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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 figlg> 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 voltages 2uzH|/e, 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-electron
interaction channel. [S0031-9007(96)00791-0]

PACS numbers: 73.40.Gk, 71.30.+h, 72.15.Rn, 73.50.—-h

It is now well known that disorder has a profound in- should produce only a Zeeman splitting of thie= 1
fluence on the transport characteristics of one and two distates, independent of field orientation [3].
mensional (2D) electronic systems [1]. In particular, the The second interaction channel is a particle-particle in-
presence of disorder renormalizes the electron diffusivityteraction between spin singlet electrons with small to-
down from its Boltzmann value [1,2]. This attenuation of tal momentum and is commonly known as the Cooper
the diffusivity with increasing disorder tends to reducechannel. The Cooper channel can, in fact, lead to super-
the capacity of the electrons to screen charge fluctuationsonductivity if the effective particle-particle interaction
resulting in an enhancement of the effective strength ofs attractive as a result of electron-phonon coupling. The
electron-electronete) interactions [3]. In spatially homo- Cooper channel is expected to produce [#liE)] singu-
genous nondisordered metals, correlations resulting frorfarity [3] in the 2D DOS. Since this singularity is signifi-
screened Coulomle-e interactions can be straightfor- cantly weaker than that of the diffusive channel, it has
wardly incorporated into Fermi-liquid theory by an overall never been directly observed in tunneling experiments.
renormalization of the electronic density of states (DOSNevertheless, as with the particle-hole channel, the pres-
[1,3]. Though this renormalization can be significant,ence of a magnetic field is expected to produce a Zeeman
the resulting DOS remains a smooth function of energysplitting of this anomaly [3,4]. However, in contrast to the
near the Fermi surface. However, in strongly disorderegbarticle-hole interactions, the Cooper interaction anomaly
systems, low electronic diffusivity limits the effective- is sensitive to time reversal symmetry and is therefore
ness of screening and states near the Fermi surface tteippressed by a perpendicular magnetic field.
were once accessible get “pushed” away by the repulsive The Zeeman splitting of th€ = 0 singularities should
Coulomb interaction thereby producing a singular depleappear as satellite singularities in the tunneling conduc-
tion of states near the Fermi energy [3,8f. These sin- tance at bias voltages corresponding to the Zeeman split-
gularities have been observed in DOS measurements tihg, =guzH /e, Where g is the Landég factor, e is
disordered metals for many years and are now commonlihe electron charge, andp is the Bohr magneton. Such
known as Coulomb anomalies. satellite singularities should arise from both the particle-

In moderately disordered systems, the interaction hole channel and the Cooper channel if time reversal sym-
correction to the DOS is dominated by two distinct metry is not broken. However, though many tunneling
propagation channels. The first is a diffusive particle-experiments have been performed over the last decade on
hole interaction channel that is known to produce @J)n disordered 2D [5,6] and 3D [7] systems, the Zeeman split-
singularity [3] in the 2D single electron DOS, where ting of the Coulomb anomalies has never been observed.
E is measured relative t&r. This singularity is seen For this reason it has been conjectured that the triplet
in tunneling measurements of the DOS as a logarithmi¢/ = 1) contribution to the particle-hole channel is small
suppression of the tunneling conductance [5] at zero biam most disordered metals [8]. Furthermore, since there
voltage which is often referred to as the zero bias anomalipave been virtually no normal state studies of supercon-
(ZBA). In this Letter we will be primarily interested in ducting films in supercritical parallel magnetic fields, the
the Zeeman splitting of the Coulomb anomalies in theZeeman splitting of the Cooper channel has never been
presence of an external magnetic field. In the case aiddressed experimentally. Clearly, given the absence of
the particle-hole channel, the contributions to the DOSa Zeeman splitting of the particle-hole channel, the search
are different for particle holes with total spih= 1 and for a Zeeman splitting of the Cooper channel is a cru-
J = 0. In particular, the presence of a magnetic fieldcial test of thee-e interaction theory. Furthermore, the
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prospect of isolating and studying the Cooper channel sinto that of a superconductor—insulator—normal conductor
gularities in disordered superconducting systems woulgunction. As a systematic check, we studied 10 nm thick
offer a new and important microscopic window into the films with a sheet resistandg ~ 50 /00 and found a flat
superconductor-insulator transition [5]. normal state DOS spectrum. Therefd¥g. appears only

In the present Letter we present direct tunneling meaas a constant in the measured tunneling conductance.
surements of the normal state single particle DOS in Shown in Fig. 1 is the low temperature tunneling con-
ultrathin granular Al films. Though our films were su- ductance as a function of bias voltage n&gj for a film
perconducting below. = 1.9 K, we have been able to with a normal state sheet resistanRe= 4.2 k) /1 and
access the low temperaturE, < T,., normal state DOS R; ~ 50 k). The left inset of Fig. 1 shows the hys-
spectrum by applying a parallel magnetic field to suppresteretic critical field that is associated with the first or-
superconductivity. Aluminum is an ideal system for theseder spin-paramagnetic transition recently reported [10,12]
studies in that it has a low spin-orbit scattering rate and itén these films. The curves in Fig. 1 show the evolution
parallel critical field, H. ~ 48 kG, is easily accessible of the DOS as the field is increased through the transi-
[9,10]. We chose a parallel magnetic field orientation fortion. Note that atd; = 45 kG the film was still super-
these studies in order to preserve time reversal symmetigonducting and the Zeeman splitting of the BCS density
in the 2D transport by virtue of the fact that the perpen-of states is clearly seen. As first reported by Meservey
dicular component of the applied fiel#,, , is near zero. et al.[9], the separation in the BCS conductance peaks
In the data presented below not only did we observe theorresponds td/ = 2ugH) /e indicating thatg = 2 for
logarithmic ZBA previously reported in Al films [6] as Al [13]. We have demonstrated this in the right inset
well as other 2D systems [5] but we have for the firstof Fig. 1 where the peak positions are fit to the form
time observed the Zeeman splitting of the Cooper channél = A/e = ugH)/e. They intercept of the fits is a
anomaly. measure of the gag\/e = 0.39 mV. The BCS conduc-

Electron tunneling measurements were made on ultraance peaks, clearly evident in the 45 kG curve in Fig. 1,
thin granular Al films that were fabricated by quench con-have completely collapsed at 48 kG, indicating that the
densation of Al onto 77 K glass substrates. The shedilm has gone into the normal state. Notwithstanding this,
resistanceR of the films was monitored during evapora- the 48 kG curve retains interesting features that we be-
tion in order to produce films witkR > 1 kQ /0. Tunnel lieve are properties of the normal state of the film. In the
junction counterelectrodes were formed by first evaporatremainder of this Letter we will focus on the normal state
ing a 16 nm thick Al strip onto the glass slide over whichtunneling DOS of the films.
the ultrathin film was later deposited. A tunnel barrier was There are two main features of the 48 kG curve of Fig. 1
formed by allowing the strip to oxidize in air for5 min.  that are notable. The first is a significant zero bias anom-
The junction areawak5 mm X 1.5 mm. Care was taken aly characterized by a 40% decrease in the DOS when the
to ensure that tunnel junction resistarRe > R so that
the voltage drop occurred predominantly across the junc- 25
tion barrier. The samples were mounted in a dilution re- A
frigeration system equipped with a 90 kG superconducting
magnet. Both dc and ac tunneliiny’s were measured in
a four-probe configuration. The film orientation relative
to the applied field was controlled by @m situ mechani-
cal rotator. The perpendicular critical field of the films
[10] was ~15 kG whereasH,| ~ 48 kG. This enabled
us to find the parallel field position to withirt0.5° by
maximizing H.. [

At low temperaturesT < eV /kg, where V is the 5
bias voltage across the junction, the electron tunneling
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conductanceG(V) « N¢N.. gives a direct measure of o M@ Hike
the microscopic single electron DOS of the film [11], I 0.5 0.0 0.5 1.0 1.5
N¢. The interpretation of the tunneling data is somewhat V (mv)

simplified if the tunneling counterelectrode DG, has £ 1. The 30 mK tunneling conductance of R =
a featureless spectrum. Thls_WaS ensured by making the> k0 /0 film as a function of bias voltage at several fields
counterelectrode relatively thick;-16 nm, as compared near the parallel critical field. A#; = 45 kG the Zeeman

to the quenched condensed film which had a nomina$plitting of the BCS DOS is clearly observable as peaks in

metallic thickness of-4 nm. The upper critical field of the conductance curve. The position of these peaks is plotted

the counterelectrode was determined to-b25 kG by gtgsa{gsttﬂ flgrm‘e;\ ”EX/':S? I?;Z'l'l /<e fvl\;#],érérgiesgl%gge;&re

noting the field at which the tunnelingV's crossed over The left inset shows the hysteretic critical field behaviotkin
from that of a superconductor-insulator-superconductovs H; 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 con-FIG. 3. Tunneling conductance of &= 2.0 kQ/0 sample
ductance of the film in Fig. 1 at several;. The left inset at several field orientations. Parallel position corresponds to
shows the V) dependence of the ZBA. The solid curves in # = 0°. The left inset is a plot of the tunneling conductance
the right inset show the Zeeman anomaly with thé@/lnback- ~ curves atf = 11.9°, 8.0°, 4.3°, and 0.5° minus thed = 30°
ground subtracted off. The dashed curves are the theoreticgurve. The dots in the right inset are the magnitude of the

DOS of Ref. [3] and have been shifted down for clarity. Zeeman anomaly as a function of @) The solid line is the
theoretical angular dependence from Ref. [3].

bias voltage is lowered from a few mV to zero. The sec-. . :
ond is a local minimum in the DOS neat — 0.4 mV. field for aR = 2.0 kQ /O sample. The dots in the right

These satellite anomalies were observed only in samplégset of F|g: 3are th_e magnitude of thf Zeeman anomalies
with R = 1 kQ /0. Furthermore, measurements athigheras a f“”C“‘?U of sifd), w_her_e =0 corre_sponds to
fields ruled out the possibility of remnant superconductiv—para"el position. The solid line is the predicted angular
ity as the source of the structure. Shown in Fig. 2 aredepgndence ffof” Egs. (6.5)—(6.9) of Ref. .[3]' T_he data
tunneling conductance measurements at several fields w i Fig. 3 leave I|ttle_ doubt 'that the anomalies originated
aboveH.. Note that in this range of fields the ZBA is rom the Coopek-e interaction channel. :
insensitive taH|. However, the satellite feature shifts out In Fig. 4 we have plotted the position of the satellite

and broadens with increasing field. We have numericaly2nomalies as a function df) for two different samples.
integrated the curves in Fig. 2 and found that the totall N theory outlined in Ref. [3] unambiguously predicts

number of states remains constant to within a few percen{.hat the Zeeman anomalies should appear at a bias voltage

From the left inset of Fig. 2 it is evident that the satel-"Z — 2ppH)y/e. As shown by the solid line in Fig. 4,
lite feature is superimposed on &¥) background. This the position of the anomalies is linear Hy with a slope
In(V) is, in fact, the expected particle-hole channel correc-

tion [3,4,6] to the DOS. Therefore, the satellites represent 08
new singularities that arise in the presence of a parallel
magnetic field.

We have made a qualitative comparison between our
measurements and the theoretical Cooper channel DOS
corrections given in Egs. (6.5)—(6.9) of Ref. [3]. The 04l
theory predicts that the Zeeman splitting should be
observable in the limit wherd < wugH)/kp, h/kps,
wherer, ~ 1.5¢"!! s is the spin-relaxation time in thin 0.2
Al films [6]. In fields of a few tesla these conditions are
met for temperatures below 0.5 K. Shown as solid lines in 0.0
the right inset of Fig. 2 are the Zeeman features with the
logarithmic background subtracted off. The dotted lines
are the predictions of Ref. [3]. Though we did not make a 02550 20 30 40 50 60 70 8
detailed quantitative fit to the theory, it is evident that the H, (kG)

Lhe satlite anomalies and the overall reative magniudb!S; & The pasiion of the satlite features in Fig. 2 as a

| , nction of Hy for Hy > H.. The solid line has a slope
of the anomalies. In Fig. 3 we show the dependence Odf 2,,/¢ in appropriate units. Triangles® = 4.2 kQ /.
the Zeeman anomalies on the orientation of the magnetigquaresk = 2.0 kQ /1.
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19 field studies to nonsuperconducting films should also prove

to be quite interesting.
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