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Zeeman Splitting of the Coulomb Anomaly: A Tunneling Study in Two Dimensions
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We report measurements of the tunneling density of states (DOS) of ultrathin Al films in
which superconductivity is quenched by a parallel magnetic field,Hk . 48 kG. The normal state
DOS not only displays the usual logarithmic zero bias anomaly (ZBA) but also a new anomaly,
superimposed on the ZBA, that appears at bias voltagesV , 2mBHkye, the electron Zeeman
splitting. Measurements in tilted fields reveal that the Zeeman feature collapses with increasing
perpendicular field component, suggesting that it is associated with the Cooper electron-electro
interaction channel. [S0031-9007(96)00791-0]

PACS numbers: 73.40.Gk, 71.30.+h, 72.15.Rn, 73.50.–h
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It is now well known that disorder has a profound in
fluence on the transport characteristics of one and two
mensional (2D) electronic systems [1]. In particular, th
presence of disorder renormalizes the electron diffusiv
down from its Boltzmann value [1,2]. This attenuation o
the diffusivity with increasing disorder tends to reduc
the capacity of the electrons to screen charge fluctuati
resulting in an enhancement of the effective strength
electron-electron (e-e) interactions [3]. In spatially homo-
genous nondisordered metals, correlations resulting fr
screened Coulombe-e interactions can be straightfor
wardly incorporated into Fermi-liquid theory by an overa
renormalization of the electronic density of states (DO
[1,3]. Though this renormalization can be significan
the resulting DOS remains a smooth function of ener
near the Fermi surface. However, in strongly disorder
systems, low electronic diffusivity limits the effective
ness of screening and states near the Fermi surface
were once accessible get “pushed” away by the repuls
Coulomb interaction thereby producing a singular dep
tion of states near the Fermi energy [3,4],EF . These sin-
gularities have been observed in DOS measurements
disordered metals for many years and are now commo
known as Coulomb anomalies.

In moderately disordered systems, thee-e interaction
correction to the DOS is dominated by two distinc
propagation channels. The first is a diffusive particl
hole interaction channel that is known to produce a lnsEd
singularity [3] in the 2D single electron DOS, wher
E is measured relative toEF. This singularity is seen
in tunneling measurements of the DOS as a logarithm
suppression of the tunneling conductance [5] at zero b
voltage which is often referred to as the zero bias anom
(ZBA). In this Letter we will be primarily interested in
the Zeeman splitting of the Coulomb anomalies in th
presence of an external magnetic field. In the case
the particle-hole channel, the contributions to the DO
are different for particle holes with total spinJ  1 and
J  0. In particular, the presence of a magnetic fie
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should produce only a Zeeman splitting of theJ  1
states, independent of field orientation [3].

The second interaction channel is a particle-particle
teraction between spin singlet electrons with small
tal momentum and is commonly known as the Coop
channel. The Cooper channel can, in fact, lead to sup
conductivity if the effective particle-particle interactio
is attractive as a result of electron-phonon coupling. T
Cooper channel is expected to produce a lnflnsEdg singu-
larity [3] in the 2D DOS. Since this singularity is signifi
cantly weaker than that of the diffusive channel, it h
never been directly observed in tunneling experimen
Nevertheless, as with the particle-hole channel, the pr
ence of a magnetic field is expected to produce a Zeem
splitting of this anomaly [3,4]. However, in contrast to th
particle-hole interactions, the Cooper interaction anom
is sensitive to time reversal symmetry and is therefo
suppressed by a perpendicular magnetic field.

The Zeeman splitting of theE  0 singularities should
appear as satellite singularities in the tunneling cond
tance at bias voltages corresponding to the Zeeman s
ting, 6gmBHye, where g is the Landég factor, e is
the electron charge, andmB is the Bohr magneton. Such
satellite singularities should arise from both the partic
hole channel and the Cooper channel if time reversal sy
metry is not broken. However, though many tunnelin
experiments have been performed over the last decad
disordered 2D [5,6] and 3D [7] systems, the Zeeman sp
ting of the Coulomb anomalies has never been observ
For this reason it has been conjectured that the trip
sJ  1d contribution to the particle-hole channel is sma
in most disordered metals [8]. Furthermore, since the
have been virtually no normal state studies of superc
ducting films in supercritical parallel magnetic fields, th
Zeeman splitting of the Cooper channel has never b
addressed experimentally. Clearly, given the absence
a Zeeman splitting of the particle-hole channel, the sea
for a Zeeman splitting of the Cooper channel is a cr
cial test of thee-e interaction theory. Furthermore, th
© 1996 The American Physical Society 1139



VOLUME 77, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 5 AUGUST 1996

s

e

e

f
e

r

lt

a

r
c
a

r
i

li

h

in

tor
ick

n-

-
r-
12]
on
si-

ity
ey
ks

et
m

1,
he
is,
be-
he
te

. 1
m-
the

s

in
tted
prospect of isolating and studying the Cooper channel
gularities in disordered superconducting systems wo
offer a new and important microscopic window into th
superconductor-insulator transition [5].

In the present Letter we present direct tunneling m
surements of the normal state single particle DOS
ultrathin granular Al films. Though our films were su
perconducting belowTc  1.9 K, we have been able to
access the low temperature,T ø Tc, normal state DOS
spectrum by applying a parallel magnetic field to suppr
superconductivity. Aluminum is an ideal system for the
studies in that it has a low spin-orbit scattering rate and
parallel critical field,Hck , 48 kG, is easily accessible
[9,10]. We chose a parallel magnetic field orientation
these studies in order to preserve time reversal symm
in the 2D transport by virtue of the fact that the perpe
dicular component of the applied field,H', is near zero.
In the data presented below not only did we observe
logarithmic ZBA previously reported in Al films [6] as
well as other 2D systems [5] but we have for the fi
time observed the Zeeman splitting of the Cooper chan
anomaly.

Electron tunneling measurements were made on u
thin granular Al films that were fabricated by quench co
densation of Al onto 77 K glass substrates. The sh
resistanceR of the films was monitored during evapor
tion in order to produce films withR . 1 kVyh. Tunnel
junction counterelectrodes were formed by first evapo
ing a 16 nm thick Al strip onto the glass slide over whi
the ultrathin film was later deposited. A tunnel barrier w
formed by allowing the strip to oxidize in air for,5 min.
The junction area was1.5 mm 3 1.5 mm. Care was taken
to ensure that tunnel junction resistanceRJ ¿ R so that
the voltage drop occurred predominantly across the ju
tion barrier. The samples were mounted in a dilution
frigeration system equipped with a 90 kG superconduct
magnet. Both dc and ac tunnelingI-V’s were measured in
a four-probe configuration. The film orientation relativ
to the applied field was controlled by anin situ mechani-
cal rotator. The perpendicular critical field of the film
[10] was ,15 kG whereasHck , 48 kG. This enabled
us to find the parallel field position to within60.5± by
maximizingHc.

At low temperaturesT ø eVykB, where V is the
bias voltage across the junction, the electron tunne
conductanceGsV d ~ NfNce gives a direct measure o
the microscopic single electron DOS of the film [11
Nf . The interpretation of the tunneling data is somew
simplified if the tunneling counterelectrode DOSNce has
a featureless spectrum. This was ensured by making
counterelectrode relatively thick,,16 nm, as compared
to the quenched condensed film which had a nom
metallic thickness of,4 nm. The upper critical field of
the counterelectrode was determined to be,2.5 kG by
noting the field at which the tunnelingI-V’s crossed over
from that of a superconductor-insulator-superconduc
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to that of a superconductor–insulator–normal conduc
junction. As a systematic check, we studied 10 nm th
films with a sheet resistanceR , 5Vyh and found a flat
normal state DOS spectrum. ThereforeNce appears only
as a constant in the measured tunneling conductance.

Shown in Fig. 1 is the low temperature tunneling co
ductance as a function of bias voltage nearHck for a film
with a normal state sheet resistanceR  4.2 kVyh and
RJ , 50 kV. The left inset of Fig. 1 shows the hys
teretic critical field that is associated with the first o
der spin-paramagnetic transition recently reported [10,
in these films. The curves in Fig. 1 show the evoluti
of the DOS as the field is increased through the tran
tion. Note that atHk  45 kG the film was still super-
conducting and the Zeeman splitting of the BCS dens
of states is clearly seen. As first reported by Meserv
et al. [9], the separation in the BCS conductance pea
corresponds toV  2mBHkye indicating thatg ø 2 for
Al [13]. We have demonstrated this in the right ins
of Fig. 1 where the peak positions are fit to the for
V  Dye 6 mBHkye. The y intercept of the fits is a
measure of the gap,Dye  0.39 mV. The BCS conduc-
tance peaks, clearly evident in the 45 kG curve in Fig.
have completely collapsed at 48 kG, indicating that t
film has gone into the normal state. Notwithstanding th
the 48 kG curve retains interesting features that we
lieve are properties of the normal state of the film. In t
remainder of this Letter we will focus on the normal sta
tunneling DOS of the films.

There are two main features of the 48 kG curve of Fig
that are notable. The first is a significant zero bias ano
aly characterized by a 40% decrease in the DOS when

FIG. 1. The 30 mK tunneling conductance of aR 
4.2 kVyh film as a function of bias voltage at several field
near the parallel critical field. AtHk  45 kG the Zeeman
splitting of the BCS DOS is clearly observable as peaks
the conductance curve. The position of these peaks is plo
againstHk in the right inset forHk , Hck. The solid lines are
fits to the formV  Dye 6 mBHkye, whereDye  0.39 mV.
The left inset shows the hysteretic critical field behavior inR
vs Hk at 30 mK. The transition is first order below 270 mK.
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FIG. 2. The main figure is the normal state tunneling co
ductance of the film in Fig. 1 at severalHk. The left inset
shows the lnsV d dependence of the ZBA. The solid curves i
the right inset show the Zeeman anomaly with the lnsV d back-
ground subtracted off. The dashed curves are the theoret
DOS of Ref. [3] and have been shifted down for clarity.

bias voltage is lowered from a few mV to zero. The se
ond is a local minimum in the DOS nearV  0.4 mV.
These satellite anomalies were observed only in samp
with R $ 1 kVyh. Furthermore, measurements at high
fields ruled out the possibility of remnant superconducti
ity as the source of the structure. Shown in Fig. 2 a
tunneling conductance measurements at several fields
aboveHck. Note that in this range of fields the ZBA is
insensitive toHk. However, the satellite feature shifts ou
and broadens with increasing field. We have numerica
integrated the curves in Fig. 2 and found that the to
number of states remains constant to within a few perce
From the left inset of Fig. 2 it is evident that the sate
lite feature is superimposed on a lnsV d background. This
lnsV d is, in fact, the expected particle-hole channel corre
tion [3,4,6] to the DOS. Therefore, the satellites represe
new singularities that arise in the presence of a para
magnetic field.

We have made a qualitative comparison between o
measurements and the theoretical Cooper channel D
corrections given in Eqs. (6.5)–(6.9) of Ref. [3]. Th
theory predicts that the Zeeman splitting should
observable in the limit whereT ø mBHkykB, h̄ykBts,
wherets , 1.5e211 s is the spin-relaxation time in thin
Al films [6]. In fields of a few tesla these conditions ar
met for temperatures below 0.5 K. Shown as solid lines
the right inset of Fig. 2 are the Zeeman features with t
logarithmic background subtracted off. The dotted lin
are the predictions of Ref. [3]. Though we did not make
detailed quantitative fit to the theory, it is evident that th
theory captures both the qualitative field dependence
the satellite anomalies and the overall relative magnitu
of the anomalies. In Fig. 3 we show the dependence
the Zeeman anomalies on the orientation of the magne
-
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FIG. 3. Tunneling conductance of aR  2.0 kVyh sample
at several field orientations. Parallel position corresponds
u  0±. The left inset is a plot of the tunneling conductanc
curves atu  11.9±, 8.0±, 4.3±, and 0.5± minus theu  30±

curve. The dots in the right inset are the magnitude of t
Zeeman anomaly as a function of sinsud. The solid line is the
theoretical angular dependence from Ref. [3].

field for a R  2.0 kVyh sample. The dots in the right
inset of Fig. 3 are the magnitude of the Zeeman anomal
as a function of sinsud, where u  0± corresponds to
parallel position. The solid line is the predicted angul
dependence from Eqs. (6.5)–(6.9) of Ref. [3]. The da
in Fig. 3 leave little doubt that the anomalies originate
from the Coopere-e interaction channel.

In Fig. 4 we have plotted the position of the satellit
anomalies as a function ofHk for two different samples.
The theory outlined in Ref. [3] unambiguously predict
that the Zeeman anomalies should appear at a bias volt
VZ  2mBHkye. As shown by the solid line in Fig. 4,
the position of the anomalies is linear inHk with a slope

FIG. 4. The position of the satellite features in Fig. 2 as
function of Hk for Hk . Hck. The solid line has a slope
of 2mBye in appropriate units. Triangles:R  4.2 kVyh.
Squares:R  2.0 kVyh.
1141
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FIG. 5. The normal state tunneling conductance of the fil
from Fig. 2 at different temperatures. Note the temperatu
independent point atV  0.32 mV.

of 2mBye as would be expected. However, the data have
finite zero field interceptV p ø 20.17 mV. This intercept
was not due to an offset error, since the ZBA sets the ze
of the bias voltage. The intercept in Fig. 4 is significan
in that at Hk , 50 kG, the anomaly positions are 33%
below VZ . In fact, VZ had to be replaced byVZ 2 V p in
Eqs. (6.5)–(6.9) of Ref. [3] in order to produce the corre
anomaly positions in the right inset of Fig. 3.

It is interesting thatV p , 2Dy2e. This suggests that
V p may, in fact, be a measure of the effective attractiv
e-e interaction energy in the Cooper channel. We poi
out that because the experiments were carried out at l
temperaturesT ø Tc, and in a parallel field, the phonon
mediated BCS interaction that leads to superconductiv
should have remained intact. In this sense it would
surprising if the effective energy of this interaction wer
not seen in the tunneling spectrum. Finally, in Fig. 5 w
show the 50 kG tunneling spectrum of the4.2 kVyh
film at several temperatures. Note that both the ZB
and the satellite anomalies are almost completely wash
out at temperatures above 0.5 K. These data undersc
the importance of studying the normal state properties
superconductors at temperatures well belowTc.

In conclusion, we have made the first direct measu
ments of the Cooper channele-e interaction anomaly in
a disordered 2D superconductor. Future studies of
Cooper channel anomaly in films with sheet resistanc
near and above the quantum pair resistanceRQ  hys2ed2

will provide a unique and fascinating microscopic probe
the role of attractivee-e interactions in the superconductor
insulator transition [5,10,14]. Extending these parall
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field studies to nonsuperconducting films should also prov
to be quite interesting.
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