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We have investigated the superconducting critical temperatures of Nb/Au/CoFe trilayers as a function of Au
and CoFe thicknesses. Without the CoFe layer the superconducting critical temperatures of Nb/Au bilayers as
a function of Au thickness follow the well-known proximity effect between a superconductor and a normal
metal. The superconducting critical temperatures of Nb/Au/CoFe trilayers as a function of Au thickness
exhibit a rapid initial increase in the small Au thickness region and increase slowly to a limiting value above
this region, accompanied by a small oscillatioriTgf On the other hand, the superconducting critical tempera-
tures of Nb/Au/CoFe trilayers as a function of CoFe thickness show nonmonotonic behavior with a shallow
dip feature. We analyzed thE. behavior in terms of Usadel formalism and found that most features are
consistent with the theory, although the small oscillationTgfas a function of the Au thickness cannot be
accounted for. We have also found quantitative values for the two interfaces: Nb/Au and Au/CoFe.
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I. INTRODUCTION velopment, the possibility of triplet superconductivity in SF

The proximity effect between a supercondudt®yand a  Multilayers, however, requires a different and new
normal-metal (N) has been well-known for several approactt®=24 Noncollinear alignment of magnetization in
decaded:? The superconducting transition temperatligeof ~ @n FSF systerff;?* nonuniform alignment of spin at the SF
SN bilayers decreases exponentially with characteristiénterfaces* and spin rotation or spin-flip scattering at the SF
length &, as the thicknessly of the overlaying N layer interfacéo'zf‘ have been proposed as mechanisms that can
increased:2 This is understood as an effect caused by leakgenerate triplet superconductivity. _
age of the superconducting pairs from the S layer into the N In order to study the interaction between superconductiv-
layer. On the other hand, any proximity of a ferromagneticity and ferromagnetism as we control the coupling between
layer (F) to an S layer has been found to be detrimental tohem, we have prepared Nb/Au/CoFe trilayers and studied
superconductivity-1” This has been understood as a pair-Tc behavior with respect tda, and dcore respectively. By
breaking effect of the magnetic moment when the supercoremploying a quantitative analysis, we have found general
ducting pairs enter the F layer. Several theories have beédfatures are consistent with the Usadel formalism, although
developed to explain the proximity effect in SF bilayers, pre-Some res_ult_s cannot be understood in the framework of cur-
dicting the oscillatoryT, behavior of the SF bilayer as a rent proximity theory.
function of the F thickness by considering only the effect of
the exchange field on the pair wave function without the
possibility of other effects such as spin rotation or spin-flip
scattering®’ The characteristic lengtf,, of this oscillation is We prepared all our Nb/Au bilayer and Nb/Au/CoFe
very small, on the order of nm because of the high exchanggilayer samples using oxidized Si wafers as substrates with a
energy in typical ferromagnetic materials such as Co, Fe, omultisource dc magnetron sputtering system at ambient tem-
Ni. In order to increase this characteristic length conven-  perature. The lateral size of the strip-shaped substrates was
tional magnetic materials have been alloyed with normal x 7 mn?. After the sputtering chamber was evacuated to
metals, resulting in lower Curie temperatut&s318.19 4% 1078 Torr, Nb thin films were deposited using 99.999%

Recently inhomogeneous superconductivity in SF multi-pure argon gas at 6 mTorr from a solid N®9.95% purg
layers has been studied experimentally andtarget at a rate of 0.29 nm’s Following the Nb layer, the
theoretically®48911-140ne interesting outcome is the cre- Au layer and the CgFe,, layers weren situ deposited at a
ation of a= junction where the phases of the two S layersrate of 0.53 and 0.17 nn1§ respectively. For systematic
sandwiching an F layer differ by-. This 7 junction can be variation of the CoFe layer thickness, we used the natural
understood in the same framework as the oscillafrpe-  gradient of the sputtering rate with the stage of substrates
havior of the SF bilayer. Another interesting theoretical de-placed in an asymmetric position relative to the center of the
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FIG. 1. The normalizedR(T) curves of Nb/Au(solid symbol$
bilayer and Nb/Au/CoFéopen symbolstrilayer samples neaf, ClAu (nm)
with varying da, for dy,=23 nm anddc,re=10 nm. The resistance
was normalized by the value in a normal stateTat10 K. We FIG. 2. The Au insertion layer’s thickness dependence of the

determinedl'c USing the 10% Criteria, explained in the text. For the superconducting transition temperatuﬂ'Q of Nb/Au bi|ayers

Nb/CoFe bilayer(open rectangle T. is about 4.47 K(not shown  (empty symbol and Nb/Au/CoFe trilayergsolid symbo) with

here. deore=10 nm fordy,=23 nm. The soliddashedl line is a result of
the calculation for the Nb/AUNb/Au/CoFe system. Inset: Mag-

CoFe target. In some cases, we took samples out of theified view of Tc(da) of Nb/Au/CoFe trilayers fordy,=22 nm
vacuum chamber after we deposited part of an Au layer ifsolid circle and 26 nm(solid squarg respectively. The solid lines
order to compare SN and SNF layers systematically by in&ré the results of a fit to a first-order exponential decay with a
serting half a set of samples back into the chamber for th&haracteristic length of ~2 nm.

remaining Au layer and additional F layer deposition. How- With increasingds,, the T.'s of the Nb/Au bilayers show

ever, we confirmed that the brief exposure tg §és in the a monotonous decrease and have nearly a saturated value
loading chamber after the Au layer deposition did not alter aboved,,=150 nm. In Nb/Au/CoFe trilayers, howevak's

of the SNF trilayers by also making the entire SNF trilayers . i o .
in situ and comparing the data. As a final step, all sampIeSQ’hOW the opposite behavior, rapid increase w10 nm

were covered by a 3 nm thick Al cap layer in order to pre-a‘nd gradual increase from,=10 to 150 nm. For the case

- ; o aof da,=0 nm, T, of Nb/CoFe bilayer is 4.47 K. Both the
vent possible degradation of the samples due to oxidatio AU e )
during measurement. All the deposition rates have been cal Nb/Au bilayer and the Nb/Au/CoFe trilayer have the same

- ; I . T values within the experimental error fdp,=250 nm.
2:2:2? by measuring the thickness of thick films by a profilo The contrast inT; behavior between the Nb/Au bilayer

Typical rms roughnesses of the Nb layer, Nb/Au bilayer,and the Nb/Au/CoFe trilayer series with varyidg, can be

and Nb/Au/CoFe trilayers were 0.17, 0.24, and 0.19 nmseen clearly in Fig. 2. The SN bilayer series follows the form

respectively, when measured by an atomic force microscopé)f an exponential decay, while the SNF trilayer series exhib-

The large increase in the roughness of the Nb/Au layer iéts very rapid increase of; as soon as the Au layer is in-

probably due to the difficulty associated with Au layer wet- _Sefted and then approac_hes S'OV_V'Y to the limiting value that
ting on the Nb surface. The uniformity oF. of a set of is in good agreement with the limiting value of the corre-

) ) , . LT ding SN series.
identical Nb films made by simultaneous deposition is withinSPON . .
20 mK. The superconducting transition temperatlgevas To analyze thef; behaviors of SN and SNF systems in a

measured resistively in a standard four-terminal configuragons'Stent manner, we used the Usadel equatiombe cal-

tion and determined from th&(T) curves using the 10% culation procedure foif, for the SNF trilayer can be gener-

L alized from the result of the SF bilay&ef® which will be
criterion. The measurements were performed by standard d'c'resented below. Here. we did not consider the triolet pairin
or a.c. lock-in techniques, using current magnitudes of ‘ ' pietp 9

states included in Ref. 26. The SN bilayer can be considered

0.1 mA. as a limiting case in whicldg is zero. The Usadel equation
. RESULTS AND ANALYSIS for a SNF trilayer neail; may be written as
Near the superconducting transition temperaffyeR(T) 2d_2 Gy Gy
curves of Nb/Au bilayers and Nb/Au/CoFe trilayers are 7TkBTcsngxsz(x’Iw”)_|w”|f5(x'|w”) AR, (x>0),
shown in Fig. 1, whered,, was varied for fixeddyy, (1)
=23 nm anddcore=10 Nm. The resistance was normalized
by the normal state value d=10 K. The transition width, 2

d
corresponding to the temperature difference between 90% kaTcsgﬁ,—Xsz(x;iwn):|wn|fN(x;iwn) (—dy<x<0)),
and 10% of the normalized resistance, is about 10 mK d
(19 mK) for Nb/Au (Nb/Au/CoFg series. (2)

214519-2



PROXIMITY EFFECT IN Nb/Au/CoFe TRILAYERS

d? _ _
7TkBTchlzzd_xsz(X? fwp) = wg|fe(X;iwy)

+isgnwp)Eefe(Xjiwn) (- de
_dN<X<_dN)’ (3)
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wherefgy r is the anomalous Green'’s function of the Usadel

equation for a superconductonormal-metal, ferromagnet
region andégy ) is the characteristic length defined from the
diffusion constants of a superconductoormal-metal, ferro-
magnet:

| #Dg [ #Dy
= , = , and
& 27kgTes & 21kgTs

| #iDg
SN Sy 4
‘fF ZWkBTCS ( )
The proper boundary conditions are
d
&fp(— de - dN)—— sldgy =0, (5
d d
§N$(fr\|(_ dy) - 7NF§F F( dy) =0, (6)
d
fs&fs(o) )’srfo fN(O) 0, (7)
(= c) = (- dN)—wFfF e dy), ®8)
SN d
f5(0) = fn(0) = ¥y Nd_XfN(O)v 9)
where
_ pnén _ ks v RA o RMA
YNF = ; = W = Y =
prér prén prér PNfN
(10
We calculate thdl. from the self-consistency relation,
A
In —A( )= kaTE ( | (X|) —fs(x;iwn)>. (11)
n

The procedure for solving the equations is the same as that

used in Ref. 7. We solve the Usadel equation fog—dy
<x< 0 with the boundary conditions. This results in the fol-
lowing relation,

gsd—dx (0 wy) = W) f7(0;iwp), (12)

where

G (6 @n) = fsnp (K 0n) £ fgnp (= wp)  (13)

and

. A(7p"+ ReBgy) + v
W(iw,) = ysn SN =1 2 2 SN St . (14
Ad% +BsN+ ys(% + ReBgsy)
The Ag andBgy are defined as
As(| wn) = ksgs tanhksds, (15)
Bsn(i @n) = [knén tanhky(dy +Xo)] ™, (16)
YNF
tanhk , (17
Vo= kaN Y +Br
Br(iwp) = [ke&r tanhkede] ™. (18)

Here, kg r) is the wave number in the supercondudioor-
mal metal, ferromagngtefined in the following way:

\/ [on and k
77'kBTcs -

(19

|wn

|wn| +IE¢, Sgnw,

&
We use the fundamental solutig@reen’s functioi for the
inhomogeneous equatidf). The T, is obtained by the larg-
estT of the following equation,

, o

- G(x,y;iwn))A(y),

mKgTcs

Ax-vy)

|wn|

A(x)ln 2= 277kaT D,

wp>0
(20

whereG(x,y;iw,) is the Green’s function of the inhomoge-
neous equation written as

kS/|wn|
sinhkgds+ (W(i w,)/ksés)coshkedg

y {vl<x>v2(y> (0<x<y<dy
v1(Y)va(x) (0<y<x<dg

G(x,y;iw,) =

(21)
with
v1(X) = coshkegx + ——— Wiiwon) sinhkgx (22)
kS S
and
v5(X) = coshkg(x — dg). (23

The above integral equatidi20) can be transformed into a
simple eigenvalue problem by discretizing the integration
into the summation. Then, we can obtain Theby numerical
calculation.

For the calculation of thd. of Nb/Au bilayers, the pa-
rameters to be determined are the resistiyitgnd the dirty
limit coherence lengtl§ of each layer, th&@; of the Nb single
layer T, and the parameter representing the interface be-
tween the S and N layersy;™ We measuredpy,
=15.2 uQ) cm, pp,=2.3 ) cm, anchs:7.73 K from sepa-
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rate experiments. The resistivities are the residual resistivity Nb(23nm)/Au/CoFe(10nm)
values measured at=10 K. The remaining parameters were 00r L w W
determined from the process of finding a calculation result ( e
that fits ourT, data for Nb/Au bilayers. The best result for — wm’ ®
the calculation was obtained with the parameteks, L 01} o 00
~7.0 nm, ,,~85 nm, andy;"~1.15. This result is repre- £
sented in Fig. 2 as a solid line. As can be seen in Fig. 2, the e
theoretical calculation agrees well with our data. o 02F ol g X

The mean free path of the Nb inferred from the coherence T h I I B e
length, obtained above by substituting=0.56x 10° m s* | ~o-Np(1énm)
(Ref. 27 for the Fermi velocity, i$y,=~1.7 nm. This indi- 0.3 2 40 60 80 100 120
cates that Nb in this experiment satisfies the dirty limit con- . A (M)
dition. On the other hand, the mean free path of Au is esti- 0 100 200
mated to be l,,=98 nm, when substitutingvg=1.4 dAu (nm)

X 10 m s%, the Fermi velocity value obtained from a free
electron modef? This mean free path is slightly larger than  FiG. 3. The rescaled view OfF(da,) of Nb/Au/CoFe trilayers
the coherence length of Au. Thus, we cannot exclude theyr d,=23 nm (solid squargin Fig. 2. The solid line is a fitted
possibility that the dirty limit assumption is not appropriate result with & ~2 nm and the dashed line is the result of a calcula-
in this calculation. The interface parametgf"~1.15 is a tion with & ~85 nm. Inset:T, variation of SNF trilayers with re-
somewhat large value considering that this parameter repr@pect tod,, with varying dy,=16, 17, and 18 nmAT, means the
sents the ratio of the resistance of the interface itself to thgifference ofT, (d,,) relative toT, (da,=110 nm for the series.
resistance in the normal metal felt by the Cooper pairs. This
large interface resistance is probably due to intermixing obe described by interface resistance. Therefore, the micro-
Nb and Au at the atomic level. When Al or Cu was usedscopic structure of the interface is ignored in this formula-
instead of Au, the interface parameters were muchion. In a real situation, we need some distance for formation
smaller?®3 . i of the metal-metal interface. However, this distance cannot
The T. of Nb/Au/CoFe trilayers was analyzed using the he considered in the calculation. Therefore, the jumip,iis

method we described above. In this method, the behavior qinayoidable as soon as the effect of the two interfaces starts
the order parameter in all three layers was calculated taking, e included in the calculation.

the effect of the two interfaces into account. From this, The The magnified view of the rapid increase a% in

of the SNF trilayer could be obtained, and we calculated th?\lb/Au/C : : : : .
; . oFe trilayer is seen in the inset of Fig. 2. In a ver
T. of Nb/Au/CoFe trilayers as a function dj,,. For the Nb small length scaleyof the Au layer, the showsga rapid but y

and Au layers and SN interface, the same parameters as were ; S .
determined from the calculation &, for the SN bilayers monotonous increase with increasidg, and has a saturated

mentioned above were used. For a CoFe layer, we used the lue abovejAu=3 nhm. Because this increase cannot be un-
values for the resistivitypcore=14.8 u{2 cm, a coherence derstood using the method used above, we analyzed the
length of the CoFe layefore=~ 14.4 nm, and the Curie tem- behavior in this region in a different way. A_s an analogy with
perature for CoFe as 1152 K obtained from the fit of The ~the de Gennes-Werthamer theory of SN bilayers, we adopted
behavior of Nb/CoFe bilayers in our previous repgdro- @ qualitative fit usinglcsne=Tiim +C" exp(—2dy/ &) in which
tice that the definition ofcore= VADcord 2kgTes is differ-  the fitting paramete€” has a negative sign witB(1). The
ent from the characteristic length scale of the modulation ofit in the inset of Fig. 2 of thdJ's in SNF trilayers displays
the order parameter in the F lay&r=\Avelcord Ee The  exponential behavior with a characteristic length &f
interface parameter between the N and F la was =2 nm for both Nb/Au/CoFe trilayer series. This initial
determined from the fitting of th&, data of a Nb/Au/CoFe rapid increase may be an outcome of the establishment of the
trilayer to the theory. The best calculation result was ob+wo interface layers, although the length of 2 nm seems too
tained, yielding){;‘F:O.S. This result is depicted by a dashed large a value for formation of a metal-metal interface.
line in Fig. 2. After this rapid increase of. until the Au layer thickness
As can be seen in Fig. 2, the calculation result exhibitseaches 5 nm, th&, values start to deviate from the expo-
much higheilT. values than the data whelj ,=0. The reason nential relation they followed. In Fig. 3 the solid line repre-
for this discrepancy is as listed below. In the calculation ofsents the exponential fit with the characteristic lengtheof
T, for the SNF trilayer, we take two interfaces into account.=~2 nm that we found for the inset of Fig. 2, while the
They affect theT. of the system even though the thickness ofdashed line is the result of the calculation mentioned above
the normal metal layer goes to zero in the calculation. Buwith a completely different characteristic length scade,
the sample without the normal metal layer contains only one=85 nm. After aboutd,,=10 nm, the exponential approach
interface between the S and F layers. The interface parametar a limiting value seems to have switched to another form
of the SF boundary obtained from the fitting of the Nb/CoFewith a much longer characteristic length scale, which is the
bilayer is y5"=0.341 which is smaller than the valueg"  normal coherence length of Au.
for Nb/Au andy})" for Au/CoFe. Therefore, the calculated  In addition to this switching to a new exponential form,
T, value atd,,=0 exhibits higher value than the data. the T, values seem to go through oscillations as a function of
In this calculation, the effect of the interface is implied in Au layer thickness in its range from 20 to 110 nm. The inset
the boundary condition of the Usadel equations, which camf Fig. 3 illustrates this point more clearly, for which we
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FIG. 4. TheT, behavior of Nb/Au/CoFe trilayers with respect FIG. 5. TheT, behavior of Nb/Au/CoFe trilayers with respect
t0 dcope With da,=5, 10, and 30 nm, respectively, fdg,=24 nm. to dggpe fOr da,=10 nm anddy,=24 nm. The solid line is the cal-
. ) . culation result explained in the text.
have fabricated and measured three series of trilayer samples
in the range of 20 nmd,, <110 nm.AT, on the vertical This can be seen in Fig. 5, where ffigs of Nb/Au/CoFe

e_D:(LliorT;]ergnsotnh(iodlﬁefrence I re'?""e to the value atl, trilayer systems are shown as a functiondgfge with dyy
e pora gra_ldualllncrease, .the.re are .clearlyé24 nm andd,,=10 nm with a calculation result with

oscillations in all three seres with an oscﬂlapqn period Ofthe same parameters as in the calculation in Fig. 2 except for
about 21.6 nm. Recognizing the lack of sufficient data forthe slightly differentT.s=7.86 K. All the interface param-

this length scale, we have repeated this experiment Wm&ters are also consistent with the values we obtained for Fig.
much denser data in the range of 20 sm,,<60 nm on

one set of series and confirmed the same oscillation period.

This T ilati function ofl... d L d q In order to make sure that all the parameters including the
IS 1¢ osciliation as a function ofla, do€s ot depend on 0 faceg are consistent, we have repeated our experiment

the sample prgparation method's and its ar.”p”t“de IS Iarg%ith thinner Nb. In Fig. 6, we presefli.'s of Nb/Au/CoFe
than the experimental error bar in our experiment, though 't?frilayer systems as a function dfee With dyp=15 nm and

amplitude Is dependent ody, Trilayers with thinner Nb da,=10 and 50 nm. The lines are the calculation results with

'?‘Vers eXh'b!t a larger _amplltude, suggesting that it is UN%he same parameters as in the calculation in Fig. 2 except for
likely that this is an artifact of fabrication or measurement

technique. This oscillation o, as a function of N layer different Tos=7.35 and 7.73 K, respectively, due to the dif

) ferent thicknesses of the initial Nb layer. Again the general
thlcknegs may suggest that the N Iaye_zr_acts as a weak ferr(f’éatures can be fitted well except for the very thin CoFe
magnetic material, somewhat surprising given the larg

. : - tegion, probably due to the weakened magnetism as men-
thickness of the N layer, several tens of nm. Alternatively, 'ttioned above for Fig. 4.

may not have anything tp (;10 with the magnetllsnj. It may In summary, we have studied the superconducting critical
represent some electronic interference effect inside the 'Eemperatures of Nb/Au/CoFe trilayer systems as a function
layer, although the length scale of 20 nm seems t00 sma, f Au and CoFe layer thickness in order to control the cou-

considering the Fermi velocity. We have not observedthis . o :
oscillation when Al or Cu was used instead of 28 This pling between the superconductivity and the ferromagnetism.

oscillatory behavior can by no means be understood in the
framework of the conventional theory.

In Fig. 4T.'s of Nb/Au/CoFe trilayer systems are shown ;
as a function ofdcype With dyp,=24 nm andd,,=5, 10, and 6.5

7.0F

30. There are small plateaus ®f neardcore=0.5—1.2 nm
but, regardless of the Au layer thickness, Th&s become a . 60Ff
minimum arounddc,e=3 NM and then eventually approach < i

a limiting value. The plateaus may be attributed to the in-  }—° Jan(ISnmyAUINm)/CaFe
crease of rms roughness due to the lack of good wetting of
the Au layer and the resulting magnetic dead layer of CoFe :
with the order of roughnes8. However, thedc,e. value 5.0
around 3 nm wher@.'s show minimums for all thicknesses
of Au layer, qualitatively consistent with the feature in
Nb/CoFe bilayers without the Au layer which can be found
in our previous report! suggests that the FFLO
framework32 remains valid in the Nb/Au/CoFe trilayer  FIG. 6. TheT, behavior of Nb/Au/CoFe trilayers with respect
systems, although the magnitude of the effect starts to dee dgyg.with fixed dy,=15 nm ford,,=10 and 50 nm, respectively.
crease as the thickness of the N layer increases. The lines are calculation results.

»
L hd v *

Nb(15nm)/Au(10nm)/CoFe

4 6 8
nm)

CoFe (
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When analyzed with a theory based on the conventiondor the initial rapid increase off, seems too large to be
framework?® the general, behavior of Nb/Au bilayers was regarded as the length necessary for the formation of a metal-
in good agreement and we were able to find materials anthetal interface.

interface parameters that are consistent throughout our ex-

periments. However, there are some unexpected aspects that ACKNOWLEDGMENTS

could not be explained in the framework of the conventional

proximity theory in theT, behavior of Nb/Au/CoFe trilay- This work is partially supported by KOSEF through
ers; there is a small oscillation @f as a function ofl,, with CSCMR and by MOST through the Tera-level Nano Frontier
a period of about 20 nm. In addition, the length scalelqgf = Program.
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