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We report a systematic study of Nb/ferromagnet (FM)/ND trilayer structures in which the FM layer is one of
the strong ferromagnets Co, Fe, Ni, and NiggFe,((Py). Accurate control of the FM layer thickness has enabled
detailed studies of the magnetic and transport properties in the superconducting state. In all cases, we estimate
the thickness of the magnetic dead layer and the exchange energies of the ferromagnetic layers; in doing so, we
demonstrate inconsistencies between the exchange energies derived elsewhere from superconductor (S)/FM
bilayer experiments and from S/FM/S junction measurements compared to their bulk Curie temperatures,
which may hint at further complexity in the underlying physics. We show results in support of a recent
publication [J. W. A Robinson er al., Phys. Rev. Lett. 97, 177003 (2006)], focus in detail on a single 0-7r phase
transition, and show evidence for the appearance of a second harmonic in the current-phase relation at the

minimum of the critical current.
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I. INTRODUCTION

The proximity effect in superconductor/ferromagnet (S/
FM) and S/FM/S structures leads to many interesting and
peculiar effects that have been extensively studied in recent
years,'~* both theoretically and experimentally. Advances in
the fabrication of S/FM/S devices have opened up the oppor-
tunity to explore the physics of the 7 junctions predicted by
Bulaevskii er al.,’ for the case of tunnel barriers and by
Buzdin? in diffusive systems; Buzdin predicted that under
certain conditions the Josephson critical current /. in a
S/FM/S junction would change sign from positive to nega-
tive corresponding to a phase shift of 7 in the Josephson
ground state and a damped oscillatory dependence of the
singlet pair wave function in the FM layer. The underlying
physics of the oscillating singlet pair wave function is similar
to order parameter modulations described by the Larkin and
Ovchinnokov state® and by the Fulde and Ferrell state;’ as
the singlet pair penetrates the FM layer, the two electrons of
opposite spin experience an effective Zeeman field due to an
exchange energy E,,. This results in Zeeman splitting, a shift
in the singlet pair momentum space, and an oscillating su-
perconducting order parameter? of period &,. Theses oscilla-
tions are exponentially decayed over the ferromagnetic co-
herence length & according to \hAD/E,(T), with D as the
diffusion constant of the ferromagnet and 7T as the tempera-
ture. For weak ferromagnetic metals, E,, ~ kpT,, where T, is
the superconducting critical temperature; oscillations in the
order parameter occur as a function of both 7" and dr. How-
ever, for strong ferromagnetic metals, E,.(kgTg)>kgT.,
where T is the Curie temperature of the ferromagnet; oscil-
lations in the order parameter occur with dj only,”® but ang-
strom control of the thickness is required. Experimentally,
oscillations in the order parameter can be seen as oscillations
in I, or characteristic voltage I.Ry (Ry is the normal state
resistance).

One of the promises of the w-shift effect is the eventual
implementation of this physics into quantum computing
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where information is stored in two-level quantum systems, or
qubits. Many theoretical and experimental advances have
been achieved toward the physical realization of solid-state
qubit systems,'®!! with particular breakthroughs being made
in those systems incorporating -shift physics. However, all
S/FM systems investigated so far present a number of physi-
cal challenges to their reproducibility and understanding,
particularly, a maximization of /Ry in the 7 state, control of
the magnetically “dead” region in the ferromagnetic barrier
which corresponds to a fraction of the ferromagnetic which
exhibits a zero-net moment,'>!5 and inconsistences in ex-
perimentally derived E,, values from S/FM bilayer experi-
ments and from S/FM/S junction measurements compared to
their bulk Tg.

In this paper, we report a systematic study of S/FM/S
thin-film structures consisting of Nb leads and strongly fer-
romagnetic barrier metals: Co, Ni, Fe, and NigyFe,;(Py). In
particular, we show details of the magnetic properties of
these thin films and their transport properties in current per-
pendicular to plane devices in the superconducting state. The
results are divided into four sections: Section III addresses
aspects of a magnetic dead layer where its scale is estimated
in all of the ferromagnets studied; in Sec. IV, we show results
to support a recent publication (Ref. 15) which reported mul-
tiple oscillations between 0 and 7 states; in Sec. IV, we have
identified an interesting inconsistency between experimen-
tally derived exchange energies in S/FM bilayer experiments
and from S/FM/S junction measurements; Sec. IV reports a
single phase transition from 0 to 77 in Nb/Co/Nb junctions
and provides evidence for a second harmonic in the current-
phase relation.

II. EXPERIMENTAL METHODS

Thin films of Nb/Co/Nb, Nb/Py/Nb, Nb/Ni/Nb, and
Nb/Fe/Nb were prepared on thermally oxidized (100) Si
substrates with a 250 nm oxide layer on the surface in an
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TABLE 1. Deposition parameters for all metals grown by dc
magnetron sputtering for this study.

Deposition rate

at 1 rpm Power Speed range Thickness
Target metal (nm) (W) (rpm) (0.2 nm)
Nb 6.89 90 028 250
Cu 4.39 30 0.22 20
Ni 2.12 40 0.20-4.2 0.5-10.5
Co 1.18 40 0.36-3.6 0.5-5.0
Py 1.64 40 0.33-3.3 0.5-5.0
Fe 2.0 40 0.22-2.2 0.5-5.0

ultrahigh vacuum deposition chamber. For device fabrica-
tion, films were deposited on 10X 5 mm? chips. For mag-
netic characterization in a vibrating sample magnetometer
(VSM), films were grown simultaneously on 16—25 mm?
chips. Chip dimensions were measured to an accuracy of
+0.1 mm using vernier calipers. Before loading the chips
into the deposition chamber, they were cleaned in acetone in
an ultrasound bath for 30 min and subsequently dried with a
nitrogen air gun with acetone and, finally, isopropanol. All of
the films were grown by dc magnetron sputtering in an Ar
plasma pressure of 1.5+0.01 Pa, where a minimum film
stress is expected. Prior to the depositions, the chamber was
baked out for 7 h and subsequently cooled with liquid nitro-
gen via a liquid nitrogen jacket for 2 h; the deposition cham-
ber had a base pressure of better than 5% 107 Pa and an
oxygen partial pressure of <3 X 107 Pa, as confirmed by an
in situ residual gas analyzer.

The films were grown in one run without breaking
vacuum. In a single run, multiple chips were placed on a
rotating holder which passed, in turn, under three magne-
trons: Nb, Cu, and the FM target (Fe, Co, Py, or Ni). The
speed of rotation was controlled by a computer operated
stepper motor with a precision angle of better than 3.6°, and
each sample was separated by an angle of at least 10°. Depo-
sition rates for each target were calibrated in separate depo-
sitions using atomic force microscopy and a photolitho-
graphic lift-off technique (see Table I for a summary of the
deposition parameters for all target materials). For the ferro-
magnet barrier metals, their deposition rates and, hence, their
thickness dp were varied by controlling the chip’s angular
speed as it passed under the respective target while maintain-
ing a constant power to the magnetron and a constant plasma
pressure. This was achieved from a knowledge of the chip’s
position relative to the target material, 6, and by program-
ming the rotating flange speed to give a linear variation of dp
with 6 so that d(dp/d6@)=const. dy is inversely proportional
to the instantaneous speed of deposition at time 7 (seconds)
so that dr«1/V,. Hence, it can be shown that to achieve a
linear variation of dr with 6, one programs the speed at 6 and
t, V(0),, of the deposition according to

| AZN A AS
VF o ( - ) 5 (1)
Vi Vi\Vy= Vi 2m

where V; and V are the initial and final chip speeds, respec-
tively, in units of rpm. This method of varying dj guaran-
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FIG. 1. (Color online) Low angle x-ray reflectivity data from a
set of Nb(5 nm)/Co(dc,)/Nb(5 nm) samples: (a) Co thickness ver-
sus sample number where the solid (blue) and hollow (black) circles
represent the measured (observed) Co thickness, by comparing the
Kiessig fringes to a simulation and the expected Co thickness, re-
spectively; (b) experimental (black) and simulated Kiessig fringes
(pink) for sample 1 where the expected Co thickness was 5 nm and
the observed Co barrier thickness from the simulation is 5+0.2 nm.

teed, in all cases, that the interfaces between each layer were
prepared under the same conditions while providing precise
control of dp. For Co, Fe, and Py, dy varied from 0.5 to 5 nm
while for Ni, dp varied from 1.0 to 10 nm. A second set of
Co barrier films (sample set 2) were grown so that details of
a single phase transition of 7 could be measured; for this
run, the Co barrier thickness varied from approximately
1.5 to 2.5 nm.

The quality of the Nb for all the runs was confirmed by an
average T, of 9.0£0.05 K from a measurement of electrical
resistance versus temperature using a van der Pauw wiring
configuration and an average residual resistance ratio of
RRR=R(300K)/R(4.2K)=4.2.

To confirm control over the variation in df, we performed
low angle x-ray reflectivity measurements of a set of
Nb/Co/Nb thin films, where the top and bottom Nb had a
thickness of 5 nm while the Co thickness was varied from
0.5 to 5.0 nm. A series of low angle x-ray scans was made,
and the observed Co thickness was extracted by fitting the
period of the Kiessig fringes to a simulation. It was found
that our expected Co thickness was well correlated with the
observed Co thickness with a mean deviation of +0.2 nm.
Figures 1(a) and 1(b) show (a) a comparison of the observed
Co thickness with the expected Co thickness and (b) an ex-
ample of low angle x-ray data plotted with the equivalent
simulation data for the same Co and Nb layer thicknesses.

Films were patterned using optical lithography followed
by broad Ar ion milling (3 mA cm™2, 500 V beam) to pro-
duce micron-scale tracks and millimeter-scale contact pads
for wire bonding to chip carriers. The tracks were then pat-
terned with a Ga* focused ion beam (FIB) microscope
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FIG. 2. Focused ion beam micrographs of an etched track: (top)
three devices at 20° to the surface; (bottom) the active region of a
device showing the Cu guides used to assist the side-cutting
procedure.

(Philips/FEI FIB 200) to achieve vertical transport with a
device area in the 0.2—1 um? range. Details of the FIB pro-
cessing can be found elsewhere.'® Figure 2 shows two FIB
micrographs: (a) an etched track showing three junctions
with different cross-sectional areas with the line cuts, which
arise from the side-cutting technique, labeled; (b) a micro-
graph of a typical junction. Because the ferromagnetic bar-
rier metals have a similar secondary electron emission to the
Nb electrodes, the contrast in the FIB microscope was poor,
which made processing difficult. Consequently, the yield of
functional devices was low. We overcame this problem by
depositing a 20 nm thick layer of Cu sandwiched within
250 nm of Nb. Cu, having a higher secondary electron emis-
sion compared to Nb, improved the contrast considerably
and served as a bright cutting guide, which increased our
device yield to above 80%. The Cu was located 50 nm from
the FM barrier, where 50 nm> &y, and being only 20 nm
thick implies that dc, << &c,. The Cu is, therefore, fully prox-
imitized by the superconducting Nb and plays no part in the
transport properties of the junctions.

Devices were wire bonded onto chip carriers so that trans-
port characteristics could be measured using a four-point
technique in a custom made liquid-He dip probe that in-
cluded a microwave antenna, a heating stage, a Si diode ther-
mometer with a temperature sensitivity of +0.01 K, and a
120 mT solenoid. Samples were in good thermal contact
with the thermometer. Current-voltage characteristics of the
devices were made using a lock-in amplifier; the differential
resistance dV/dI(I) of a device was measured as a function
of the applied bias current. From this measurement, /. was
extracted; I, was defined as the point where dV/dI(I) in-
creased above the value for a high bias current and then
proceeded to drop to the minimum resistance of the appara-
tus of 10 u{). The noise floor of our apparatus is 100 nV,
which, for a 1 A bias, corresponds to 10 u(). All of our
devices have different cross-sectional areas. Hence, to nor-
malize our data, we multiplied /. by Ry to give the charac-
teristic voltage I.Ry. Ry was measured by applying a
quasi-dc bias current of 3—5 mA, which enabled the nonlin-
ear portion of the current-voltage curves to be neglected but
was not large enough to drive the superconducting Nb elec-
trodes into a normal resistive state. The /. of the devices
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ranged from about 3 mA to below the minimum sensitivity
of our apparatus (50 nA), while the Ry was in the range
0.5 mQ to 0.5 Q.

III. MAGNETIC DEAD LAYERS

As previously reported in Nb/FM/Nb films,®!? a substan-
tial magnetic dead layer exists at the Nb/FM interface, while
in systematic studies of thin ferromagnetic films,!”!® the
magnetic dead layer exists at the surface—even where oxi-
dation is eliminated. The magnetic dead layer manifests itself
as a loss in magnetic moment, and its scale depends on the
ferromagnetic metal and whether it is a pure element or an
alloy and on its temperature. In systems where the ferromag-
netic thin film is relatively thick, the presence of a magnetic
dead layer might be considered less important to the bulk
properties; however, in thin-film stacks where the thickness
of the ferromagnetic film approaches the total magnetic dead
layer thickness (D), the presence of the magnetically inert
region becomes increasingly important. In alloys, the dead
layer can partly be explained by changes in alloy stoichiom-
etry at the surface and/or interface, which give rise to differ-
ent electronic structures and exchange interactions. For pure
element ferromagnetic films, where intermixing is ruled out,
the underlaying physics of a magnetic dead layer is very
interesting but poorly understood. In the strong ferromagnet
3d transition metals of Fe, Co, and Ni, D is relatively small,
being typically <1 nm at room temperature, and, therefore,
its effect on the magnetic properties of bulk films is negli-
gible. However, when the current is perpendicular to the in-
terface, the presence of a magnetic dead layer cannot be
neglected because it will modify the transport properties
across the interface, which is true when the film is thick,
dp>D, and when dp~ D.

A number of factors can partly explain the presence of a
magnetic dead layer: (1) lattice mismatch at the Nb/FM in-
terface, leading to a reduction in the ferromagnetic density
and a correspondingly disordered crystal structure at the
interface,'” which may be commensurate with a reduction in
both the bulk exchange interaction and T (Refs. 20-23) (2)
hybridization of ferromagnetic atoms with Nb. Such mixing
will doubtlessly result in the formation of various magnetic
and nonmagnetic alloys at the interface and possibly the in-
clusion of isolated Nb atoms deep inside the ferromagnet and
vice versa. To begin understanding what a magnetic dead is
in our films we have estimated D for all of the ferromagnets
studied in this paper at room temperature by measuring the
saturation moment per unit surface area as a function of dr
[M,/A(dF)]: =0.75 nm for Co, =0.5nm for Py, and
~1.75 nm for Ni, and 1.1 nm for Fe [see Fig. 3(a)]. Because
for all of the ferromagnetic metals dp<<10 nm, the diamag-
netic slope present in the hysteresis loops from the Nb, sub-
strate, and holder had to be carefully subtracted. The subtrac-
tion was made by growing a 500 nm Nb film on a Si/SiO,
substrate and by measuring its diamagnetic slope using the
same VSM parameters and conditions as those used to mea-
sure the Nb/FM/ND films. These data were then subtracted
from the original Nb/FM/NDb hysteresis loop data sets.

Besides deriving D from Fig. 3(a), it is also possible to
estimate the bulk magnetization My of the barrier metals.
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FIG. 3. (Color online) Room temperature magnetic data for Nb/FM/Nb films: (a) saturation magnetization (M,) per unit surface area
versus Co, Ni, Py, and Fe thicknesses; [(b)—(e)] saturation magnetization per unit active FM volume versus Co, Fe, Py, and Ni thicknesses,
M:(dF). Solid lines in (a) are least-squares fits and the horizontal solid lines in (b)—(e) correspond to the bulk magnetization.

Slator?* and Pauling® showed that the exchange interaction
is responsible for creating the imbalance of spin-up and spin-
down states and that from a knowledge of a ferromagnet’s
electron band structure it is possible to predict the net mag-
netic moment per atom as a function of the number of 3d
electrons/holes: =1420 emu/cm?® for Co, =600 emu/cm?
for Ni, =520 emu/cm® for Py, and 2600 emu/cm?® for
Fe.® However, from Fig. 3(a), My is suppressed from
these expected bulk values: =~1000 emu/cm?® for Co,
~270 emu/cm® for Py, =270 emu/ cm® for Ni, and
~830 emu/cm?® for Fe. The conclusion is that the magnetism
in Nb/FM thin film systems is, in some way, weakened.
From literature, we have found that such discrepancies in the
measured slopes is generally accepted as fact; we have com-
pared Mp of our films with earlier studies in the literature
and have found that for Co and Ni, both their magnetic dead
layers and their total moments for a given thickness greater
than D are very close to those reported in systematic studies
of Nb/FM multilayers.'>!# D for Py is similar to studies on
epitaxial Nb/Py thin films.!?

To further understand the suppression in My in Co, Fe,
Ni, and Py, we have calculated its value as a function of dj.
From this, the change in M from the onset of magnetism, at
the edge of the magnetic dead layer, to where it reaches some
bulk value is calculated. To achieve this, we have subtracted
D from dj. to give the moment per unit active ferromagnetic
volume only, Mj(dp),

= 2)

where A is the surface area of a chip. Figures 3(b)-3(e) sum-
marize the results. We find that for Co, Fe, Ni, and Py, the
moment at the higher thickness regimes reaches a plateau
which corresponds to a suppressed bulk magnetization of the
ferromagnetic film.

As df approaches the dead layer regime, the saturation
magnetization is found to decrease gradually to a zero mini-

mum, implying a mixing of magnetic moments and a zero-
net magnetic moment. This may imply that a magnetic dead
layer is a frozen spin state with zero order and that it may
exhibit similar properties to a spin-glass material. We expect
that the decrease in moment as dp— D occurs by virtue of a
Nb/FM alloy forming at the interface. This needs to be con-
firmed by transmission electron micrographs of the barrier
layers. Pick et al.?? extensively studied theoretically the ef-
fects of Nb nearest neighbors surrounding a variety of ferro-
magnetic atoms; they showed that the number of Nb nearest
neighbors strongly affects the moment of ferromagnetic at-
oms and explains a suppression in M in terms of hybridiza-
tion and a widening of the 3d band of the ferromagnet atoms.
Similar experimental results were reported by Lee et al. in
Cu/Ni/Cu films.?’” However, strongly correlative results are
obtained by applying Eq. (2) to magnetic data on Nb/Co
bilayers reported by Obi et al.' In this case, we find that the
saturation magnetization reaches a bulk value of only
1100 emu/cm?, a value very close to the one we report,
1000 emu/cm?.

Liebermann et al. first reported a ferromagnetic dead
layer in Fe thin films?® and then in Ni and Co films*® by
growing atomic layers by electrodeposition on single crystal
noble metal substrates in the presence of a magnetic field.
They demonstrated a loss in magnetic moment at the surface
without diffusion of substrate atoms into the ferromagnetic
layers and vice versa. Their theoretical studies suggested that
a loss in surface moment in pure elemental ferromagnets is
likely to be owed to a reduction in the number of d holes in
the surface atoms. Their results also suggest that the presence
of a capping layer does not contribute to a further reduction
of the exchange interaction; however, more recent studies on
Ni/Cu (Ref. 18) and Co/Cu (Ref. 17) films grown by sputter
deposition have shown that Tg can be manipulated by
growth temperature and by a Cu-capping layer. This ob-
served difference might be due to the fact that sputter depo-
sition is a highly kinetic process compared to electrodeposi-
tion, which is well known to result in the formation of
atomic pores/defects/intermixing at interfaces by virtue of
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FIG. 4. (Color online) Thermal (warming) variation of the bulk
magnetization (normalized) for Co, Py, and Ni (black dots) and
theoretical fits (solid black curves) for Tg values of 1200 K for Co,
800 K for Py, and 571 K for Ni; the expected bulk Ni curve (solid
red) for Tg of 640 K. Hollow red squares are cooling data for Ni
only.

momentum transfer as sputtered fragments bombard the sur-
face. In their pioneering paper on magnetic dead layers, Lie-
bermann et al. developed a simple model for the surface of a
ferromagnetic film. By assuming a parabolic band and that
all spins in the 3d band are completely aligned at O K, they
showed that for a film of N atomic layers the reduced spon-
taneous magnetization M, is

My(T) _ {N— 2D(T)}MT(T) G)

Mp(0) | N-2D, |MH0)

where M (T)/M(0) is taken to be the ratio of the true bulk
Ni magnetization for 7<<Tg to the bulk magnetization at 0 K
so that deviations of M z(T)/Mg(0) from a bulk behavior are
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due to a true magnetic dead layer effect and not due to de-
viations of the bulk Stoner magnetizations. We have mea-
sured the thermal variation of the saturation magnetization,
Mg(T), of Co, Ni, and Py when sandwiched between thick
Nb layers. To be certain, Mgz(T) with temperature was not
weakened by a thermally activated diffusion of ferromag-
netic atoms into Nb, or vice versa; at the interface we mea-
sured both the magnetization when warming and cooling.
The warming and cooling data agreed for all three barrier
systems up to a temperature of 620 K. Above this tempera-
ture, M, was found to drop by virtue of thermally activated
diffusion. We have modeled the warming and cooling data
of M(10<T<620K) with the generic equation
M y(T)/My(0)=(1-T/Tg)P, where M (0) is the saturation
magnetization at absolute 0 K, 7 is the measuring tempera-
ture, and B and T are fitting parameters. This gives T
values of 1200 K for Co, 571 K for Ni, and 800 K for Py
(Fig. 4). Data for Ni are the most reliable because we have a
full data set. For Ni, we have approximated D at 4.2 K by
estimating its scale at 0 K by applying Eq. (3) to the data in
Fig. 4. Assuming that D,, k=D, we input Dy=D3y g
=1.5 nm into Eq. (3), which gives Dy~ 1.3 nm. The value
1.3 nm is larger than the one estimated by Liebermann et al.,
0.4 nm. However, this makes sense because in our metallic
system, interdiffusion at the ferromagnetic surface cannot be
ruled out because Ni is known to form a variety of magnetic
and nonmagnetic alloys with Nb.3® All of the magnetic data
derived in this section are summarized in Table II.

IV. MULTIPLE PHASE TRANSITIONS

The characteristic voltage of a Josephson junction as a
function of dj is predicted theoretically? to oscillate where a
number of parameters are used to derive I.Ry(dF): (a) E,,,
(b) dp, and (c) the electron mean free path €, where ¢ deter-
mines the clean (¢ >dp and €>#hv/E,,) and dirty limit (¢
<dp and £ <hv,/E,,) regimes. vy is the Fermi velocity. For
Co and Fe, the oscillations can be modeled entirely in the
clean limit, in which case IRy is modeled by Egs. (4) (Ref.
31) and (5), respectively,

TABLE II. A summary of the magnetic data derived in this paper (1) and elsewhere. Symbol key: T, the
Curie temperature; d,,,;, the distance into the ferromagnet to achieve bulk magnetization Mg; D, the magnetic

dead layer thickness at 4.2 or 300 K, as marked.

To dpuir Mg Mg D D

[Fig. 3(a)] (300 K)  (Fig. 4) (Ref. 24) Deviation (4.2 K) (300 K)
Ferromagnetic metal (K) (nm)  (emu/cm?) (emu/cm?) % (nm) (nm)  Ref.
Nb/FM/Nb
Py 800+£50 2.5+0.5 270 520 -48 0.5 T
Py 680 520 +31 10
Ni 57110  6.0x1.0 270 600 -55 1.3 1.5 T
Co 1200£50 2.5+0.3 1000 1420 =30 0.8 T
Fe 2.0+0.3 830 260 -68 1.1 T
Nb/FM
Co 1.5+0.2 1100 1420 =23 0.7 11

094522-5



ROBINSON et al.

PHYSICAL REVIEW B 76, 094522 (2007)

TABLE III. A summary of the parameters used to model all of the transport data presented in this

section.
Ferromagnetic & & v E,, A ¢
barrier metal (nm) (nm) (ms™h) (meV) (meV) (nm)
NigoFes 1.4 0.46 2.2%10° 201 13 2304
Ni 4.1 1.2 2.8X10° 80 1.3 7.0+0.5
Co 3.0 0.3 2.8X10° 309 1.3 >5.0
Fe 3.8 0.25 1.98 X 10 256 1.3 >5.0
|Sin(2EexdF/ﬁVf)| the deposition and (2) small power and voltage variations
AN W (4) during the deposition. The vertical error bars are derived
) from the measured variation in /Ry for a minimum of three
junctions and a small noise contribution from the current
sin dr=d, source.
& do—dp A clean limit behavior with multiple phase oscillations
LR\(dp) = I.Ry(do) d, —d, exp { £ }’ ) from 1 to 5 nm is exhibited by Co and Fe barrier devices
sin §— only [Figs. 5(a) and 5(d)]. The long clean limits arise most
2

where d; is the thickness of the ferromagnet corresponding
to the first minimum and I.Ry(d,) is the first experimental
value of I.Ry. The decay envelope determining the modula-
tion amplitude is given by &; and can be much longer than
the oscillation period &,; for Co, & =3.0nm and &
=0.3 nm. For Eq. (4), the only fitting factor, besides the
numerical prefactor, was E,,.

For Ni and Py, the oscillations exist in both the clean and
dirty regimes; hence, the data have been modeled using two
theories: Eq. (4) and a theory that is only valid for a ferro-
magnetic metal in the diffusive limit with a strong E,,, in
which case the expression used is?

AZ fl w
R d
¢ me>0 A2+ w? ), sinh(k di/ )"

m«< —

ICRN x > (6)

where A is the superconducting order parameter and w,,
is the Matsubara frequency given by w,,=7nTkz(2m+1),
where T is the transmission coefficient and m is an integer
number. k,=(1+2|w,,|7/%)-2iE, 7/ and w=cos 6, where
0 is the angle the momentum vector makes relative to the
distance normal to the S/FM interface. ¢ is given by v,7 and
7 is the momentum relaxation time. To fit Eq. (6), suitable
Fermi velocity, superconducting energy gap, and exchange
interaction energy had to be chosen: For Py we assumed
vA(Py)=2.2X10° ms™' and an electron mean free path
of €py=23nm, and for Ni we assumed v/(Ni)=2.8
X 10° ms™!' and an electron mean free path of {x;=7 nm.
The superconducting energy gap of Nb is A=1.3 meV. A
summary of all of the fitting parameters and derived material
constants for Co, Fe, Ni, and Py from the oscillations and
model fits is given in Table III.

I.Ry(dp) for Co, Fe, Py, and Ni at 4.2 K is shown in Figs.
5(a), 5(c), 6(a), and 6(c), respectively. The error in dp is
estimated from x-ray reflectivity, as discussed in Sec. II, to
be +0.2 nm. We assume that the error in dr is a systematic
one. The principal sources of error in dj arise from the fol-
lowing: (1) small variation in the Ar plasma pressure during

obviously from the use of a pure element, but also from the
vertical coherence likely?® even in polycrystalline hetero-
structures. Further evidence of the oscillatory dependence of
the characteristic voltage is given by measurements of its
thermal variation; a set of /.Ry vs temperature curves is
given in Fig. 5(b) for Co devices and 5(d) for Fe devices. For
Co, the characteristic voltage decreases to 0 V with increas-
ing temperature in an approximately monotonic fashion;
however, for Fe, the decay seems more complex. For Co, no
critical current was seen for 7>8.1 K although there was
some reduction of the differential resistance around 0 V until
T~=8.5 K. For T>8.5 K, an Ohmic behavior was observed.
For Fe, the decline in characteristic voltage to 0 V with tem-
perature depended on the junction measured. To ensure that
this complexity was not an artifact of thermal drift, the data
sets were repeated while taking the points in a random order.
No thermal hysteresis was reported, and, in fact, approxi-
mately the same I.Ry(T) relation was recorded. Assuming
that this complexity is real and assuming E,, is too large in
Fe for the standard temperature dependence of &, and &, to
be important, one may speculate that some other mechanism
besides temperature must be contributing to the depairing
processes. One possible explanation is that the Fe barrier
devices exhibit enhanced spin-flip scattering at the interface
at temperatures approaching the superconducting critical
temperature. Such scattering is known to have striking ef-
fects on &, and &.%

For Co, it is interesting to observe the relation between
the rate in the decline of the characteristic voltage with tem-
perature to O V for a given dp; following the approach of
Blum et al.,** we define the relative rate of decay, ay, of
I.RN(T)/I.Ry(4.2 K) as

d
Q= d_T' In

a7 a function of Co barrier thickness is plotted in Fig.
5(a). ay oscillates in phase with the characteristic voltage.
This relation seems commonsensical in the sense that when
dp corresponds to characteristic voltages near a transition, its

LRW(T,) ] )

I.Ry(4.2 K)
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FIG. 5. (Color online) [(a) and (b)] Data for Co barrier devices: (a) I.Ry and ay versus barrier thickness at 4.2 K (red dotted line is an
eye guide only). (b) I.Ry versus temperature and the inset is I.Ry(T)/1 Ry (4.2 K) versus temperature for various devices. [(c) and (d)] Data
for Fe barrier devices: I.Ry versus barrier thickness at 4.2 K and the inset is a typical Fraunhofer pattern for a device with a 2.5 nm thick
Fe barrier. The central peak is offset by 4.9 mT, which corresponds to the coercive field of the Fe barrier, as confirmed by the (red) hysteresis
loop. (d) I.Ry versus temperature for various devices and the inset is I.Ry(T)/1.Ry (4.2 K) versus temperature. The black solid and dashed

curves in (a) and (c) are fits to Egs. (4) and (5), respectively.

rate of decay to O V with increasing temperature is apprecia-
bly slower than for those devices where the characteristic
voltage is large for a given dp. Similar results were reported
by Blum et al.?*

For Py and Ni, the characteristic voltage oscillations span
through both the clean and dirty regimes [see Figs. 6(a) and
6(c)]. In the clean regime, the characteristic voltage is maxi-
mized, which is implied by the fact that the datum points fit
the clean limit theory, but where the data fall below the clean
limit the characteristic voltage is suppressed; the data are
accurately modeled by Eq. (6). The crossover from clean to

0.25 CNoNND  (a) Loa
~—¢/—Diny

o t0.24

0.20]
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0.10]
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000—
1723 456 7 8 9101112
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Nb/Py/Nb (c)

0.16 1
0.124
0.08 4

0.04 4

0.00 ; g . .
0 1 2 3 4 5
Ferromagnetic thickness (nm)

dirty in Ni and Py is understood by virtue of their electron
mean free paths being short. In Py, a short electron mean free
path is well understood; by photoemission spectra experi-
ments, it is found that large scattering potentials of the mi-
nority electron spin states exist at Fe impurity sites.’® From
theoretical fits, we can estimate that 1.5 nm<€(Py)
<2.5 nm, which is close to other reported values for
NigoFe,,.>” For Ni, the short electron mean free path is prob-
ably due to the inclusion of impurities and interdiffusion of
Ni and Nb at the interface; the solubility of Nb into Ni has
been thoroughly characterized by Chen et al.,’® where it has

0.25] ) °""43$ j 1.00
Tua P Mg, 037
0.20 W 10.14
< ] 0.05
e 0.154 :
\’Z 4
X, 0.104«
1
0.05 4
iR
0.00 . . T
4 5 6 7 8 9
Temperature (K)
—&—2.2nm
—#*—35nm
—+—4.8nm
—k—7.2nm
——8.6 nm

FIG. 6. (Color online) [(a) and (b)] Data for Ni barrier devices: (a) I.Ry and ay versus Ni thickness at 4.2 K (red dotted line is an eye
guide only). (b) I.Ry versus temperature and the inset is I.Ry(T)/I.Ry (4.2 K) versus temperature for various devices. (c) I.Ry versus Py
thickness at 4.2 K. The black and gray curves in (a) and (c) are fits to Eqgs. (4) and (6), respectively.
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been shown that Nb and Ni form a variety of phases in the
solid state. Such alloying at the Nb/Ni interface will modify
the transport properties across the interface.

For Ni, we also investigated the thermal variation of the
characteristic voltage [see Fig. 6(d)]. The results are similar
to Co; the characteristic voltage decreases to 0 V in an al-
most monotonic fashion. Also, «; shows an oscillatory de-
pendence with Ni barrier thickness which, like Co, is in
phase with the characteristic voltage. No critical current was
observed beyond 7.8 K although there was some reduction
of the differential resistance around the zero bias until 8.5 K.
For 7> 8.5 K, an Ohmic like behavior was observed.

Finally, we have looked at the effect of a magnetic field
on the maximum supercurrent /,,,, in our devices. We find
that 7,,,,, oscillates with applied magnetic field, giving rise to
a Fraunhofer pattern; however, we also find that 7,,,,, which
normally corresponds to the central peak of a Fraunhofer
pattern, is offset from zero applied field to +H, ., which is
equal to +4.9 mT. The inset of Fig. 5(c) shows a typical
Fraunhofer pattern for an Fe barrier device with a barrier
thickness of =~2.5 nm. We compared the variation of [,
with applied field to the magnetic hysteresis loop of the same
film (measured prior to patterning and device fabrication) at
20 K. The offset field is found to correspond approximately
to the coercive field of the unpatterned film, which is
+H_ oreive =4.3 mT. The central peak is shifted by the coer-
cive field in each direction, which is due to the changing
magnetization of the ferromagnetic barrier. The side peaks
are not hysteretic and displaced by the saturation moment of
the barrier because the hysteresis loop is saturated and the
barrier moment is constant for both field sweep directions.
The coercive field and offset field in the Fraunhofer pattern
do not exactly agree: firstly, the coercive field is approxi-
mated at 20 K; secondly, processing a device in a FIB mi-
croscope is likely to harden the Fe magnetic domains by
virtue of Ga ion implantation. Similar results were measured
for Co, Ni, and Py.

V. FERROMAGNETIC EXCHANGE ENERGY

In Sec. IV, we have estimated E,, of Ni, Co, Fe, and Py to
be 80 meV for Ni, 309 meV for Co, 256 meV for Fe, and
200 meV for Py. All such values are close to those reported
in similar systems elsewhere, with the exception of Ni. The
low value of E,, for Ni could be a result of sever alloying at
interface; however, further studies involving high resolution
microscopy must be undertaken to confirm this. To confirm
the validity of E,, for Ni derived in Sec. IV, we have at-
tempted to calculate it from its T value of 571 K, as esti-
mated in Sec. III; however, deriving E,, as a function of Tg
is revealed to be a nontrivial problem. A T value of 571 K
is in agreement with the measurement of Kim ef al. in S/Ni
bilayers® but is slightly below the value expected for bulk
Ni films, as measured by Stanley® (627.2 K). If we assume
E,.=2kgTq, then E, =100 meV, which is in agrement with
the value we derived in Sec. IV; however, if we assume
E,=kpTg, then E, =50 meV, which is now in agreement
with the estimation by Kim et al. of E,, with S/Ni bilayer
measurements. It would seem, therefore, that for our Ni, E,,
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is “appropriately” given by E, =2kzTg, which is confirmed
by two measurements.

We can see, therefore, from literature that there exists a
discrepancy over the relationship of E,,. derived from this
type of measurement and T from magnetization slopes. In
fact, there are two types of S/FM experiments which yield
E,, as a fitting parameter: (1) junctions, in which case the
measured parameter is the critical current oscillation period;
(2) S/FM bilayers, in which case it is the modulation of the
critical current with the superconducting transition tempera-
ture. Magnetic data from these type of experiments are sum-
marized in Fig. 7, where substantial scatter on a plot of E,,
vs bulk T¢ for various ferromagnetic metals in S/FM and
S/FM/S systems is shown. -4 To compare the relation of
E,, to bulk Ty, we have expressed both quantities in kelvin
units where 1 meV=11.645 K. Strikingly, for some S/FM
bilayers, there is a good linear relationship between E,, and
T¢ and the constant of proportionality is close to 1 so that
E,.=kgTg; in contrast, all the junction data (S/FM/S) lie well
above this line and there is a great deal of scatter. For the
junctions, the constant of proportionality is as low as 1.2 for
Fe and as high as 3.0 for CoFe. There are considerable dis-
crepancies even where essentially the same material has been
used; Ni shows an E,./Tq in the 0.96-3.68 range, for ex-
ample. Kim et al.?® used the relationship E, ,=kzTg, and they
showed that their data are consistent with this. However, we
can see from Fig. 7 that most other data lie above this direct
proportionality, but well below the exchange splitting energy
where it has been measured by photoemission,*® or directly
calculated.

VI. PHASE SHIFT OF 7w IN COBALT DEVICES

In this section, we present a study of a single transition
from the O to 7 state in Co devices where the mean Co
barrier thickness, averaged over a 10X 5 mm? chip, varied
linearly from 1.8 to 2.5 nm. Device processing was identical
to the methods summarized in Sec. II. The Co magnetic dead
layer was estimated to be 1.2 nm from Fig. 8. Although
larger than the dead layer estimated for the Co barriers in
Sec. III of 0.8 nm, we do find from the bottom-right inset of
Fig. 8 that the bulk magnetizations for the two sample sets
are similar. Importantly, the magnetic data convincingly
show incremental increases in magnetic moment with in-
creasing Co thickness.

From current-voltage measurements, /. and Ry were ex-
tracted so that I.Ry could be determined and tracked as a
function of the mean Co barrier thickness [Fig. 9(a)]. The
characteristic voltage decreases to a small voltage around a
mean Co barrier thickness of 2.05 nm and then increases,
implying a change in phase of 7. Each datum point is for
each device measured, and the vertical error bars are derived
from a combination of estimating /. and Ry from the current-
voltage curves and from a small noise contribution from the
current source. Particularly for those devices with the small-
est characteristic voltage, there is a considerable scatter in
the I.Ry values obtained. For an eye guide only, we have
modeled the transition with Eq. (4), assuming E,(Co)
=309 meV. The curve is offset to fit the experimental data.
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FIG. 7. (Color online) E,, values derived from S/FM bilayer
experiments and from S/FM/S junction measurements: (Top) E,,
versus bulk Tg in units of kelvin (the inset is an enlargement of the
region close to the origin); (bottom) symbol key and a summary of
E,/Tg for various S/FM systems.
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FIG. 8. (Color online) Magnetic saturation M, per unit surface
area versus mean Co thickness. Inset top left: magnetic hysteresis
loops for Co thicknesses of 1.2 and 2.1 nm. Inset bottom right: a
comparison of these data with the Co data in Fig. 3(a).

The model ignores any influence of a second harmonic term
in the current-phase relation. In general, the current-phase
relation is periodic in ¢, the phase difference; however, re-
cent theoretical and experimental works have looked at the
possibility of observing higher order harmonics, I
=1, sin ¢p+1,, sin(2¢)+--+, where I,>1., at the 0 to =
crossover and the second harmonic dominates. When I
=1, sin(2¢), one expects both integer and half-integer Sha-
piro steps in the current-voltage curves at particular micro-
wave frequencies. Until recently, no evidence for either a
nonzero /. or half-integer current steps at the transition ex-
isted. In 2004, Sellier et al.*> demonstrated both a nonzero I,
at the transition and half-integer current steps; however, this
was achieved in devices consisting of a weakly ferromag-
netic barrier alloy of Cu and Ni where transition was con-
trolled with temperature. In 2006, further evidence for a non-
zero I at the transition was shown by Frolov et al.,*’ but
again in devices consisting of a weakly ferromagnetic alloy
of Cu and Ni.

The phase transition in Fig. 9(a) is not conclusive of a
nonzero characteristic voltage at the transition; however, by
applying microwaves in the 13—17 GHz range to those de-
vices near the transition, we have shown that the device with
the smallest characteristic voltage (chip 14, device 4) and
with a Co barrier thickness of 2.1 nm exhibited current steps
at both half-integer (n=1/2) and integer (n=1) values of
Vingyf (f is the applied microwave frequency and ¢, is the
flux quantum). The current-voltage curve for chip 14 and
device 4 is shown in Fig. 9(c) and compared to chip 13 and
device 2 in 9(b), which only exhibited current steps at integer
values of V/nd¢yf. Supporting evidence for the current steps
at n=1/2 in chip 14 and device 4 is found from the differ-
ential resistance versus bias voltage in Fig. 9(d), where again
the data are compared to chip 13 and device 2; for chip 14,
device 4, the differential resistance drops abruptly at
Vingaf=+0.5. These results imply that chip 14, device 4 is
close to a minimum characteristic voltage and does provide
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FIG. 9. (Color online) Transport properties of Nb/Co/Nb devices at 4.2 K: (a) I.Ry versus mean Co barrier thickness compared to a fit
to Eq. (4) (used as an eye guide only); (b) current-voltage curves for chip 13 and device 2 (black) without and with microwaves
(12.69 GHz); (c) current-voltage curves for chip 14 and device 4 (red) without and with microwaves (16.69 GHz); (d) differential resistance
across chip 13, device 2 and chip 14, device 4 versus bias voltage (V/n¢yf). Chip 14, device 4 exhibits a sudden drop in differential
resistance at V/ngyf=0.5. The inset of (c) shows the details of step 2 of chip 14 and device 4.

evidence for a second harmonic in the current-phase relation.
Further investigations must be done before any conclusive
remarks can be made.

Finally, we have estimated the electron mean free path of
the Co barriers at 4.2 K. From the current-voltage character-
istics of each device, we have measured the total resistance
(Ry) of the unit area (A) of all of the junctions. The variation
of ARy with Co barrier thickness for 1.8<<d,<<2.3 nm is
shown in Fig. 10. The vertical error bars are largely derived
from estimating the cross-sectional areas of the devices from
a scanning electron microscope. ARy is the total specific re-
sistance, which is the sum of all the interfacial resistances
Ryb/co and Rypc, and the layer resistances R¢, and R¢,,*® so
that
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FIG. 10. (Color online) Resistance area product (ARy) versus
Co thickness at 4.2 K. The least-squares regression line ignores
datum points « and .

AR7=2[2ARNpicy + ARNbico + Peudcu] + Peodcor  (8)

which is a straight-line equation with a gradient equal to the
resistivity of the Co, pc,(4.2 K). If we exclude two of the
datum points with the highest ARy products, labeled a and
B, a least-squares regression line fit will have a gradient of
pco(4.2 K)=10(1) X 1077 O m. This value is 1 order of
magnitude larger than in epitaxial Co films estimated at 0 K,
p(0)<1Xx107° Q m,* but similar to estimates of p in poly-
crystalline Co thin films. Assuming that the transport in Co
thin films is dominated by a free-electron-like behavior, the
maximum €, at 0K, may be estimated from €(0)
=hkp/n,e*p(0), where vy is the Fermi velocity and n, is the
electron density at 0 K. Assume that p(4.2) ~ p(0), vy=2.8
X 10° ms™!, and n,=8 | 27(mc?)>*(2/3E3*)/(hc)?, where m
is the effective mass of an electron, ¢ the speed of light in a
vacuum, and Ep the Fermi energy equal to V1/ 2mv§
~0.224eV. Hence, n,~4.81x10%m™> and €(0)
~20.7 nm. This provides an upper limit for € at 4.2 K.

VII. SUMMARY

This paper reports a detailed systematic study of the mag-
netic and transport properties in the superconducting state of
Nb/FM/Nb thin films consisting of the strongly ferromag-
netic transition metals Co, Fe, Ni, and NigyFe,,(Py).

The second part of the paper outlines the preparation of
Nb/FM/ND films and the subsequent processing of nanoscale
vertically stacked devices. The third part discusses the mag-
netic properties of these films where, in particular, the scale
of the magnetic dead layer within the ferromagnetic barrier is
extrapolated: 0.8 nm for Co, 1.5 nm for Ni, 1.1 nm for Fe,
and 0.5 nm for Py, at room temperature. From a theoretical
model, the scale of the magnetic dead layer of Ni, at 4.2 K,
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has been approximated to be 1.3 nm or =7 A at each Nb/Ni
interface. From a knowledge of the magnetic dead layer
thickness, it has been shown that the magnetization of all the
ferromagnets increases gradually from zero, at the edge of
the dead layer zone, to a maximum value corresponding to a
suppressed bulk magnetization. We attribute this reduction to
interfacial factors and film quality. We conclude that al-
though these magnetic dead layers are small, better control is
needed to ensure reproducible control of the superconducting
phase state.

The fourth part reports further results to support a recent
publication'> which demonstrated multiple transitions from
the O to 7 states with ferromagnetic barrier thickness in Nb/
FM/Nb Josephson junctions. In this section, the transport
behavior of such devices in the superconducting state is re-
viewed, where the characteristic voltage is shown to depend
on ferromagnetic thickness and temperature and where the
thermal rate of decay in the characteristic voltage is also
shown to depend on the ferromagnetic thickness. From ex-
isting theoretical models, the exchange energy of all the fer-
romagnetic metals is estimated; in doing this, an important
inconsistency in the magnitude of the exchange energy de-
rived from bilayer S/FM experiments (where exchange en-
ergy is derived from oscillations in the superconducting tran-
sition temperature) and from S/FM/S junction measurements
(where the exchange energy is derived from oscillations in
the critical current) compared to the bulk Curie temperatures
has been uncovered (Sec. V). Results imply both interesting

PHYSICAL REVIEW B 76, 094522 (2007)

physics that is not currently considered in the existing theo-
retical models and a large inconsistency that requires a better
understanding of these complex systems.

The final part, Sec. VI, reports a detailed study on the
transport behavior of a single phase transition of 7 in Co
barrier devices. Although a nonzero characteristic voltage at
the transition cannot be concluded, microwave excitation
measurements do provide convincing evidence for current
steps at half-integer values of V/n¢,f for the chip and device
with the smallest characteristic voltage. This strongly implies
a large second harmonic in the current-phase relation.

In conclusion, the results reported in this paper can be
summarized in the following notable points: (1) A better un-
derstanding of the magnetic behavior of nanoscale thick fer-
romagnetic films grown on other metallic systems is
needed—this is critical both to the understanding of the hy-
bridization processes of transition ferromagnets with other
metallic systems and the understanding, control, and devel-
opment of the superconductor-(strongly) ferromagnet prox-
imity effect; (2) the possibility of a second harmonic in the
current-phase  relation  in  superconductor-(strongly)
ferromagnet-superconductor Josephson junctions.
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