material being studied is the conducting chan-

Another subject that deserves more attention is low frehel of a three-terminal device. The substrate is single crystal
quency resistance fluctuatiorid/f noise. Several groups electrically conducting Nb-doped SrTiQSTO) and is the
have reported measurements of hbise in various cuprate gateG. A 400 nm layer of undoped STO is then deposited on
material~*° Most of these measurements involve studies oftop of G. This is followed by a 50 nm layer of-axis-
optimally doped materidt/®*°and one of the main issues is oriented YBCO grown epitaxially on top of the STO layer.
the larger than expected noise levels. It is customary to charthe device is completed by adding platinum sougand
acterize the noise in a material using Hooge’'s empiricadrain D electrodes. Each device has a channel length 1
formulat® =5 um and widthw=90um. Additional fabrication details

may be found elsewhere-"18

Sv/V2= alfN., (1) All devices start out with fully oxygenated YBCO. Oxy-

gen is then removed by controlled annealing in Ar at a tem-
where S, is the power spectral density/ is the applied perature of 250—350°C for 1-2 h. The precise amount of
voltage,f is the frequency;y is a number near or equal to oxygen removed is not known, but can be estimated from
one, N, is the number of carriers, and the dimensionlesshe measured resistivity at room temperattir® All devices
parameter has a value of the order of 16—107° in con-  studied for this paper have-75<6.4. A list of the final
ventional metals. In higf-, superconductors is typically  annealing parameters for each device studied is given in col-
found to be~10°—10°, although anx as low as 102 has  umn 2 in Table I. In column 1 the label in parenthesis iden-
been reported* These very large noise levels are perhapdtifies individual devices located on one of several chips that
puzzling and many microscopic models have beenwere fabricated. The third column gives the resistigipf
reportecf"910121415Thase models generally fall into two each device at 290 K. The resistivity is calculated from the
categories: those describing what is occurring nBaand  measured resistanétusing the formulgp = (dw/1)R where
those strictly dealing with the normal state well abdye In d=50 nm. Each device has a different starting resistance and
the second category, the noise is often identified as being thee different amount of oxygen. We note that even though
result of motion of oxygen atoms in the Cy(asa) planes, devices 1, 3, and 4 have the same final annealing parameters,
which contain the Cu-O chairt$:* as indicated in Table I, the annealing history of each device
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TABLE I. Final gnnealing parameters and starting resistivities at 105 : :

290 K for four devices. 400 mV device 2
Device Final anneal in Ar p(290 K) (2 cm) E 104 - 200 293K 1

1 (471m) 1h @ 310°C 16.1 i 103

2 (471) 1h @ 320°C 6.6 10° %

3 (450d) 1h@ 310°C 760 = 102

4 (4500) same 67 Z

s 10"} ~o
Vg =-4V <~

is in fact different and therefore the amount of oxygen and 100 I . L~
disorder is expected to be different. 8 101 8 100 3

The devices are vapor cooled above a bath of liquid he-
lium and the temperature is measured using a Si-diode ther-
mometer. Two-wire dc conductance measurements are made
using a battery povyered power supply to voltage bias th pplied voltages. The dashed line shows the expected slopeffor 1/
device and a low noise current preamp to measure the resulizice
ing current I. An HP3562A spectrum analyzer is then used to
measure the current noiSp. ) ) ) ) )

Before we discuss the noise properties of the device§evices are higher than in device 1. Finally, we note that the
listed in Table | we shall first briefly review the temperaturedata shown in Fig. 1 were taken with the gate voltage
dependence of the resistance of these devices. In Fig. 1 we0. When we apply a sufficiently negative gate voltage we
plot the log ofR for each device vd Y2 This is the ex- cleanly observethe T~ temperature dependence expected
pected temperature dependence for VRH wkeminterac-  for conventional 2D Mott VRH? In this case, the additional
tions between the localized carriers are importamh Fig. 1~ charge added to the conducting channel strongly reduces the
we see that device 1 obeys tfie 2 dependence very well. effect of e-einterations.

Devices 3 and 4 show significant high temperature effects Typical noise data are shown in Fig. 2. In this figure, we
and then begin to follow the expect&d Y behavior. Device plot the measured noise of device 2 versus frequency for four
2 has a very large starting resistance and very quicklyifferent applied voltages. From each noise trace we have
reaches the maximum resistance that we can reliably meguybtracted noise data taken with zero applied voltage. This
sure. Given the limited range R, the T dependence of de- removes both the Johnson noise and any preamp or system
vice 2 is not uniquely determined. In a previous publication, nise. The dashed line indicates the expected frequency de-
we considered other possible temperature dependences fﬁéndences|~1/f7= 1/f for y=1. The slopey of the four

ot : 2
these very resistive devices and we found thathé” de- a1 traces varies between 1.05 and 1.15 which is typical for

pendence was best. Also, even though the temperature d.&]r devices. The data also scales with the square of the ap-

ge\r/\idenfev\?f diwc(eﬂs_ 2ir’1t3’rant(ij s 'S; ngt ?; werltl ﬂte?r?fr? as IBlied voltage. This is expected if the applied voltage is suf-
evice 1, We expea-einteractions 1o be Importa ese ficiently small that we are in the Ohmic regime and if the

devices given the convincing evidence that they are imporhoise is in fact due to resistance fluctuations. At room tem-
tant in device 1 and that the starting resistivities of these . . . : )
perature, the resistance of device 2 is about 200 With

Vy=—4V and 7 Q) with V=0,

f(Hz)

FIG. 2. Noise vs frequency for device 2 measured using four

T(K) In Fig. 3(@ we show the typical effect of changing tem-
6 100 30 10 4 perature on the noise characteristics of device 4 Wighk-
10 l l l I —11V. These measurements are always taken at low bias to
10° | 82 _ insure Ohmic behavior, and therefore the applied Mais
4 usually in the range 2—10 mV. We note that 4 mV for the
10 data taken at 7.3, 14.4, and 80.5 K; aviet 10 mV at 17.6,
= 10° 170, and 257 K. If we take each noise trace shown in Fig.
E 5 3(a) and divide the measured noise by the square of the mea-
o 10 sured current we obtain the result shown in Fi¢h)3The
10’ ratio S, /1% will be called the “normalized” noise. Each trace
0 is now labeled by the sample resistance at which the noise
10 was measured. The lowest trace in Fi¢p)3neasured at 7.3
107! K now becomes the top trace in FigbBwith the label 2580
0.02 0.12 022 0.32 0.42 052 MQ. The interesting result shown in Fig. 3 is that even
T2 ( K-1/2) though S, decreases a3 decreasesS, /12 increases ag

decreases. This occurs because in a hopping system

FIG. 1. Resistivity vsT~ Y2 for four devices. The lines are = (V/R)~exd(T/To)*"], and thereforeS, /1 increases rap-
guides for the eye. idly as we decreas€ becausé is decreasing exponentially.
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10'3 S ——rrry FIG. 4. The average of the normalized noise measured at 0.1,
2580 MQ devi 0.3, and 1 Hz versus the device resistance for three devices with

ce 4

Vy=0. The dashed line indicates a linear dependenci.on

first consider one other way in which we can change the
noise of our devices—by changing, . At fixed T, changing
Vg adds charge to the conducting channel near the the
YBCO/STO interface and this effects the measured resis-
tance. Figure 5 shows measurementd 8f/1? vs R as we

108 1 Vg=-11V changeVy and then as we change At 257 K, the resistance
10-9 Ll R, . of device 4 decreases from 1.3(Mo 136 K as we change
5 10 8 5 100 8 Vg from 0 to —18 V. At lower T, the effect is much larger.
We note that thet’s in Fig. 5 are the same-’s that appear
®) f(Hz) in Fig. 4 and that most of the dots in Fig. 5 are obtained from

FIG. 3. (a) Noise vs frequency for device 4 at several tempera—f[he, raw data shown in Fig. 3. Eor completeness, .We have
tures. (b) Normalized noise vs frequency at seveR{IT)’s. The indicated the temperatures at which a few of the points were

noise dats, are the same as in pag). The dashed lines show the measured. Fig.. 5 shows that the data continue to scale rea-
expected slope for L/noise. sonably well withR as we chang&/y, although there does
seem to be a systematic increase in the normalized noise as

L .|Vl increases. We note that when we chakgeve usually
In the above formulan depends on the effective dimension- | "9 .
wait several hours before we measi8e We do this be-

ality of the conducting channel and on the strength ofetiee . o here is some initial drift iR at fixed T which lasts

Interactions. o . about 1/2 hour. The observed systematic increase may there-
So far we have changed the noise in our devices b i ;
. . . .__fore be the result of long term drift effects which get worse
changingT. Another way in which we can change the noise . e .
as we increasgVy|. However, if this were occurring we

's to change the amount of oxygen in the YBCO layer bywould expect to see a significant change in the slop ok

annealing in argon. This changes the number of mobile €A Hich is not observed
riers and the amount of disorder. In Fig. 4 we plot measure-’ '

ments offS, /12 vs R for 3 devices withV,=0. Each device

has a different amount of oxygen and a different starting 108 — 1 T
resistivity. For each point, the value 68, is obtained from ) 87K
a measuremeritrace of S, vsf at fixed temperature and is PR | device 4 'V/ ?’\4 ]
an average of S, at 0.1, 0.3, and 1 Hz. For a given device S qofk Vé + 31
the changes iR are obtained by changing@. (Please note = o VA L+
that we shall use the notatidi; and S, interchangeably. ~ v /+/
The main result shown in Fig. 4 is th& /12 is linearly = Mg

; . L ~ 104 L ¢ |
proportional to the measured resistance as indicated by the s 10 ../( v Vg=0V
dashed line. This result is observed as we chdhgéher by ha | yZ(ng K ® g -1 |
changingT or by changing the oxygen stoichiometry-5. v -18
We have considered other possible functional dependences 102 L L | L ! !
for S/12, for example, we have tried 10§(1%) vs logT 107 10° 10" 102 10°® 10*
(power law inT) and log& /1) vs 1T (activated. However, R (MQ)
we then find that the data no longer follow a single universal
curve as we change the amount of oxygen. FIG. 5. Normalized noise \R for device 4 at three applied gate

Before we discuss in detail the observed scaling we shaloltages.
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We shall now present our interpretation of what is fluctu-the number of carriers have a significant effect on the mobil-
ating; i.e., what is the source of thef Moise? To do this we ity of the carriers. This last point will be made clearer below.
shall first briefly consider the standard theoretical framework The main result of our paper is the observati@/I?
for 1/f noise?® An event causing random resistance fluctua-scales linearly withR in YBCO material that is sufficiently
tions with a characteristic time generates a noise spectrum deoxygenated that VRH is the dominant transport mecha-
of the form S~7/[1+ (27f)?7%]. If 7 is thermally acti- nism. This is observed whether we charRyby changingT,
vated, i.e.,7(E) = 7, exp®&/kgT), and if there exists a distri- or by changing the oxygen stoichiometry, or by applying a
bution of activation energie® (E) that is roughly constant gate voltage. We can develop some insight regarding this
over a range in energy much larger thHeyT, then result if we recall the following:R=p(l/wd)=I/(owd)

=1/{[emw(N¢/lwd)]wd}=12/(euN,), and therefore

S~ f 7(E) E)dE~1/f,

1+4772f2[T(E)]2D( S /12~R~1/N.u, 2

where the range of energies over whiti(E) is uniform \\here 4 is the mobility. We can now interpret the observed
determines the limits of the flkegion. Let us then return to changes in the normalized noise in terms of changeN.in

the question: what is fluctuating, or within the context of the 4, 1. In YBCO, as we changd, the number of carriers
above discussion, what is trappm_g_and detrapping? In d_em%'hanges no faster than a simple power lawfin N ~T*,
genated YBCO we propose that it is the oxygen atoms in thenare <1 2° This is true even if a soft gap develops at
CuQ, planes, which contain the Cu-O chaitfs* For 7— & E..2' Therefore, in the hopping regime, wher®

< 6.4 there are two main types of fluctuating everit& (1) ~ex(To/M¥, bothR ands, /12 increase exponentially as
free (not aggregatedoxygen atoms that move between uUn- 1 jecreases becaugeis decreasing exponentially. We note
aggregated @) sites to @5) sites and(2) aggregated OXy- hat in this case the stron dependence oR and x is a

gens that move between(D sites within chain fragments a4 result of VRH transport. However, we would like to

and Q5) sites. The first event has a relatively discrete ac“'emphasize that the observed noise is caused by number fluc-
vation energy=0.1 eV, and the second has an energyeV.

; ) : tuations which in turn cause mobility fluctuations and the
There is a spread in the energies of events of type two b5 erall observed noise is strongly dependent because

cause the chain fragments have differe_nt lengths. Since the 26 \\/hen we change the stoichiometry by removing oxygen
number of unagregated oxygen atoms is srifalhe second e primary increase in noise is the result\yf decreasing.

type of event should be the main source of rlolilse. Furthefye aiso expect the noise to increase because there is now
more, if E=0.1eV andT=280K, then7~10 *s, and

. . . ' more disorder and therefope is smaller. Finally, when we
therefore events of the first type will not contribute signifi- apply a negative gate voltage this adds carriaes to the
cantly to the observed noise ndar 1 Hz. The motion of the YBCO and the main effect of doing this is to increase

oxygen atoms changes the coordination number of the Cuince the additional holes provide additional hopping sites.
atoms in the CuQplanes which in turn changes the number

of (localized carriers in the conducting Cy(lanes. How- We thank C. C. Tsuei for stimulating discussions and G.
ever, more importantly, in a hopping system these changes ifirafas and T. Doderer for valuable technical assistance.
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