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in the pair-breaking and paramagnetic limits
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Measurements are presented of the far-infrared absorption of thin superconducting aluminum

films in a parallel magnetic field. The results for moderately thick films (d =10 nm) are in reason-

able agreement with the Abrikosov-Gor kov theory of pair breaking. The experimental results for
ultrathin films (d &5 nm) in the paramagnetic limit show that the spectroscopic gap Qg shifts

linearly with the magnetic field 8, according to fiQg =25—2@~&H. This shift of the gap is attri-

buted to a photon-absorption process, where the quasiparticle spin is flipped with respect to the stat-
ic field. The complex conductivity of a paramagnetically limited film in a parallel magnetic field is

calculated, both within the Bardeen-Cooper-Schrieffer framework and using the more general

Green s-function formalism with the inclusion of spin-orbit and (magnetic) spin-flip scattering. For
the ultrathin Al films we obtain a good quantitative agreement between theory and experiment, as-

suming a spin-orbit coupling fi/~soL =0.1 and a reduced value of the imaginary part of the conduc-
tivity, probably due to strong electron-phonon coupling effects.

I. INTRODUCTION

The microscopic BCS theory' of superconductivity as-
sumes a simple antiparallel spin pairing. This gives rise to
a number of interesting spin-dependent properties: a van-
ishing (magnetic) spin susceptibility at low temperatures,
a Zeeman splitting in the density of states of the quasipar-
ticles for a thin film in a parallel magnetic field, and a
first-order transition to the normal state in a parallel
magnetic field given by the Clogston value H, z=v 2b, /puuq. In spite of the success of the BCS thtxiry,
at the earlier times none of the predicted spin-dependent
effects were unambiguously confirmed by experiments.
Therefore, Bardeen and Schrieffer proposed measure-
ments on aluminum to test the theory and to resolve this
problem. Not only is Al a classic example of a weak-
coupling superconductor, also its low atomic mass is ex-
pected to lead to a negligible spin-orbit coupling. Subse-
quent experiments on Al have indeed provided convincing
evidence for an antiparallel spin pairing of the supercon-
ducting ground state. Hammond and Kelly and Fine,
I.ipsicas, and Strongin showed that the magnetic suscep-
tibility did approach zero by carefully measuring the
Knight shift in Al. Critical-field measurements by Stron-
gin and Kammerer and by Meservey, Tedrow, and
Schwartz demonstrated the existence of paramagnetic
limiting of the critical field H, . The existence of a first-
order transition was deduced from a depression of the
fluctuation effects at the resistive transition' near the
critical temperature T, . By far the most convincing evi-
dence was produced in a series of tunneling measurements
by Tedrow and Meservey. " These experiments proved
not only the existence of a Zeeman splitting in the density
of states, but gave also detailed information on the
strength of the spin-orbit coupling. The Zeeman splitting

in the density of states has by now proved to be a valuable
tool to study the spin polarization in various ferromagnet-
ic materials. '

In the present experiment we have studied in the spin-
dependent properties of thin Al films, using far-infrared
(FIR) spectroscopic techniques. Our primary aim was to
obtain an independent verification of the Zeeman splitting
in the density of states. In addition, FIR measurements
might provide information on the spin pairing in the BCS
ground state by virtue of the fact that the coherent nature
of the superconducting state is explicitly involved in elec-
tromagnetic absorption. (These coherence factors are, in

principle, also involved in the tunneling process, but they
cancel again after summation over the various tunnel
channels to obtain the total current. '

)

When studying the effect of a parallel magnetic field on
a superconductor, one is confronted with two competing
effects of the field. For thick films, the Meissner effect is
incomplete but the effect on the electron orbits still leads
to the well-known pair-breaking effect. Only in the ex-
treme thin limit (d (5 nm) is the Meissner effect nearly
absent, and the effect of the field on the electron spin be-
comes dominant. We have measured the far-infrared ab-
sorption on thin films in both regimes to be able to
discriminate the typical spin-dependent properties. In
Sec. III we will present the experimental results for
moderately thick films (d =10 nm), where the pair-
breaking effect of the field still dominates. The absorp-
tion spectra will be compared with calculations based on
the Abrikosov-Gor'kov (AG) theory. ' In Sec. IV we will
describe the experimental results of the FIR absorption of
ultrathin films (d=4 nm) in the paramagnetic limit. In
Sec. V we will develop a theoretical analysis to calculate
the complex conductivity in the paramagnetic regime and
compare this with the measurements.
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II. EXPERIMENTAL SETUP

Far-infrared spectroscopy, in the hands of Tinkhain
and collaborators, ' ' has proved to be a powerful tool to
study most of the important properties of superconduc-
tivity. Yet, despite the early predictions of spin-
dependent properties, no far-infrared experiments have
been initiated to tackle this field. This is probably due to
the fact that the experimental requirements are rather ex-
treme. First, superconductors with a small spin-orbit in-
teraction such as Al have an energy gap which is located
in a rather unaccessible part of the electromagnetic spec-
trum. The energy gap of bulk Al is 0.34 meV (2.74 cm
or 82.3 GHz); for thin films, one expects an enhancement
of the energy gap up to the order of 0.6 meV (=4 cm
or 120 6Hz). This energy is more or less intermediate be-

tween the microwave and the far-infrared region. Not
only are there no strong radiation sources available for
this region, one also has to use spectroscopic techniques
that are some sort of a hybrid between optical and single-
mode microwave techniques. Second, in order to reach a
sufficiently low reduced temperature T/T„one has to
cool the samples to He temperatures. Third, in order to
study paramagnetic effects one must suppress the pair-
breaking (diamagnetic) effect of the induced Meissner
currents. This can be achieved by using very thin films
(d (5 nm), carefully aligned (within 0.1') parallel to the
field. The critical field is typically of the order of 5 T.

In our experiment, the thin-film samples were produced
by standard evaporation techniques. These films covered
the entire surface of a disk-shaped quartz or silicon sub-
strate with a diameter of 9 mm. The electrical and
thermal contacts were soldered onto predeposited contacts
on the cylindrical sides of the substrates. To prevent oxi-
dation of the films, we covered the thinnest films
(d =3—4 nm) with an evaporated silicon layer. The sam-
ples were mounted inside an oversized cylindrical wave-

guide system. The lower part of the optical system could
be accurately oriented relative to the magnetic field from
the top of the cryostat, using a spindle (sm Fig. 1). We
aligned the film parallel to the field by maximizing the
critical-field value. The accuracy of this procedure
guaranteed an alignment within 0.05' parallel to the mag-
netic field.

HICR0METFR SPINDLE

PULLING R00

LIGHTPIPE
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SUBSTRATE+ FILM

ABBBBPTIBB BBEBBETEB }

—VACUUM CAN Il, 2 K)
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FIG. 1, Lower part of the cryogenic setup. All parts are
cooled to 1.2 K, except for the sample and bolometers which are
cooled to 0.4 K. The sample holder can be aligned with respect
to the direction of the magnetic field by adjusting the setting of
a micrometer spindle on top of the cryostat.

The sample was connected to a pumped ~He bath with
a 0.1-mrn gold wire and to a carbon thermometer placed
outside the light path. In this setup we could determine
the absorption of the film by monitoring the temperature
variations in the modulated FIR beam. %e used a stan-
dard phase-modulated Michelson interferometer, which
was optimized for the ultralow-frequency range (=2—10
cm '). For more experimental details, we refer to Ref.
18.

In Table I we have summarized the noninfrared proper-
ties of the films studied in the present experiment. From
the comparison of the experimentally observed critical

TABLE I. General properties of the measured films, where d is the thickness, R„ the normal-state
sheet resistance, T, the critical temperature, Q~ the measured spectroscopic energy gap, H, the experi-
mentally determined value of the parallel critical field at the lowest temperature (T=0.4 K), and H, ~
the theoretical result for the Clogston field, calculated from the measured gap. In the last column we
have indicated the substrate material.

Film

27
5

3
8

11

3
5

0.2
560

2100
22

125
112
57
31

1.21
1.51
2.03
1.52

1.96
2.10

Qg
(cm ')

3.45
4.45
3.25
3.41
4.85
5.20
5.20

0.85
1.84
3.80
1.05

3.45
3.56

2.23
2.78
3.74
2.80

3.61
3.86

Substrate

Si
Si
Si

quartz
quartz
quartz
quartz
quartz
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fields and the theoretical Ginzburg-Landau (GL) and
Clogston values, we conclude that all films with a thick-
ness less than = 5 nm are in the paramagnetic limit.

III. FIR ABSORPTION
IN THE PAIR-BREAKING LIMIT

A. Introduction

The most familiar impact of a magnetic field on a su-

perconducting film is a depairing of the ground state, be-
cause it breaks the time-reversal symmetry of the BCS
pairing scheme. As shown by Maki and Fulde, ' all
depairing effects can be described in terms of the AG
theory, which was originally developed to explain the
depairing effects induced by paramagnetic impurities.
This theory was extended by Skalski, Betbeder-Matibet„
and Weiss2 and applied to calculate the complex conduc-
tivity cr =0.

~
—i o2 in a pair-breaking situation. The pre-

dictions of the AG theory have been confirmed in detail
by electron tunneling ' and by FIR-absorption measure-
ments on thin Pb films containing magnetic Gd impuri-
ties. Similar films with Mn impurities, however, showed
a considerable deviation from theory, characterized by a
nonvanishing value of the real part of the conductivity
below the gap frequency. Despite the fact that all pair-
breaking phenomena have essentially the same effect, it is
still of some interest to study the effect of a parallel mag-
netic field on the complex conductivity. This is related to
the fact that the interaction of a Cooper pair with a mag-
netic impurity is due to a spin exchange rather than to the
local magnetic field. Early FIR experiments' on Pb
films in a parallel magnetic field were in considerable
disagreement with the AG theory. This was explained by
the authors by assuming a non-negligible perpendicular
component of the field, which would create strongly ab-
sorbing vortices. Despite the fact that several experiments
were undertaken to clarify this point, one must conclude
that the question is still not completely settled. More
specifically, no other FIR experiments have been per-
formed to investigate the pair-breaking effect of a parallel
magnetic field in other (weak-coupling) superconductors.

+m (co'+to)m(co' co)]—

(co & Qg), (1)
where the functions n and m are defined by

n(cu) =Re
(u —1)'i' (2)

m(co) =Re 1

(u 2 1)i j2

and u is the solution of the self-consistent equation

(4)

The constant I is the famous pair-breaking parameter. In
a parallel magnetic field this I is simply

where H, is the Ginzburg-Landau critical field given by

h=P, 95

malization to obtain 2, /A„= 1 at frequencies far above
the gap. This procedure is described in more detail in
Ref. 1S. Qualitatively, it is clear that we do not find any
indication of the presence of vortices, as reported in Ref.
17. Our experimental results of Fig. 2 illustrate clearly
that the most important effect of the magnetic field is
indeed a depression of the gap and a reduction of the
steepness of the absorption edge.

A more quantitative comparison with the AG theory
can be provided using the calculations of Skalski et al. ,

0

valid for films in the dirty limit, i.e., small mean free path
1. Their final result for the conductivity can be summa-
rized by the equation

cri(2a)) 1
—ti +~

dc' [n(co +co)n(N —co)
g Q) 0 cl)

B. Experimental results and discussion

Skalski et al. showed that the main effect of the mag-
netic field is a strong reduction of the minimum excita-
tion energy Qg and a less prominent decrease of the order
parameter. They also showed that the smearing out of the
singularity in the density of states will lead to a much
more gradual increase of cri above the gap frequency.

In the following we will assuine that the measured spec-
troscopic gap at T=0.4 K and 0=0 is to a very good
approximation equal to 260, where ho denotes the order
parameter at T =0 and 0=0. In Fig. 2 we present the
absorption spectra A, (co)/A„(~0) of the 8-nm-thick Al
film 4 for various values of the magnetic field. The data
processing included a Fourier transformation of the inter-
ferograms, division of the obtained spectrum by the ab-
sorption spectrum in the normal state (H ~H, ), subtrac-
tion of a constant background signal, due to radiation
leaks and absorption of the substrate, and finally a renor-
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FIG. 2. Absorption A, (H)/A„of film 4 (d =8 nm) as a
function of frequency for different values of the magnetic field
h =H/0, .
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~24AM, b
H, "=

d

for a penetration depth A, , a film thickness d, and a bulk
critical field H, b. The penetration depth A, is a function
of temperature T/'r, and mean free path I, and can be
calculated in a straightforward way from the GL theory.

For an 8-nm-thick film one may assume that I=d,
which gives a critical field poH, ~~" of 1.45 T. Experimen-
tally, we find a critical field, extrapolated to T=0, of
1.18 T, which is in reasonable agreement.

The paramagnetic Clogston limit is given by

which gives a value of 2.42 T for this particular film.
indicates that this film is still in the AG pair-breaking
limit, although some paramagnetic effmts might be visi-
ble.

The gap frequency can be determined in a straightfor-
ward way from the experimental absorption for small
values of the magnetic field. In Fig. 3 we have plotted the
experimental gap values, which were determined by extra-
polating the linear part of the absorption curve to zero ab-
sorption. This procedure might give a slight overestimate
of Qz, since it ignores a possible small tail near the ab-
sorption edge. An accurate determination of the gap
value was possible only for the lowest values of the field,
because of the very low power output of the interferome-
ter below 2 cm. ' The solid curve in Fig. 3 represents the
theoretical calculation by Skalski et al. of the gap as a
function of the depairing magnetic field H/H„where H,
is the measured critical field. As can be seen from the fig-
ures, we find a reasonable agreement between between ex-
periment and theory. Using the conductivity as calculated
according to Eq. (1), we can make a further, more quanti-
tative comparison with the AG theory. The absorption of
a thin film with conductivity o =o i i o2 on the—rear side
of a wedge-shaped substrate with refractive index n is
given by'

4nzoilo„
z vari/o„+z a'z'lo'„+(n +3)zoilcr„+2n +'2

0.6

0.6

5 6

FREQUENCY IIiui/b, oI

FIG. 4. Absorption A, (H)/A„of film 4 for H/H, =0.36
and T/T, =0.2 compared with a theoretical calculation using
cr" (I =0.06), R„=6 0, and n =2. 1 (dashed line). For com-
parison, we have plotted the zero-field absorption (curve b), to-
gether with a weak-coupling calculation using o 8, R„=6 0,
and n =2. 1 (dashed-dotted line).

where z =377/R„ is the vacuum impedance divided by
the normal-state sheet resistance of the film.

We find an excellent agreement between the experimen-
tal absorption at H =0 (solid curve b in Fig. 4) and a
theoretical calculation, using the weak-coupling Mattis-
Bardeen (MB) conductivity and treating the constant z as
a fit parameter (dashed-dotted line in Fig. 4). In princi-
ple, z can be determined from the measured value of R„.
Unfortunately, dc measurements do not give reliable
values for the film resistivity due to grain boundaries, etc.
For more details, see Ref. 18. For H/H, =0.36 we have
calculated the absorption using Eqs. (1} and (8) with the
same value for z. This result is indicated in Fig. 4 with a
dashed line, together with the experimental result (solid
curve a}.

The general agreement between the experimental curves
and the AG-Skalski theory is reasonable. However, there
are some distinct deviations. The most obvious difference
is that the onset of the absorption edge is more linear than
predicted from theory. The origin of this effect is not
clear, although one might think of an additional spin-
orbit scattering, which does not reduce the order parame-
ter, but which does smear out the singularity in the BCS
density of states. We also may expect some spin
paramagnetic effects for this particular film, since
p~&H/b, is not completely negligible. For example, at
H/H, =0 36 we fin. d poIJ&H/b, =0.10, which shows that
paramagnetic effects might play a role.

IV. FIR ABSORPTION OF ULTRATHIN
AL FILMS IN THE PARAMAGNETIC LIMIT

0.8 1.9

MAGNETIC FIELO IH/H )

FIG. 3. Spectroscopic gap Q~ as a function of the parallel
magnetic field for film 4 (dots). The solid line indicates the re-
sult of the AG pair-breaking theory.

In this section we will examine the spin paramagnetic
effect on the FIR absorption in more detail. We will first
present the experimental results for some ultrathin films.
As calculations of the field-dependent complex conduc-
tivity of a film in the paramagnetic limit have not ap-
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peared in the literature, we will summarize the concepts
relevant for a theory of the complex conductivity of a su-
perconductor with a Zeeman-split density of states within
the framework of the BCS theory. In the last part of this
section we will also allow for spin-orbit coupling and
(magnetic) spin-flip scattering. In particular, we will con-
centrate on the possibility of photon-induced spin-flip ex-
citations. The agreement between theory and experiment
will be discussed.

The absorption measurements were performed with the
same setup as described in Sec. III. Because of the better
impedance matching of the ultrathin films to the vacuum
impedance, we obtain a larger absorption signal. A
second advantage is the fact that the gap for these films is
shifted to a higher frequency, which allows us to measure
the field-dependent effects for larger values of the parallel
magnetic field.

In an attempt to determine if a first-order phase transi-
tion takes place at H„we measured the microwave ab-
sorption of film 6 as a function of the field. If the transi-
tion is of first order, we expect an almost zero absorption
below 0, and a sudden discontinuous jump to the
normal-state absorption at the Clogston field. In Fig. 5
we have plotted the microwave absorption of film 6 as a
function of the field. The frequency of the radiation was
38 GHz, equivalent with Ace=0. 250g. This curve ap-
pears to be in reasonable agreement with theoretical pre-
dictions. Below H„ the absorption rises slowly as a func-
tion of the field, which indicates that the number of
quasiparticles is enhanced by the (small) pair-breaking ef-
fect of the field. What is interesting, however, is the
sharp kink in the curve at H=H, . This structure is
much sharper than the width commonly found for the
resistive transition of these wide and more or less granular
films. The AG theory (dashed line) also gives a sharp
transition at H„but one usually finds that this transition
is significantly rounded due to fluctuations of the order
parameter above H, . The fact that no such rounding off
is found might indicate that there is a first-order transi-

— RES + RES 6 I

2.24 T

tion at the Clogston field.
In Fig. 6 we present the FIR-absorption spectra of film

6, which had a normal-state resistance of 110 Q. This
resistance is very close to the optimum value for an ideal
matching to the vacuum impedance for a film on a quartz
substrate. The agreement with the BCS theory of the
H =0 curve has already been discussed in Ref. 18. With
an increasing magnitude of the parallel magnetic field, we
find the following qualitative changes in the absorption
spectrum: An additional absorption below the gap in-
creases in magnitude with increasing field. The onset of
this shoulder shifts to a lower frequency approximately
linearly with the field.

In other words, we find a spectroscopic gap which de-
creases linearly with H. A second characteristic of the
absorption spectrum is the presence of a distinct kink near
the zero-field gap. Only for very high values of the field
has this structure disappeared. For some films we also
observed a less distinct structure above the gap, which
shifted to higher frequencies with increasing field. How-
ever, this effect was not very reproducible and could not
clearly be discriminated from the noise. The position of
the characteristic structures in the absorption spectra is
studied in more detail in Fig. 7, where we have plotted the
spectroscopic gap value and the position of the kink
around 2b, for film 6. The position of the kinks were
determined by extrapolating the linear parts of the absorp-
tion curves.

In Fig. 7 we have plotted the energy shift of the spec-
troscopic gap A'Qg from the measured value of the kink at
2b, as a function of the magnetic field. The solid lines in
Fig. 7 represent the simple relations Ace =2h and

1.0

0.8

0.6

8 10

WAVE HUNGER (cm')
8 10

WAVE NUH8ER Icm')

1,0

MA6NEllI: FIEI.0 IH jHc I

FIG. 5. Microwave absorption of film 6 (fuu=ho/2) as a
function of the parallel magnetic field (solid curve), compared
with a theoretical calculation based on the Abrikosov-Gor'kov
(AG) theory (dashed line).

FIG. 6. Absorption A, (H)/A„of film 6 (d =4 nm) as a
function of frequency for different values of the parallel mag-
netic field, as indicated. The arrows indicate the theoretically
expected shift of the energy gap (Qg =25—2p~~H). The mea-
sured absorption at H =0 is indicated for reference (lower curve
in every plot).
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FIG. 7. Spectroscopic gap () and position of the kink in the
absorption {0)as a function of the parallel magnetic field for
film 6. The solid lines indicate the theoretically expected rela-
tion fuu=2b, and %co =26—2@~&H.

2p, ~&H. The good general agreement suggests

that the additional absorption is related with the paramag-

netic shift in energy of the singularity in the spin-

dependent density of states for the quasiparticles.

&. THEORY

A. Electromagnetic response in the paramagnetic limit

In this section we will calculate the complex conduc-
tivity of a superconducting film in the presence of a paral-
lel magnetic field and in the paramagnetic limit. Mattis
and Bardeen and Bardeen and Schrieffer have evaluated
the conductivity in the extreme anomalous limit, where
the penetration depth of the field is small compared to the
superconducting coherence length. Their approach is also
valid in the dirty limit, where the mean free path is small-
er than the coherence length. We will first summarize the
MB results, and subsequently develop an equivalent
scheme to calculate the conductivity in the presence of a
parallel field.

In the paramagnetic limit„where we neglect the effect
of the field on the electron orbits, the time-reversal sym-

Q2
F(E,E', b, ) =—

2 EkEk.
(9)

where E„=(a'+g'„)'".
The net probability for a transition from E to E+fm is

then proportional to

s FE E+ ~Xs EAs E+

x [f(E) f(E+fuo)]]d—E,
where N, denotes the superconductive density of states
for the quasiparticles, and f(E) is the density of occupied
quasiparticle states at energy E.

In the extreme anomalous limit this leads to the famous
Mattis-Bardeen expressions for the complex conductivi-

metry of the Cooper pairing is not broken and we can
describe the electromagnetic properties entirely within the
framework of the BCS theory.

In order to calculate the transition probabilities between
the energy levels E and E+~, we have to consider the
coherent nature of excitations from a state (k,s) to (k', s')
and from ( —k, —s) to ( —k', —s'). We use the notation s
for the spin to avoid confusion with the conductivity 0.
The evaluation of the transition probabilities can be done
most easily by introducing the so-called coherence factors

F(E,E', b, )=F(E,E+fico, 6) .

These coherence factors take into account that the matrix
elements governing these excitations must be added with a
proper phase factor and squared before summing over all
k states. As shown by Bardeen and Schrieffer, ' these
coherence factors do not depend on the interaction of the
external perturbation with the spin, but are solely deter-
mined by the even or odd nature of the perturbation under
time reversal of the electronic states. For electroinagnetic
absorption the so-called "case-II" coherence factors are
appropriate: F=(ukuk+ukuk ) in the case of scattering
of quasiparticles and F=(vkuk —ui, uk ) in the case of
creation or annihilation of quasiparticles.

If one adopts a sign convention such that the excitation
energy Ek and the kinetic energy gk have the same sign,
the coherence factor for both scattering and creation
and/or annihilation is given by a single expression:

f IF(E, E+irico, A)N, (E)N, (E+fia))[f(E) f(E+fico)] I dE—

+ f IF(E, E+fico, A}N(E)N(E+fico)[l 2f(E+fico}]}dE, —

where the first term represents the contribution connected
with quasiparticle scattering and the second term gives
the pair-breaking contribution. cri follows directly using
the Kramers-Kronig relations and the Tinkham-Ferrell
sum rule:

2 ~n
6 CO —2 GfQP

fTQ) 0+ (~')i —c02

In the absence of spin-orbit or spin-flip scattering, we may
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write the Hamiltonian of a superconductor in a magnetic
field as~'

+4~», s~ —k, —s~ —k', —s'~k', s'
k, s

X(E) dg
X(0) dE

In the semiconductor sign convention, we obtain

(18)

2PaPag&k s&k ss H ~

k, s

where g» denotes the orbital energy of an electron in a
state with wave number k.

In an antiparallel pairing scheme, the field does not af-
fect the superconducting ground state, and we may
rewrite this Hamiltonian in terms of the elementary exci-
tations:

H=P&o +E +QE»1'krk 2+—wana& H

where the summation over i runs over all occupied quasi-
particle states, p is the chemical potential, Xo the number
operator, Es the energy of the superconducting ground
state, yk are the well-known Bogoliubov operators
describing the elementary excitations from the ground
state, and s; denotes the expectation value of the quasipar-
ticle spin along the field direction.

If we take the excitation energies relative to the Fermi
energy ()u=0), then both electronlike and holelike quasi-
particles have an excitation energy given by

E( k, s) =Ek 2pysssH—

=Ek+PauaH =(~ +4») +eau sH

where the + sign depends on the direction of the quasi-
particle spin. The simplest excitation process that in-
volves the absorption of a photon is described by the
creation of an electronlike and a holelike quasiparticle
with the simultaneous annihilation of a Cooper pair. The
energy of a Cooper pair does not depend on H, due to the
antiparallel spin pairing. The total excitation energy of
this process is

fm=E»+Ek 2(s +s')P~~H . —

If the spin is conserved during the pair-breaking process,
then s = —s' and the excitation energy does not depend
on the value of the field.

Let us further assume that the intrinsic spin-flip
scattering time (due to magnetic impurities or due to the
static field) is long compared to the Cooper-pair lifetime,
which is of order Rjb, . Then we expect that the spin po-
larization of the thermally excited quasiparticles is zero,
and the occupation numbers f„(E) and f, (E), respective-
ly, of the spin-up and spin-down quasiparticles are equal,
but shifted in energy:

f (E)= 1

fF. —& H)xkr1+e
l

(k+ Hier1+
The densities of states for spin-up and spin-down quasi-
particles can be calculated using the relation

With these ingredients, we can now calculate the conduc-
tivity similarly as in Eq. (11},but now the integration
must be done separately for the two spin directions. Sub-
stituting the relevant expressions for E, f (E),
F(E, E+fau, b, ), and X(E) in Eq. (11) and changing vari-
ables, we find that, when the total spin is conserved in the
absorption process, the complex conductivity is indepen-
dent of the field and a =o

With similar arguments it can be shown that also no
changes occur in the tunnel current between two paramag-
netically limited superconductors in an magnetic field, by
virtue of the fact that the spin of a quasiparticle is not
flipped in the tunneling process. In a electromagnetic
field, however, there is a finite probability of a spin flip.
If one assumes that only the H component of the elec-
tromagnetic field perpendicular to the static field flips the
spin, then an upper limit of 0.5 is obtained for the spin-
flip probability in unpolarized light, directed along the
axis normal to the film. This spin-flip probability has a
remarkable effect on the absorption spectrum. This can
be shown schematically, using the semiconductor model,
which pictures the pair-breaking process as a one-particle
scattering from a state below the Fermi energy to a state
above the Fermi energy. Let us look, for example, at a
transition from a spin-up state to a spin-down state in Fig.
8. The minimum excitation energy for this spin-flip
scattering process is given by

A'Qs 2b 2pgpsH . —— — (21)

We come to the rather surprising conclusion that, al-
though the field has no influence on the superconducting
ground state, it does have a strong effect on the spectro-
scopic gap, which shifts linearly with the field strength.
To our knowledge, this effect is not described in the litera-
ture. Using the semiconductor model, one can easily
predict the qualitative charactersitics of the absorption
spectrum. In addition to the spin-Aip absorption branch
starting at 26 —2@~&H, mentioned above, we expect a
second branch to appear at 26. This branch corresponds
to the tv o transition channels where the total spin is con-
served. Finally, a third branch is possible, starting at
2b, +2puuiiH, which corresponds to a spin flip anti-
parallel to the field. If T&0 we may even expect a fourth

E„(E)= —,N(0) l« —VauaH)' —~']'"
E +pys~H

X,(E)= 2 X(0)
[«+S u sH)' ~']'"

The coherence factors follow immediately, using Eq. (9):

1 Q2
F =—1+

2 (E p~q—H )(E' p~&—H)
(20)

1 +2F„=—1+
2 (E +pyssH )(E'+p~sH)
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FIG. 8. The Zeeman-split density of states for spin-up and
spin-down quasiparticles in the semiconductor model, for a
magnetic field @~AH = b, /4.

characteristic structure in the absorption spectrum at
Rcu=2pys&H, corresponding to a quasiparticle scattering
from a spin-down state to a spin-up state.

In the following we will examine these additional spin-
flip transition processes in inore detail and calculate the
total conductivity, which determines the electromagnetic
properties of the sample.

In addition to the coherence factors F«and F», we
must now also consider the coherent nature of all the pos-
sible excitations which involve a spin flip:

r

1 +2
1+

2 (E polis—H )(E'+p~aH )

(22)
1 Q2

1+
2 (E +@~AH )(E' @yea—H )

The net transition rate between E and E+fico is propor-
tional to

~
Akk A ~ ~, the squared matrix element connect-

ing the initial state with energy E(k,s) and the final state
with E'=E(k', s.').

~
A„~ denotes the probability that

the spin of the excited particle is changed from s to s' by
the interaction with a photon.

To get the net rate of absorption of energy, one must
take the difference between direct absorption and emis-
sion, and sum over all initial states. We finally obtain, for
the scattering of quasiparticles,

fdt]A ]'F (EE+Rra, k. )N, (E)N, (E+Au)[f (E)—f, (E+%o)]. (23)

For the creation of quasiparticles (pair breaking) we fin, by generalizing the Mattis-Bardeen equation,

JdE
~
A~

~

iI'„(E,E+fico, h)N, (E)Ng (E+Rco)[1 2f, (E+Kico—)] .cr„„fico

In practical cases we will always measure the absorption
at the lowest achievable temperature, where the occupa-
tion numbers of quasiparticles are negligible and we only
have to consider the pair-breaking term.

In Fig. 9 we have calculated the low-frequency
(fico &2b) part of the conductivity; at these low frequen-
cies, only quasiparticle scattering takes place, and the in-
tegral (24) is zero. The total conductivity is found by
summing over the four transition channels. All transi-
tions give a contribution to the conductivity which mono-
tonically decreases with frequency, except for the contri-
bution related with the scattering of a spin-down particle
to a spin-up state. This spin-flip transition gives rise to a
singularity at fm=2p~~H. This peak can be observed
only at moderately high temperatures, where the number
of quasiparticles is large. In Fig. 10 we have plotted the
high-frequency (%co & 2b, ) conductivity at T =0, which is
determined by pair breaking only, and the integral (23) is
zero. In these calculations we have assumed a spin-flip
probability of 0.5. The most interesting result is the fact
that o.„is the most prominent contribution to the total
conductivity. For a spin-fiip probability of 0.5 we find
that the o» branch goes through a maximum before
reaching the high-frequency limit of 0.25. This is a
consequence of the fact that the Tinkham-Ferrell sum

I
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FIG. 9. Low-frequency part of the real conductivity a&(co) as
a function of frequency for a superconductor in the paramagnet-
ic limit (p~i]H =0.46, T/T', =0.7). {a) Spin-flip contribution
cr„. (b) Total conductivity. Dashed line: real part of the con-
ductivity at H =0, T/T, =0.7.
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FlG. 10. Complex conductivity of a superconductor in the
paramagnetic limit, assuming a spin-flip probability of 0.5 and

@~AH =h, /2. The separate contributions to the real part of the
conductivity o~ are indicated. The imaginary part of the con-
ductivity was calculated using the Kramers-Kronig relations.
The dashed lines represent the weald-coupling Mattis-Bardeen
results for 8=0.

FIG. 11. Comparison of the experimental absorption A, /A„
(o) as a function of frequency for film 6 (p~&H =0.456), with

theory (curve a), using o.
&

as shown in Fig. 10. Curve b

represents the zero-field absorption, which is indicated for refer-
ence.

of spin-orbit scattering may also affect the electromagnet-
ic properties.

B. Spin-orbit coupling

rule only applies to the total transition probability, but is
not valid for the individual spin-dependent channels. The
oq curve in Fig. 10 was calculated using the Kramers-
Kronig relations. With these results for the complex con-
ductivity, we have all the ingredients we need to calculate
the absorption, using Eq. (8).

In Fig. 11 we have compared the experimental result
for the absorption in a field H=0.456 lpo/iz (0) with a
theoretical calculation according to Eqs. (23), (24), and (8)
(curve a). For this calculation we used the values
8„=1100 and n=2. 1. The theoretical absorption for
zero field (curve b) was added for reference. A major
discrepancy between theory and experiment is the large
value of the spin-flip absorption.

This unexpectedly high value of the absorption could
indicate a larger spin-flip probability than assumed in the
theory. However, it seems unlikely that the spin-fiip
probability could be larger than 0.5 for an unpolarized
FIR beam. For the experimental setup we may expect the
radiation to be incident on the film within a cone with a
top angle of 20' normal to the film. For this situation, we
find an electromagnetic H component perpendicular to
the static field which is slightly larger than 0.5, but it is
not large enough to explain the relative magnitude of the
low-energy branch. A possible anomalously low value of
the imaginary part of the conductivity uz (for example,
due to pair breaking) might explain the absorption curves
at weak magnetic fields, but it cannot explain the large
absorption observed at higher fields. One expects from
the calculations of Engler and Fulde that for a small
pair-breaking effect of the magnetic field the density of
states for spin-up and spin-down quasiparticles is still dis-
placed by pcs&H, but also the field smears out the singu-
larity at E=b,. This results in a broadening of the
characteristic structures in the absorption spectrum, rath-
er than an increase in magnitude. However, the presence

In this section we will evaluate the effect of spin-orbit
coupling and of (magnetic) spin-flip scattering on the den-
sity of states and calculate the complex conductivity for
that case. In the presence of a spin-flip mechanism the
BCS approximation of a simple s =0 and k =0 pairing is
no longer valid and the superconducting ground state re-
sults from a more general pairing between time-reversed
electron states. With spin-orbit scattering we will denote
all nonmagnetic interactions that may flip the quasiparti-
cle spin. The quasiparticle density of staes of a supercon-
ductor in the presence of spin-orbit and spin-flip scatter-
ing can be calculated using the more general Green's-
function formalism as developed by Abrikosov and
Gor'kov, i Nambu, ~' and Keller and Benda.

The density of states of quasiparticles with a specific
spin direction is obtained from the one-particle Green s
function G, (k,co).' ' '

N, (co)= — sgn(co)lm f d k G, (k,~)
1 1

2m (2m)
(25)

G, (k,co) is generally of the form

G, (k,co) = ~s+4
(26)

Bruno and Schwartz have solved the generalized func-
tion co, and 5, for a scattering potential with, respective-
ly, a spin-independent, a spin-orbit, and a spin-flip part:

vso
V(k,k')+, (k Xk').s+ wsF(k, k')s S; .

kF
(27)

A compact formulation can be given in terms of the
scattering times:
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=kF

where N(0) is the electron density of states of one spin
direction on the Fermi surface and n

~
and n2 are the den-

sities of nonmagnetic and magnetic scattering centers.
The final result for the density of states can now be

written as

n+ n——, , ( E) =N(0}Re
u+

(u 2 1)l/2

u+

3~sF~ (1—u+ )'"
up +u+

(1—u+ )'~~

(30)

When both iso and rsF go to infinity, u, is real and Eq.
(29) is identical to the Zeeman-split BCS expression for
the density of states of Eq. (19).

We have numerically solved the coupled equations (30),
using an iterative procedure. Figure 12 shows some
representative results for the densities of states for
~sF——oo, )uyqH =0.56, and for relatively low spin-orbit-
scattering rates: (a) rso=oo (b) Rlrsok=0. 1, and (c)
filrsob =0.2. This calculation of the densities of states
reproduces the results of Refs. 29 and 33 and shows that
the effect of a small spin-orbit coupling can be described
with a simple mixing of the quasiparticle states for both
spin directions.

The most interesting effect of the spin-orbit coupling is
a shift of some of the spin-up states to lower energies. In

where the functions u, =u+ are solutions of the coupled
equations

E+pys~H g u+ —u+

&so~ (1—u+)
=9++ 2 1/2

GAIA„ I'
$,$

—lk+ p()fl ~H

~dEn, En, E+
b, —pyc~H —Ace

+m, (E)m, (E+Rco)],

(31)

where

n, (E}=Re
(u,' —1)'"

(32)

addition, we find that the singularity in the density of
spin-up states at E =5+p~~H is strongly smeared out.
The density of states for spin-down quasiparticles is less
affected, the most important effect being a shift of the on-
set to an energy slightly higher than 5—pcs&H.

From this solution for the density of states, we can
predict some of the qualitative changes in the complex
conductivity:

We expect a shift of the spectroscopic gap to an energy
slightly higher than 2b, 2@~—~H. An even more in-
teresting effect is the fact that a new transition channel is
now possible, where one of the quasiparticles is excited to
the "mixed" spin states at low energy. This new channel
enhances cr~ for low frequencies, thus leading to an in-
creased absorption below the equilibrium gap 2ho. A
third effect which is expected from this solution of the
density of states is a smearing of the peak in the density
of spin-up states.

In order to calculate the complex conductivity u(co), we
will generalize the Skalski results for the case of a more
general (magnetic and nonmagnetic) spin-flip scattering in
the paramagnetic limit. The most important difference
with the Skalski approach is the fact that we now have to
solve the Green's functions for both spin directions
separately.

We finally obtain

2

(a}
m, (E)=Re 1

(&2 1)l j2

(e)

2

E/h

FIG. 12. Zeeman-split density of states n (E) for spin-up and
spin-down quasiparticles for a film in the paramagnetic limit
and the solution for the function m (E) for both spin directions.
(a) and (d) are for A/~so ——0; (b) and (e) are for a small spin-orbit
coupling A/~st =0.1; (c) and (f) are for A'/~&oh =0.2,
PP)IMgH =5/2.

and u, are the solutions to the coupled equations (30).
The function n, (E) is again the density of states for

quasiparticles with spin s, and an even function of E.
The function m, (E) is odd with respect to E, and has no
direct physical meaning.

The solution for m, and for m„ is plotted in Figs.
12(d)—12(f) for the same parameters as in Figs.
12(a}—12(c}.

An interesting result is that m, is practically zero near
E=5—p~&H. This means that the new transition chan-
nel in o «, where one of the quasiparticles is excited to the
mixed spin states, obeys a coherence factor F= 1, which is
more familiar to a case-I perturbation. For comparison,
upon evaluating the spin-flip transition rate o» for fre-
quencies near fico=25 2pys~H, one finds —that both
terms in the integrand of Eq. (31) have a different sign
and approximately cancel each other. That is, it obeys a
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typical case-II coherence factor E=O at frequencies near
the gap. In Fig. 13 we have calculated the full conductivi-
ty o i according to Eqs. (29)—(31), for the parameters as in
Figs. 12(b) and 12(e). We find an almost constant level of
oi« ——o», for the transition to the mixed spin state, due
to the fact that F=1. A similar plateau is also observed
for the reverse spin-flip excitation o i«. For the total con-
ductivity o i we find an enhanced value at low frequencies,
a slightly increased gap, and a smoothing of the structure

1.0

n )E)

0, 5

0.0

6

FICaua~CY t &~I~.~

FEG. 14. (a) Density of states for a film with both spin-orbit
coupling and spin-flip scattering (fi/vsoh=0. 1 and fi/vsFA
=0.06, p,~gH=O. ldll. (b) The function m(E) for both spin
directions with the same parameters as in (a). (c) The complex
conductivity for this film assuming a spin-flip probability of 0.5.

FIG. 13. Real part of the conductivity, calculated according
to Eqs. (30)—(32) for a spin-flip probability 0.5 and
R/vsoh=0 1. (a) the contributions cr~„, o'~» ——o~„, and 0'1»
corresponding to the different channels. (b) The total conduc-
tivity o &, which is a summation of the four contributions shown
in (a).
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near fico=26; the structure at 2b, +2p~&H has almost
disappeared.

The inclusion of (magnetic) spin-flip scattering can be
treated in a similar way. For example, in Fig. 14 we have
calculated the density of states, the function m {E),and
the real part of the conductivity for a film with both
spin-orbit and spin-flip scattering (A'/rsoLL =0. 1 and
A/ Tspd, =0'.06). These values correspond with the experi-
mental parameters for film 4 in a field H/H, =0.36 (Fig.
5}. Although it is clear that even in this {pair-breaking}
situation we can clearly distinguish spin-dependent prop-
erties, the total conductivity does not show a paramagnet-
ic structure and is approximately equal to the result ob-
tained by Skalski.

I.et us now turn to a direct comparison of the present
theory and experimental results for ultrathin films. In
Fig. 15 we have plotted the experimentally observed ab-
sorption of film 6 in a field poH=2. 24 T (@~AH
=0.456,) together with a theoretical calculation, using
R/rsob =0.1, R/rsFb, =O, and an electromagnetic spin-
flip probability of 0.5. In accordance with Ref. 18, we
further assumed an additional electron-phonon coupling
which reduces the imaginary part of the conductivity
o2 ——0.7o2MB

With these parameters we indeed find good quantitative
agreement between theory and experiment. The resolution
of the spectrometer used does not allow a more detailed
evaluation of the data.

A similar analysis of the absorption spectra at different
magnetic field values and for different films confirms the
present conclusions of a spin-orbit coupling
0 (fi/rsoh (0.2.

VI. ANOMALIES

An exception behavior was observed for film 3, which
had a thickness of only 3 nrn. The absorption measure-
ments for different field values is depicted in Fig. 16.
This film had a significantly higher resistivity (R„=2.1

FIG. 15. Experimental result for the absorption of film 6 for
@00=2.24 T and T/T, =0.2 compared with a calculation us-

ing the conductivity o.
l shown in Fig. 17, assuming a spin-flip

probability of 0.5 and a spin-orbit coupling A'/rioh of 0.1 and
an ad hoc value of o~ ——0.702
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FIG. 17. Spectroscopic gap Qg and position of the steps as a
function of the parallel magnetic field for film 3. The solid lines
indicate the theoretically expected values given by Aco=26 and
fuu =2h +2@~80.
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FIG. 16. Absorption of film 3 (d =3 nrn) as a function of
frequency for different values of the parallel magnetic field.
The theoretically expected energy gap 26 —2@~~0 and of the
kinks at Ace=26 and at fico=2b+2p~qH are indicated.

kQ), which indicates a strong granular structure. A prob-
lem which complicates the absorption measurements on Si
substrates (films 1—3) is the rather high refractive index
of n=3.4. This leads to an interference pattern with a
period of about 8 cm '. However, the interference effects
cancel in the ratio of the absorption and transmission,
which gives the real part of the conductivity, and we
found a good agreement with the Mattis-Bardeen calcula-
tions for frequencies above the gap. Due to this interfer-
ence effe:t, we were not able to correct the absorption
spectra for the background signal, but we clearly observed
the field-dependent structure described before. More
specifically, we again found the field-dependent shift of
the spectroscopic gap (Fig. 17). In this particular case, we
also found some structure on the absorption edge shifting
upward with increasing field: fico =2b +2p ys&H. A
peculiar phenomenon for this film was that for the higher
fields of 1.S and 1.9 T (H/H, =0.39, respectively O.SO),
we found that the shoulder shifting to low frequencies
developed into a narrow peak (see Fig. 16). The edge of
this peak still shifted linearly with the field, according to
Ace =25—Zpys~H, but the absorption maximum in-
creased to about twice the normal-state absorption. This
absorption peak was clearly visible in the absorption spec-
trum before it was normalized by the normal-state absorp-
tion. We believe therefore that this anomalous absorption
is experimentally significant. This was confirmed by a
reference measurement of the absorption at a fixed fre-
quency of 40 GHz, while sweeping the field. We found

again near p~&H = b, /2 an absorption which was consid-
erably higher than the normal-state absorption.

At present we cannot explain the anomalous absorption
of this granular film. Although the inclusion of spin-
orbit interaction does give a much stronger absorption at
frequencies just above the spectroscopic gap, it cannot ex-
plain the presence of a pronounced peak. The calculations
in Sec. V A, which included the contribution of the quasi-
particle scattering term, predict the presence of a peak in
the real part of the conductivity when T&0 and
fico=2p~sH, as is the case in the upper curve of Fig. 16.
However, it seems unlikely that this quasiparticle scatter-
ing term gives an appreciable absorption at the tempera-
tures presently used (T/T, &0.3).

VII. CONCLUSIONS

%e have presented FIR-absorption measurements on
thin and ultrathin superconducting Al films in a parallel
magnetic field. For films with d =10 nm we find a shift
of the energy gap which is in good agreement with the
AG theory of pair-breaking. For ultrathin films we ob-
served a linear shift of the spectroscopic gap according to
fico=2LL 2p~sH, wh—ich is attributed to a photon ab-
sorption process where an antiparallel Cooper pair is bro-
ken into two spin-down quasiparticles. %e have
developed a theory within the BCS framework which
gives the complex conductivity of a superconducting film
in the paramagnetic limit and which includes the effect of
photon-induced spin-flip processes. The effect of spin-
orbit and (magnetic) spin-flip scattering on the complex
conductivity is evaluated using a Green's-function formal-
ism. We find good quantitative agreement between the
experimentally observed FIR absorption of ultrathin
paramagnetically limited Al films and the present theory,
assuming that iri/iso', =0.1 and that o2 is reduced be-
cause of an enhanced electron-phonon coupling. The
anomalous absorption of a granular 3-nm-thick film is not
understood.
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