
PHYSICAL REVIEW B
CONDENSED MATTER

THIRD SERIES, VOLUME 56, NUMBER 19 15 NOVEMBER 1997-I

BRIEF REPORTS

Brief Reports are accounts of completed research which, while meeting the usualPhysical Review Bstandards of scientific quality, do
not warrant regular articles. A Brief Report may be no longer than four printed pages and must be accompanied by an abstract. The
same publication schedule as for regular articles is followed, and page proofs are sent to authors.
Low-energy restoration of Fermi-liquid behavior for two-channel Kondo scattering
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The origin of zero-bias anomalies~ZBA’s! in pure metal nanoconstrictions is investigated. It is shown that
the ZBA’s in titanium nanoconstrictions can be completely understood in terms of electron-assisted tunneling
systems. The behavior of such a system is expected to depend on two distinct energy scales, a Kondo energy
below which the electrons behave in a non-Fermi-liquid manner, and a splitting energy below which the
Fermi-liquid behavior is restored. Titanium nanoconstrictions have been found to exhibit zero-bias anomalies
that show both the non-Fermi-liquid behavior and the low-energy restoration of the Fermi liquid.
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Transport experiments on nanometer-size metallic st
tures have revealed new physics not readily resolvable in
macroscopic limit. One of the more intriguing features
such nanoconstrictions and point contacts is that they so
times show zero-bias anomalies1–3 ~ZBA’s! in the voltage-
dependent conductanceG(V) which cannot be satisfactorily
explained by the standard picture of Kondo scattering
magnetic impurities.4 There are three competing theori
which attempt to explain such ZBA’s. In the theory propos
by Wingreen, Altshuler, and Meir~WAM !,5 the anomalies
are caused by an electron-electron interaction induced re
tion in the single-electron density of states in the disorde
regions of the nanoconstriction. In the Kozub-Kulik~KK !
theory,6 the nonequilibrium electrons change the occupat
levels of slow two-level tunneling systems~TLS! giving rise
to a voltage dependent conductance. In the Vladar and Za
dowski~VZ! theory,7 electron-assisted tunneling between t
two positions of a TLS causes non-Fermi-liquid behavior
electrons in the vicinity of the TLS, with the ZBA behavio
determined by the two-channel Kondo~2CK! fixed point.8

The predictions of the three theories differ in importa
ways: KK predictG(V)'V2/3 for high energies~bias volt-
ages! and a saturation inG(V) as V→0; the WAM theory
predictsG(V)'V1/2 but no saturation at low energies b
yond thermal smearing; the VZ/2CK theory predicts that
tween a Kondo energy and a splitting energy,G(V)'V1/2,
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but that below a crossover energyVx the conductance shoul
saturate due to a nonzero splitting between the two low
energy levels of the TLS.

Previous experiments of Ralphet al. with copper
nanoconstrictions1 observed ZBA’s which scaled in a man
ner consistent with an exponent of 0.5060.05 but there are
aspects to those measurements that cannot be explaine
the VZ/2CK model. First, there was no indication of a brea
down of the two-channel Kondo scaling due to the expec
splitting of the TLS, down to the lowest temperatures exa
ined, T>125 mK. In addition, strong, ‘‘critical bias’’ con-
ductance features were observed in the Cu nanoconstric
at high biases, and the ZBA’s had a very strong magne
field (H) dependence. In the experiments of Akimenko a
Gudimenko3 with Cu mechanical point contacts, and
Keijsers, Shklyarevskii, and Kempen2 with mechanically
controlled break junctions made from Cu, Au, Ag, and
ZBA’s of both signs were seen, consistent with the K
theory. More recent experiments of Keijsers, Shklyarevs
and van Kempen2 on metallic glasses show very clearly th
the anomalies arise from two-level systems but they can
determine whether or notelectron-assistedtunneling is im-
portant.

In this paper we present results of an experiment desig
to establish the origin of the zero-bias anomalies in p
metal point contacts. We show that in titanium nanoconst
tions, the zero-bias anomalies are completely consistent
12 033 © 1997 The American Physical Society
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the existence of electron-assisted tunneling in two-level s
tems. In particular, these ZBA’s exhibit precise scaling b
havior with an exponent of 0.5260.05 that is consistent with
the WAM and VZ/2CK theories but not with KK, and
saturation behavior that is consistent with KK and VZ/2C
but not with WAM. We also find that it is possible to chang
the low-energy behavior ofG(V), via short-range electromi
gration, without changing the high-energy behavior. This
sult is readily explainable in the context of VZ/2CK theor
but not with electron-electron-scattering effects. Finally,
find that the magnetic-field (H) dependence of these zer
bias anomalies is very weak and limited to the low-ene
part of the ZBA’s, which can be interpreted as due to
change in the splitting energy by the rearrangement of ph
along the Feynman paths,9 but which is inconsistent with the
WAM and KK theories. Thus the ZBA behavior of thes
titanium nanoconstrictions is fully consistent only with th
predictions of the VZ/2CK theory. Since they do not exhi
the additional features observed in the Cu nanoconstricti
these nanoconstrictions open the possibility of studying
physics of the ‘‘clean’’ 2CK model in detail, as well as a
lowing the examination of a system that shows a crosso
from, two-channel Kondo to a Fermi-liquid behavior.

Point-contact spectroscopy has been used for some
to study energy-dependent scattering10,11 of electrons. For a
contact diameter between two electrodes that is shorter
the low-T mean inelastic-scattering length of the material
is possible to drive the Fermi sea near the contact ou
equilibrium by an amount;eV, whereV is the bias applied
across the device. The change in conductanceG as a func-
tion of V is then a measure of the energy-~or equivalently,
temperature-! dependent scattering rate. This effectively
lows the determination of theT dependence10 of the zero-
bias scattering rate by a measurement ofG(V) at a very low,
fixed T.

For this study we fabricated Ti nanoconstrictions us
nanolithographic techniques discussed elsewhere.12 In brief,
the samples are prepared by electron-beam evaporation
vacuum of mid 1028 Torr onto both sides of a silicon-nitrid
membrane containing a nanohole~3–10 nm diameter!. We
find that these Ti nanoconstrictions are considerably m
stressed than similarly prepared Cu devices. Indeed, the
sile stress is sufficient for some devices to pull apart s
after fabrication, or for the device resistance to change sp
taneously over several hours, usually in an upward direct
even at very lowT. This high level of tensile stress in thes
nanoconstrictions makes them likely candidates to have
namical defects. Moreover, due to the higher melting po
of Ti, structural defects in these nanoconstrictions ann
away very slowly during room-temperature storage, as co
pared to Cu nanoconstrictions.

After preparation, the samples were transferred to a
dilution refrigerator and cooled to 75 mK. The samples w
biased with a slowly varying current and a small ac wigg
was used to measure the differential resistance using loc
detection. Even at the lowest temperatures our excita
voltage~1 mV! was less thankBT/e ~6 mV for 70 mK!.

More than 90% of the Ti samples that we have stud
had a ZBA when they were cooled to lowT. The Fig. 1 inset
shows the conductanceG(V) vs V for a Ti nanoconstriction
~sample No. 1! at different temperatures. In Fig. 1 we pl
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the same data in the scaling form@G(V,T)2G(0,T)#/Ta vs
(eV/kBT)a with a50.5 predicted by conformal field theor
~CFT! calculations.8 The top inset shows the raw data fro
which the scaling curves were determined, and the bot
inset shows the deviation from scaling for different values
a. From this curve we determine thata50.5260.05. We
take this to be strong evidence in favor of a 2CK interpre
tion over the KK picture where the predicted exponent6 is 2

3 .
The 2CK scaling function is characterized by two univer
constants,1,8 G1 and G9(0). We have measured these num
bers using the method outlined in Ref. 1 and findG15
20.8160.10 andG9(0)<0.1 for the sample of Fig. 1. The
deviation from the CFT prediction (G1521.1460.1) can be
explained if corrections of the orderT/TK are important.
Using the NCA~noncrossing approximation! calculations of
Hettler, Kroha, and Hershfield,13 we estimate thatT/TK
'0.1.

Figure 2 shows results from a sample~No. 2! where the
scaling breaks down at low temperatures. This is in sh
contrast to the previous Cu nanoconstriction data. The in
shows theG(V) vs V1/2 for the sample at 1.41 K and 76 mK
For the sample in Fig. 1, theV1/2 behavior sets in ateV
'2kBT; this low-voltage saturation is caused by therm
rounding. For the sample in Fig. 2, the low-voltage satu
tion extends out toeV'31kBT. Since this saturation is mor
than ten times that expected from thermal smearing of
Fermi surface, we infer that this saturation is a true meas
of the energy-dependent scattering rate of the TLS. We
certain that the electron temperature is the same as the
sured temperature because the same experimental confi
tion and equipment was used to previously cool Cu nanoc
strictions which exhibit only thermal saturation down to 5
mK, and because here the saturation of the ZBA’s can
changed by electromigration.

The observed scaling and its subsequent breakdown fi
a natural explanation in the electron-assisted tunneling
tem picture. When the bias energies of the incident electr
are lower than the splitting between the two lowest energ
of the two-level system, the Kondo scattering is cutoff, a

FIG. 1. Bias-dependent conductance in the scaling fo
@G(V,T)2G(0,T)#/T1/2 vs (eV/kBT)1/2 for a 20V ~sample No. 1!
titanium nanobridge at 6.0, 4.0, 2.0 and 1.4 K in zero magn
field. Top inset: DG(V)5G(V,T)2G(0,1.4 K) for the same
sample at 6.0, 4.0, 2.0, and 1.4 K~top to bottom!. Bottom inset:
deviation~arb. units! from scaling as a function of the exponenta.
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the system is restored to a Fermi liquid. From the size of
anomaly'10e2/h we can estimate that the scattering is d
to about 5 tunneling centers, if we make the standard hyp
esis that each tunneling system contributes 2e2/h to the scat-
tering cross section. Generally, the splittings of the vario
TLS will be different, but the data suggests that the smal
splitting for the tunneling systems is distinctly nonzero.
order to extract a measure of the mean splitting of the Ko
scatterers for sample No. 2, we fit the 76-mK data in F
2~a! to an empirical form,

G~V!5G~0!1a$~eV!21~2kBTx!
2%1/4, ~1!

that has the desirable characteristic of aAV dependence a
high bias and aV2 dependence at low bias. This allows us
estimate the mean crossover temperatureTx51.43
60.03 K. Note, however, that the crossover is rounded,
dicative of some spread in the distribution of splitting en
gies for the small number of TLS in this sample.7

The parameters of the tunneling systems should be se
tive to their local environment,9,14 i.e., to the distribution of
other elastic scatterers in their vicinity and to the loc
atomic strain field. To test the assumption that a level sp
ting causes the saturation, we examined the effect of r
rangement of the atomic defects. Previous nanoconstric

FIG. 2. ~a!. DG(V)5G(V,T)2G(0,76 mK) vsV1/2 for a 19V
titanium nanoconstriction~sample No. 2! at 1.41 K and 76 mK.~b!.
The same data plotted as@G(V,T)2G(0,T)#/T1/2 vs (eV/kBT)1/2 at
1.41 K and 76 mK.
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work has demonstrated that the high current densities~ex-
ceeding 1010 A/cm2! can be used to cause defe
rearrangement.15 Sample No. 2 was subjected to a bias
200 mV (J;1010 A/cm2) for 10 s several times. Figure 3~a!
shows the different low-bias behaviors before and after
electromigration. This change can be interpreted as due
change in the splitting energy. Using Eq.~1!, we estimate
that Tx decreased from 2.3 to 1.4 K due to this defect re
rangement. The observation that electromigration cause
change in the low-bias behavior while the high-bias behav
remains the same is consistent with the existence of
independent energy scales in the scattering process.

In Fig. 3~b! we showG(V) for another device~sample
No. 3! that was changed by the brief application of a ve
high bias. The low-bias behavior for this sample is n
simple, and cannot be described by a single splitting par
eter. Before defect rearrangement, theG(V) characteristic
had saturation behavior setting in at two different voltag
Using the method of@Eq. ~1!# with the form

FIG. 3. ~a!. The low-bias conductance anomaly of sample No
before and after being subjected to a strong electrical biasJ
;1010 A/cm2) for 10 sec. The level splitting of the tunneling sy
tem as indicated by the low-V departure from theAV behavior has
been changed.~b! For a 22V device ~sample No. 3! the multiple
deviations fromAV behavior indicate the presence of tunnelin
systems with two different splitting energies, which are changed
different amounts upon defect rearrangement by a strong elect
bias.
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G~V!5G~0!1a$~eV!21~2kBTx1
!2%1/4

1b$~eV!21~2kBTx2
!2%1/4, ~2!

we find two distinct crossover temperatures of approxima
0.9 and 9.7 K. After rearrangement, the crossover temp
tures changed to'1.5 and 6.8 K, respectively. The observ
tion of multiple splittings in the same sample and their d
tinct behavior under electromigration lends further suppor
the VZ/2 CK interpretation.

Over the range of the Ti samples that we have studied
have generally found conductance anomalies consistent
2CK scattering from;2 to 10 atomic scale TLS defects, b
with the somewhat surprising feature that the splitting en
gies of the TLS defects in a given sample tend to clus
about 1 or more values, resulting in the conductance ano
lies of a sample clearly exhibiting one or more crosso
temperatures occurring somewhere in the range of,1 to
.10 K. From sample to sample, however, there appear
be no preferred crossover temperature. This suggests tha
TLS splitting energy distribution, when averaged over
number of defect configurations, is relatively broad and fl
The apparent clustering of the splitting energies of the sm
number of TLS in a particular nanoconstriction around a f
values is intriguing and may help identify the microscop
origin of these defects.

Besides the saturation behavior of the ZBA’s, the cond
tance data from these Ti devices differ from those previou
obtained with Cu nanoconstrictions in two important aspe
First, the sharp critical bias transitions that were observe
the conductance of the Cu samples1 have not been observe
in any of the Ti samples studied to date. Second, ther
little or no magnetic-field dependence to the ZBA behav
of these devices, as seen in Fig. 4~a!, which showsG(V) for
a Ti sample as measured in a zero and in a 5-T field. Fig
4~b! shows a different sample where the change is'e2/h. In
the numerous Ti nanoconstrictions that we have studied,
change inG(0) as a function ofH is '2e2/h; such changes
are restricted to the low-T, low-V regime and can be o
either sign. It is well known that the splitting energy of tw
level systems is sensitive to the magnetic field through
rearrangement of phases along the Feynman paths.9 The
change in only the low-bias behavior with a magnetic field
also consistent with the saturation being caused by the fi
splitting of two-level systems.

A magnetic field is expected to quench 2CK scattering
a rate that is linear8 in H, but the energy scale for suc
quenching has not been established. Estimates for the en
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scale required,mBH, range fromkBTK to the Fermi energy
eF . The copper nanoconstriction experiments found a str
field effect, with the ZBA shrinking by a factor of two asH
varied from 0 to 2 T. However, we note that in those expe
ments the field dependence was generally correlated with
reduction to zeroV of the critical bias transition points. Th
absence from Ti samples of both critical bias transitions a
magnetic-field dependence of the ZBA’s suggest that b
are particular to the Cu samples, perhaps due to the pres
of sets of interacting tunneling systems with very low sp
tings. This then indicates that the intrinsic energy scale
suppression of 2CK scattering from two-level systems
large.

In summary, we have shown data that point unambi
ously to the existence of fast electron-assisted tunneling
tems. Ti nanoconstrictions show both the scaling behav
consistent with two-channel Kondo physics and the bre
down of scaling consistent with a finite splitting of th
TLS’s. The magnetic-field behavior is also consistent w
the existence of TLS’s with a finite splitting. These observ
tions make Ti nanoconstrictions an ideal system for study
the physics of the two-channel Kondo fixed point.

We thank J. von Delft, B. Janko, H. Kroha, V. Ambe
gaokar, and Dan Ralph for useful discussions. This rese
was supported by the National Science Foundation thro
the Cornell Material Science Center No. DMR 9632275 a
by the Office of Naval Research No. ONR N00014-97
0142.

FIG. 4. The magnetic-field dependence~0 and 5 T! at 100 mK
for two Ti nanoconstrictions:~a! sample No. 2~b! sample No. 3.
Data for ~a! are offset bye2/h at zero bias for clarity.
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