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Superconducting Proximity Effect at the Paramagnetic-Ferromagnetic Transition
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The exchange-enhanced electron-electron interactions at the paramagnetic-ferromagnetic transition
were studied experimentally via proximity effect tunneling spectroscopy. By solving the Usadel
equations in both the paramagnetic and ferromagnetic states, the electron-spin fluctuation coupling
constant and the exchange field are derived from the tunneling spectra.
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Superconducting quantum coherence can be induced in
a normal metal in contact with a superconductor. This so-
called proximity effect is presently well understood when
the normal metal is weakly interacting. Equilibrium
properties in mesoscopic diffusive proximity structures
have been studied extensively [1-3]. In particular, the
existence of superconducting correlations in the normal
metal was revealed by tunneling spectroscopy measure-
ments of the quasiparticle density of states (DOS) [1]. On
the other hand, the use of proximity effect tunneling
spectroscopy as a very sensitive tool for phonon spectros-
copy in metals is well established [4]. The electron-
phonon coupling constant of both the normal () and
the superconducting () part can be obtained by inverting
the tunneling spectra [5]. The proximity effect was also
used in the past to induce superconductivity in strongly
interacting systems, such as Kondo alloys [6]. However,
measurements of electron-electron interactions when in-
creasing the impurity concentration were not considered.

Recent developments [7] in the theory of the proximity
effect allow us to address the effect of electron-electron
interactions in cases where they are not weak and modify
strongly superconducting correlations. Here, we show
how exchange-enhanced electron-electron correlations
affect the superconducting DOS induced in a normal
metal. Specifically, the electron-spin fluctuation coupling
constant and the exchange field at the paramagnetic-
ferromagnetic transition are obtained by fitting the tun-
neling spectra using proximity effect theory in the so-
called “dirty limit.” The DOS was determined experi-
mentally by planar tunneling spectroscopy in Pd thin
films with different Ni concentrations so that both the
paramagnetic and ferromagnetic regimes could be ex-
plored. For comparison, the superconducting DOS of
pure Ag, Pt, and Pd were also investigated.

The microscopic mechanism responsible for the prox-
imity effect is the Andreev reflection. When an electron
reaches an S/N interface, it cannot enter into the super-
conducting region if its energy E is smaller than the
superconducting energy gap A. It is then backscattered
as a hole with energy —FE. The electron and the hole are
coherently coupled. Their phase relationship A¢ =
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2Et/k, where t is the relevant time scale in the normal
region, determines the quantum interferences in the nor-
mal metal and hence the DOS [7]. This noninteracting
electron picture was originally transcribed in the Usadel
equations [8]. Actually, the latter formalism can also
accommodate any type of electron-electron interaction
in principle [9]. The effect of a large Stoner enhancement
as well as that of an exchange field are particularly simple
to include. Thus, it becomes possible to follow quantita-
tively the evolution of the superconducting proximity
effect in a metal through the paramagnetic-ferromagnetic
transition.

In the paramagnetic regime, the S/N hybrid structure
is described in the dirty limit by the following equations
[9]:

hDy 96

5 F+ i(1+ Ag)Esinf+
X

21" sgsinfcosh + A ycosf =0,
Ay= ZWT/\NZ sing. (1)

Dy and Ay are, respectively, the diffusion constant and
the effective electron-electron coupling constant in the
normal slab, Ay is the electron-spin fluctuations renor-
malization constant and I'sg is the Abrikosov-Gor’kov
(AG) pair-breaking term [10]. The pairing angle 6 con-
tains all the information about equilibrium properties and
the spatially resolved DOS N(E, x) is found by N(E, x) =
Re(cosf) [11].

In the ferromagnetic regime, the pairing angle depends
on the spin o = *1 of the quasiparticles because of the
exchange field E,, [12]. Equation (1) reads

hDy 90,

3 F + l(l + Agf)(E + O-EBX) Sin00.+
X

21" pg sinf, cosf, + Aycosf, = 0. (2)

The spatially resolved DOS N(E, x) is deduced from
N(E, x) = Re(cosf, + cosf_)/2 [12].

As can be seen from (1) and (2), both the exchange field
and the electron-spin fluctuation coupling constant di-
rectly affect the quasiparticle energy E. The latter is
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renormalized by spin fluctuations [13,14], just as it is by
phonons in strong coupling superconductors when their
energy is much larger than A [14,15]. The exchange field
acts as a spin dependent potential. From (1) and (2), one
can define the Cooper pair penetration depth &y as

VADy/2(T s + E.). Note that the bare Coulomb inter-
action cannot be neglected, so that a priori a nonzero
negative gap, Ay [16], must be considered.

We measured the DOS by planar tunneling spectros-
copy in counter-electrode—insulator—normal-metal—su-
perconductor (CE-I-N-S) junctions, using the standard
four probe technique [5] (see inset of Fig. 1). The struc-
tures were fabricated in an ultrahigh vacuum (UHV)
system (Pase pressure 1077 Torr [17]). A thick Al layer
of 1500 Awas deposited at room temperature on a Si(100)
substrate with a SiO buffer 500 A thick. The Al layer was
oxidized with an O, glow discharge (typical plasma
pressure 8 X 1072 mbar). Depending on the oxidation
time (several minutes), junction resistances ranged
from 10 Q) to 1k, for a typical area of 100 xm X
100 um. The junction size was defined by evaporating
two 500 A SiO layers. After evaporation of a 50 A normal
metal layer, the latter was covered by a Nb layer (500 A)
whose T, was typically 8.7 K. Thicknesses were measured
with a quartz deposition controller (accuracy 1 A). The
normal metal was either Ag, Pt, Pd, or Pd;_ Ni,.

Giant paramagnetism is a well-known feature of Pd
metal [13] and a few percent of Ni impurities are suffi-
cient to drive it into the ferromagnetic state. We probed
the onset of ferromagnetism by the anomalous Hall effect
(AHE) [18] on Pd,_,Ni, thin films deposited on a bare
substrate. As shown in the inset of Fig. 2, an anomalous
component proportional to the magnetization appeared
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FIG. 1. Measured tunnel conductances (dotted lines) for CE-
I-N-S junctions at 300 mK. A finite perpendicular magnetic
field of 100 G is used to drive the Al slab into the normal state.
The fit (solid lines) with theory is in quantitative agreement
with experiment and provides a measure of the electron-spin
fluctuation renormalization factor (see Table I). Inset: Junction
geometry.
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for Ni concentrations higher than 2.4%, just as in bulk
Pd;_,Ni, [19], while hysteresis in the Hall resistivity
appeared when x ~ 7%, indicating long-range ferromag-
netic order. The Ni concentration was determined by
Rutherford backscattering spectrometry. Note that the
Hall signal was normalized by p?, p being the resistivity
of the Pd;_,Ni, thin film, as expected for itinerant fer-
romagnetism [18].

The paramagnetic regime.—Figure 1 shows the tunnel
conductance of CE-I-N-S junctions with N being pure
Ag, Pt, Pd, and PdgggNig o1o- The main feature of the
conductance is a minigap, E,, which is a signature of
finite size effects (dy < &g) [11]. Thus, the decay of
superconducting correlations in these metals has a typical
length scale larger than 50 A. Note that the minigap
decreases when the susceptibility of the metal increases.
In Fig. 1, we also show the fit of the conductance to the
DOS deduced from the Usadel equations. We used a self-
consistent code to solve Eq. (1) together with the usual
boundary conditions [20]. It turns out that a finite Ay is
unnecessary to account for the data and that an upper
bound for the coupling constant Ay is —0.1. The results
are given in Table . A finite interface resistance of about
5 X 10~* uQ cm? was used to account for both the shape
and the value of the energy gap for pure Pd. This value is
consistent with that measured in Nb/Pd/Nb Josephson
junctions [21]. This finite resistance is assumed not to
vary when changing N and also to remain constant when
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FIG. 2. DOS for Ni concentration for 2.4%, 5.5%, and 7%
measured at 300 mK (dotted lines). The thickness of the
Pd;_,Ni, was kept constant, equal to 50 A. The minigap
disappears at the transition between the paramagnetic state
and the ferromagnetic state. For concentrations higher than
4.0% the only energy scale is the Nb energy gap. Quantitative
fits (solid lines) provide a measurement of the depairing energy
at Ni concentrations above 2.4% (see Table I). Inset: Onset of
ferromagnetic order probed at 7 = 1.5 K by AHE in 50 A-thick
Pd;_,Ni,. An anomalous component appears above x ~ 2.5%
and a hysteresis loop for x ~ 7.0%.
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TABLE 1. Results of the fitting procedure for Ni concentra-
tions from 0% to 11.5%. The first column indicates the normal
metal when it differs from Pd;_ Ni,.

Ni@at. %) pua/p* Ay Tag(meV) E,(meV) T'(meV)
Ag 0 0.05 0 0 0.05
Pt 0 2.05 0.075 0 0.075
Pd 0 4.15 0.075 0 0.075
1.2 0 53 0.20 0 0.20
2.4 0 4.15 0.17 0 0.17
3.2 2.55 4.15 0.4 0 0.4
4.0 7.35 4.15 0.55 0 0.55
5.5 8.65 4.15 0.8 0.11 0.91
6.0 10.25 4.15 1.15 0.45 1.6
7.0 27.5 4.15 1.15 2.80 3.95
9.8 58.0 4.15 1.2 3.26 4.46
11.5 95 4.15 1.25 3.89 5.14

adding Ni impurities to Pd. The electron-spin fluctuation
coupling constant increases from Ag to Pt and from Pt to
Pd. It further increases when increasing the Ni concen-
tration, as expected since specific heat data [22] show a
magnetic susceptibility increase below the paramagnetic-
ferromagnetic transition. The exact relationship between
Ay and Stoner enhancement is model dependent, but a
rough estimate is given by Ay = 2(1 — 1/S)InS [14],
where S is the Stoner enhancement. This yields a Stoner
enhancement of 10 for Pd, 3.3 for Pt, and 1 for Ag, in
surprisingly good agreement with the known values for
these metals.

The ferromagnetic state—Figure 2 displays the
changes in the DOS when adding Ni impurities in Pd.
Note that the number of low lying excitations increases.
For 5.5% of Ni, the energy scale of the minigap disap-
pears, suggesting that finite size effects vanish. The AHE
magnetization data indicate no long-range order below
5.5% and the induced pair function is small, so that we
can fit the data with a non-self-consistent calculation of
the DOS by solving (2) with E,, = 0 and Ay = 0 below
5.5%. The pairing angle 6, in the normal slab and the
pairing angle 6 in the superconducting slab at the S/N
interface are solutions of the following equations
[7,11,20]:

sinfy(cosfg — i2ypE/Emy)+

dyp
Etny

I' g sinf, cosfy — sinfg cosh, = 0, 3)

b5 — 6 JEms
(—E? + A?)I/4 sin< = BCS) — YVETHS Gin (6o — B5),

’}’B\/z

“)

where 7y = pgoy/dy and y = oydg/ogdy are the
usual boundary parameters. Epyytns) = ADny(s)/ d%/(s)’
o), and dy(s) are, respectively, the Thouless energy,
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the conductivity, and the thickness of the N(S) layer. pjp is
the interface resistance of the S/N interface. Opcg is the
pairing angle of a bulk superconductor. As the ratio a =
v/vg found from the self-consistent code is small (yz =
5.3 and y = 0.1), we can solve Eq. (3) with the ansatz
g = Opcs + 605, with 66y < 1. We find very good
agreement with the data, as seen in Fig. 2. Thus, an AG
pair-breaking term can account for the tunneling spectra
when ferromagnetic order is not yet fully established [23].

For Ni concentrations higher than 5.5%, the tunnel
conductance displays only one characteristic energy, A,
of about 1.35 meV, while the shape of the spectra remains
roughly the same. This is best seen in Fig. 3, where all the
spectra have been scaled to the DOS corresponding to
5.5% of Ni. As finite size effects vanish, the proximity
bilayer becomes similar to that of a semi-infinite meso-
scopic system (dy > £f). The overall amplitude is smaller
than 5% of the background conductance and it is therefore
possible to find an analytical expression for the DOS,
leading directly to the exchange field value in the
Pd;_,Ni, layer. Linearizing Eq. (2), we find the following
DOS:

E E
N(E) =1+ [Ny(E) — 1]exp<—2 i) cos<2 X )
Erny Thi

(&)

where Ny(E) is the DOS at the boundary between Nb and
Pd,_,Ni,. Note that Ny(E) is not universal as it depends
on vy and yg. Figure 4 displays the depairing energy I,
defined as 'y + E.y, as a function of Ni concentration. I"
is constant below 2.5% and it increases for higher con-
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FIG. 3. Densities of states measured in the ferromagnetic
state for Ni concentrations above 5.5% at 300 mK (dashed
lines). For clarity, the spectra are scaled to that corresponding
to 5.5% Ni. Only one characteristic energy scale, the energy gap
of Nb A (about 1.35 meV), is observed, suggesting that finite
size effects are irrelevant. The semi-infinite limit for the
ferromagnetic layer is recovered. The fit (thick solid line),
using the Eq. (5), allows us to deduce the exchange field.
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FIG. 4. Measured depairing energy (squares, left axis) as a
function of Ni concentration. Three regimes occur. In the spin
fluctuation regime, the depairing I" displays no variation with
Ni concentration as long as the latter remains below 2.5%.
Ferromagnetism sets in for Ni concentrations above 2.5%, the
dominant depairing mechanism then being AG-like. Long-
range ferromagnetic order occurs at Ni concentrations above
7%, and hysteresis appears in the Hall signal. The Hall signal
increase roughly linearly below 7% (open circles, right axis)
and displays an up turn above 7% (solid circles, right axis).

centrations. In the ferromagnetic regime, a jump around
7% occurs, at the transition from AG depairing to an
exchange field-dominated depairing mechanism.
Figure 4 also displays the saturation magnetization found
from the Hall signal (right axis) as a function of Ni
concentration. It also increases with the Ni concentration.
The kink appearing around 7% Ni concentration corre-
sponds to the appearance of hysteresis in the Hall signal.
Modifications in the magnetic domain structure can then
affect superconducting correlations, probably due to a
change in domain size after long-range ferromagnetic
order sets in. Note also that I'yg saturates to 1.2 meV,
suggesting that spin waves are no longer modified in this
Ni concentration range.

In summary, we have studied the proximity effect in
the vicinity of the paramagnetic/ferromagnetic transition
using planar tunneling spectroscopy. The differential
conductance of CE-I-N-S junctions, where N is a strongly
paramagnetic or a ferromagnetic thin film, allowed a
direct measurement of the electron-spin fluctuation cou-
pling constant in the paramagnetic state, and of the
exchange field in the ferromagnetic state. For Ni concen-
trations higher than 5.5%, the DOS shape scales simply
by a function of E./Eq,y, indicating that finite size
effects are irrelevant when the depairing energy is higher
than the Nb energy gap.
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Finally, we note that proximity effect tunneling spec-
troscopy may be generalized to investigate other strongly
correlated electron systems, such as metals near a quan-
tum critical point.
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