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Magnetism and superconductivity of Fe/Nb/Fe trilayers
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Sputtered Fe/Nb/Fe trilayers were prepared with Nb thicknedgem the range 300—800 A and with Fe
thicknesseslr, in the range 0-30 A. X-ray reflectivity measurements revealed the high quality of the film
structure with low surface and interface roughnesses. Magnetic properties of the samples were studied using
the magneto-optical Kerr effect, ferromagnetic-resonance and magnetization measurements by a SQUID mag-
netometer. For constamt, a decrease of . with decreasingdy, was observed up to a critical thickness
dﬁ{fj below which superconductivity vanishes. We deri\dﬁﬁf%SZO A independent ofi, for de,e=7 A. The
temperature dependence of the upper critical flé|d(T) showed two- and three-dimensional features for
parallel and perpendicular orientations of the magnetic field, respectively. At the Nb/Fe interface in the trilayer
systems an Fe-rich interlayer with nonmagnetic Fe is formed with a thickness depending sensitively on the
preparation conditions. We observed a nonmonotonic dependence of the superconducting transition tempera-
ture T, with increasingdg, and a definite maximum ifi;(dgo) at the onset of ferromagnetic order within the
Fe layers. This maximum is attributed to a modification of the repulsive interaction between the electrons in the
magnetically “dead” Fe-rich interlayer when an exchange field in the Fe layer is present.
[S0163-182697)02414-4

I. INTRODUCTION theoretically? It was shown that for specific ferromagnetic
layer thicknesses the Josephson coupling between two super-
The interplay between superconductivity and ferromag-conducting layers can lead to a junction with an intrinsic
netism in dilute magnetic alloys and intermetallic com- phase differencé ¢= which, in turn, exhibits a highef .
pounds attracted considerable attention during the last 3@alue compared to the ordinary phase differercg=0.
years(see, e.g., Ref.)1 The complex mutual influence of Such so-calledr junctions have been suggested earlier to
superconductivity and ferromagnetism may acquire new pearise also in tunnel barriers, containing magnetic impunties
culiarities in artificial systems like multilayers of and have been proposed recently for weak links of supercon-
superconducting-ferromagneti8C/FM) materials due to the ductors withd-wave pairing'® Although numerous experi-
proximity effect. Experimental investigations of the proxim- mental results were discussed in termsmofunctions, un-
ity effect in SC/FM layered systems were started by Hauserequivocal observations ofr-junction coupling involving
Theurer, and Wertham@iThey studied the depression of the conventional superconductors has not been published yet.
superconducting transition temperaturg in the bilayered The evidence forr coupling in SC/FM multilayers was
Pb/NM systems in which NM denotes various types of ma-sought experimentally in V/F&, Nb/Gd!*'® and Nb/Fe
terials: ferromagnetic Fe, Ni, and Gd, antiferromagnetic Cr(Ref. 14 systems? In V/Fel! contrary to the previous
and dilute magnetic alloys like 1 at. % Fe in Mo or 2.9 at. %results’ T, oscillations as a function ofi-, were not ob-
Gd in Pb. The results of these measurements were comparedrved. Negative results were also published for the Nb/Fe
to a combined theory incorporating the de Gennes-systemt* At the same time, for Nb/Gd a nonmonotonic de-
Werthamer calculation of the proximity effect in honmag- pendence off . on dgq for fixed dy, was reported by Strunk
netic material$™® and the Abrikosov-Gor'kov model of su- et al,'? and by Jianget al® For the explanation of the non-
perconductivity in dilute magnetic alloys. monotonicT . behavior two different qualitative explanations
For a ferromagnetic layer sandwiched between supercorwere proposed. Strunkt al. assumed that the obtaindq
ducting layers it is expected that the critical temperaflye behavior could be attributed to the change in the underlying
decreases monotonically with increasing magnetic layepair-breaking mechanism at the transition of the Gd layer
thickness. Interest in this problem increased considerablyffom the paramagnetic to the ferromagnetic state with in-
after Wonget al.” reported a nonmonotonic dependence ofcreasingdgy. In contrast, Jiangt al. suggested that the os-
T, as a function of the Fe thickness in V/Fe superlattices atillatory T, behavior provides evidence for the predicted
fixed V thickness. Shortly afterwards the possibility of an m-phase differences in SC/FM multilayers.
oscillation of T, as a function of the ferromagnetic layer In order to test the validity of these ideas we prepared
thickness in SC/FM multilayers was demonstratedFe/Nb/Fe-trilayer samples consisting of one single supercon-
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ducting layer between two Fe layers. Nevertheless, a non- TABLE I. Summarized parameters for all Fe/Nb/Fe trilayer sys-
monotonicT,(dg,) at fixed dy, looking very similar to the tems used for the present investigation. First column: sample series
T.(dgg in Nb/Gd multilayers reported by Jiareg all¥was  number used throughout the text. Second column: nominal thick-
observed. Contrary to their interpretation we conclude thafess of the Nb layer. Third column: nominal Fe thickness and mag-
the nonmonotonicT.(dg) occurs due to the existence of Netic state of the Fe layers.

magnetically “dead” Fe layers near the interface and their

properties changing drastically upon the onset of ferromag- dre (A)
netic order.® Sample series dyp (A) Nonmagnetic Magnetic
The paper is organized as follows: Secs. Il and Il provide
a brief outline of the sample preparation and characteriza- 400 0
tion. Results of the study of magnetic properties using the 400 4
magneto-optical Kerr effectMOKE), ferromagnetic reso- 400 7
nance(FMR), and superconducting quantum interference de$502 400 10
vice (SQUID) magnetometer are presented in Sec. IV. Re- 400 13
sults of the measurements of the superconducting parameters 400 16
when varying the Fe and Nb thickness are provided in Sec. 400 19
V. In Sec. VI the results in terms of different pair-breaking 400 22
effects are discussed. Finally the main results are summa- 400 25
rized in Sec. VII.
400 0
400 6
Il. FILM PREPARATION S532 400 8
We have prepared the Fe/Nb/Fe trilayers by rf sputtering 400 10
on high-quality ALO5 (1120) substrates at room temperature 400 14
using very pure Ni99.99% and Fe(99.99% targets. Pure 400 25
Ar (99.99% at pressures of %10 3 mbar has been used as 400 30
a sputter gas. The base pressure wasl®® mbar after 450 0
cooling with liquid N,. Prior to deposition the substrates 450 5
were ultrasonically cleaned in acetone and then in ethanol for 450 7
15 min, respectively. Subsequently they were annealed for 528 450 8
h at 770 K and plasma etched with 150-eV Ar ions. The 450 9
growth rate was controlled by a quartz crystal monitor and a 450 10
rate of 0.1 A/sec was found to be optimal for the quality of 450 12
the films. The film thicknesses were finally confirmeddoy
situ x-ray-reflectivity measurements. 300 7
In order to find the optimal growth conditions for the 320 7
Fe/Nb/Fe trilayers, we performed systematic resistivity mea- 340 7
surements on single Nb films deposited under different con- 360 7
ditions. TheT value and the residual resistivipf10 K) are g5 400 7
extremely sensitive to the preparation conditions. In fact, we 500 7
find thatT, depends on the time between igniting the plasma 600 7
and starting the film deposition. We suppose that the higher 700 7
values forT, of the samples prepared later from the starting 800 -
moment of the deposition result from a purification of the
target surface during the evaporation process. Our measure- 320 16
ments of the residual resistance ratio RRIRgq k/Rig k 340 16
shows that there is a close correlation betw@&grmnd RRR 360 16
in accordance with the results obtained byrgguset al.,*’ 380 16
and by Parlet al,'® for samples prepared by molecular beamgsqq 400 16
epitaxy (MBE). We observed that with increasirdy,, the 500 16
value ofp(10 K) decreases monotonically, indicating that the 600 16
conduction electron scattering at grain boundaries is the 700 16
main scattering process. Usually in thin filrfsee, e.g., Ref. 800 16

12 and references thergithe mean grain size scales with the
film thickness. With decreasing RRR the superconducting

transition temperature decreases monotonically. This depemew peak in the density of states near the Fermi level. We
dence ofT. on the rate of conduction electron scattering isfind a maximumT_ of 7 K for a single Nb films with
caused by the so-called lifetime “broadening” of the elec-dy,=400 A and p(10 K)=13 u cm. Increasing the Nb
tronic density of state§. Conduction electron scattering thickness up taly,=1500 A, the value off increases to 8
leads to a decrease of the density of states at the Fermi levil and p(10 K) drops to 10u{) cm. The residual resistivity
and is especially important for transition metals with a nar-value allows an estimation of the electron mean-free path
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TABLE II. Parameters for the Fe/Nb/Fe trilayer systef s15, s25 as derived from the Parratt fit given in Fig. 1 of Ref. d§.denotes
the thickness of the layeXk in the sequence from the top layer to the bottom laygrdenotes the roughness parameter of layésee Fig.
1).

do B) dyp A) dee(A) dyp B) dee BA) dppy (B) 06 A) oy B) 0re BA) g B) 0 A) o B Teubstrate®)

s5 32 14.3 55 101 55 29 6.2 2.9 4.1 4.2 3.2 6 4.4
sl5 27.8 21 16.3 101 16 30 4.3 3.3 3 5 4.1 3.1 2.6
s25 234 20 24 99 24.3 30 3.6 4.3 3.1 3 2.8 3 3.9

Using the experimental density of states at the Fermi surfacas a representative example for a trilayer system of the

and the experimental value of the Fermi velocity for Nb, present study. It should be noted that the thickness param-

(pl)=3.75x10 ° uQ cn? has been obtainédin the frame  eters coincide approximately with the values determined by

of a “dressed” Drude theory. This givels=29 A for our  the quartz crystal monitor during depositi¢dy,=100 A,

single Nb films withd,,=400 A. de=5, 15, and 25 A The roughness parameters of 3—4 A
In order to study carefully the dependences of the superare indicative of the high structural quality of the films. We

conducting parameters on the thickneks (or dyy), it is  found that the absolute value d, anddy,, determined by

essential that the samples are deposited under identical cothe fit procedure may deviate by up to 10% from the thick-

ditions and the relative thicknesses are determined with aness determined by the quartz crystal monitor during depo-

accuracy as high as possible. Therefore in our experimentaition. Using the Parrat fit, we also checked thg values

setup series of 7—9 samples with differdgf at constantly, = within one sample series with changing Fe thickness. In this

were prepared within one run. Prior to the trilayer growth acase the scatter afy, was much lower, namely about 1%.

Nb layer of 30 A thickness was deposited on the sapphire The complex refractive index for x-ray radiation is given

substrates as a buffer layer and in order to ensure symmetitpy?223

cal interfaces for the iron layers. After this, for the prepara-

tion of a series of triple layers witHy,=const and variable I

dre, @ shutter was opened for the evaporation of Fe on all 1 py LN LA

substrates, which were arranged in an array. After a certain N1=1=pa(Z+AT) 2 ! A =1=o-ig. (D

time (typically 30 sec depending on the deposition ydke

shutter for the first sample was closed, then for the sec_onﬂere)\ is the x-ray wavelengthr,, the classical electron ra-
and so on with an interval of 30 sec between the closing imeyis p. the number of atoms pé? voluma the atomic num-
1 n 1

for each subsequent sample. When the evaporation of Fe w %r,Af’ the dispersion correction, apdthe mass absorption

finished, all substrate shutters were opened simultaneously i iant The normalized parametefsind 8 are propor-

for the evaporation of Nb. Afterwards the process for thetional to the electron density,Z and to the absorption of x

evaporation for the top Fe layer was repeated in the Samleays, respectively. In the present case the contrast in the re-
fashion as before. In a final step all samples were covered bﬁ'

a protective Nb cap layer of about 30-A thickness. The ectivity spectra mainly results from the different absorption

i f triole | ith tad q bl of Moy, radiation in Nb and Fe. This can be seen in Figs.
preparation of triple layers with constadg, and variable 1(a) and 1b), where thes and B profile of the samples with

dnn Was achieved in a similar manner. de=15 A is shown. In Fig. (c), the first derivative of thes

fAfter ::hoos;ggtrtlhekoptlmal grov(\j/tg conditions, f'\./e Ze.”esprofile is presented, showing more clearly the interface re-
of samples wi icknessetk,, and dg, as summarized in ﬁion with 2 width of~7 A

Table | have been prepared for the present investigation.
should be noted that there were only minor differences be-

tween the preparation conditions of the series S502 and S532 [
and of the series S528 in Table I. In addition, one multilayer cosf @
sample[Fe(7 A)/Nb(30 A)],, has been prepared specifically %8-2 -
for precise magnetization measurements. The sample series Soot
S517(see Table ) with nominal thicknessedy,=100 A, o4 ' - '
dee=5, 15, and 25 A was grown on largéx1 cn?) sub- PNUC] BN ()] /\ /\
strates and were intended for detailed x-ray measurements. 'go.z-
&O-IF [Ox. NbiFe Nb Fe! Nb }ALO,
Ill. STRUCTURE AND ROUGHNESS 0= : ' —
in_fi 3 0.02p (©) 2aNb 20Nb 26A1,0,
The structure of the thin-film system of the present study L ! T |
. . . .. () 26Nb

was characterized in detail by low-angle x-ray-reflectivity B 0.02[2°0% " a0re 20Fe
measurements. Original x-ray spectra revealing well- 0 30 00150300
resolved superstructure and thin-film thickness oscillations z(d)

(Kiessig fringe$ have been given in Fig. 1 of Ref. 16. Thick-

ness and roughness parameters of the layers have been de+IG. 1. 25 and 28 profile of the sample witldg=15 A. The
rived using the Parratt formalisfh.Table Il summarizes the lower panel is the first derivative of thesrofile showing more
corresponding parameters for the three samglies15,s25  clearly the interface region o7 A.
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FIG. 2. MOKE hysteresis loop for the sample witlg;=22 A 0 0_'05 ()lAl l H ﬁl.ls 10.2
from series S502 measured at room temperature. 1/dg, (1/A)

X-ray Bragg reflection measurements showed that the FIG. 4. Saturation magnetization measured by a SQUID mag-
films are(110)-textured perpendicular to the film plane with netometer al =10 K versus Mg for the samples from series S502
a mosaicity of about 2°. Estimates of the grain size givelCircles, S532(triangles, S528(squares and S510(dy,=800 A,

typical values of about 50 A rhomb. The solid line is a linear fit for series S502 and S532. Note
that the measurements for the sample with=7 A from series
S502 were performed with higher precision.
IV. MAGNETIC PROPERTIES
A. Magneto-optical Kerr effect for the samples from the series S502 as an example. With

decreasing temperature the observed FMR signals did not
We have taken longitudinal MOKE measurements atundergo noticeable changes down to 1.7 K. Only a slight,

room temperature with a high-resolution modulation tech-continuous broadening of the resonance line was observed.

nigue which is described in detail in Ref. 24. The ferromag-For all samples from series S528, no FMR signal could be
netic MOKE signal in our trilayers could be registered for detected.

the samples wittd-=20 A only, for films with d<20 A o
no MOKE hysteresis loop could be resolved. The hysteresis C. Magnetization
loops, an example is shown in Fig. 2, exhibit a coercive force Magnetization measurements using a SQUID magneto-

H:~40 Oe and are typical for thin Fe films. meter were performed in the temperature range from 10 to

100 K with the film surface parallel to the direction of the
magnetic field. For the two series S502 and S532 these mea-
FMR measurements for the three series of the Samp|e§.1rements did not indicate any qualitative differences in the
with varying de, (series S502, S532, and S$528 from Table | Magnetization curves when changidg, between 10 and 25
were carried out at 9.4 GHz in a rectanguTd, o, cavity of A. The hysteresis loops have the typical square shape, simi-
the EPR spectrometer B-ER £18Bruker AG). For the Ia'r to the MOKE hystgresls loops in Fig. 2.. qu the samples
samples from the series S502 and S532 withdecreasing with de<8 A a contribution to the magnetization from the
from 25 to 16 A, a FMR signal was observed with a line- Fe layers Qould not be detected for the series S502 and 85_32,
width AH,,~160 Oe, whereas for the samples wit.<14 for the series S528 the same holds true for all samples with
A the FMR linewidth increased up tAH,,~500 Oe. No de<12 A. The dependence of the saturation magnetization
FMR signal was observed for the samples wdth<10 A. ~ Ms on the reciprocal thickness of the Fe layers is shown in
Figure 3 shows the results AH ,(dr) at room temperature Fig. 4. The main magnetic properties of all samples are also
included in Table I.
We have analyzed the magnetic state of the Fe atoms

500 close to the interface by a comparative high-resolution mag-
netization measurements of a pure Nb film and of the film
with dg.=7 A (both from the series S5(2In the tempera-
Ay =400A ture range from 10 to 100 K and in a magnetic field up to

B. Ferromagnetic resonance

1
\
1
\
i
1
1
\
1
A
1

_ \ 2500 Oe, the magnetization values were equal within the

§ experimental error bars for both sampl€sg. 5. The solid
m& | | line shows the expected paramagnetic contribution according
< s 3 to the Curie law in comparison. The absence of any contri-
100k bution to the magnetization from the 7-A-thick Fe layers has
also been confirmed by our SQUID measurements of a spe-

ol , . . . . cifically prepared multilayered samgdib(30 A)/Fe(7 A)l,o.
10 14 18 d A22 26 30 It is necessary to note that the paramagnetic contribution
e (2) to the magnetic moment of the samples caused by uncon-

trolled impurities in the substrate material becomes predomi-
FIG. 3. The thickness dependence of the FMR linewidth for thenant at low temperatures. In order to correct this contribution

samples from series S502 measured at room temperature. of the substrateM (H) measurements were performed up to
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FIG. 5. Magnetization measured by a SQUID magnetometer in g BDDHT _____
a magnetic field of 2500 Oe for the samples from series S502 with = 5 - my
de=0 (open circles and withdg.=7 A (solid circles. The solid E-'O i
line shows the expected magnetization behavior for Fe in the 7-A- 41 o
thick layer in the paramagnetic sta@urie law. dNb=450A
i i . i 3_I...‘I,.'xl....I....l....l....
the saturation magnetization at each temperature. The contri- 0 5 10 15° 20 25
bution of the substrate, linearly depending on the magnetic dFe (A)

field, was subtracted from the measuM@H) curve, giving

the value defined als for the Fe layers in Fig. 4. For the  [iG. 6. Superconducting transition temperatiigeas a function

samples without ferromagnetic contributions the magnetigy dre as determined by ac susceptibilitgolid symbol$ and resis-

moment of the substrates was also measured separately aftgity (opened symbojsmeasurements. The triangles, circles, and

removing the metallic layers. For our substrates at room temsquares correspond to series S502, S532, and S528, respectively.

perature we observed a diamagnetic behavior. With decreaFhe dashed lines are guide for the eyes.

ing temperature the magnetic susceptibility of the substrates

crosses zero at about 40 K and then increases strongly. This |n Fig. 6(b), the T,(dr.) dependence for the samples from

is the reason for the increasing error bars in Fig. 5 at lovseries S528 is presented for comparison. As discussed above,

temperatures. in this series no indication of ferromagnetic ordering is ob-
served forde.<12 A. Remarkably, similar to the case of our
previous series S502 and S532, at small iron thicknesses

V. SUPERCONDUCTING PROPERTIES (dee<5 A) a strong initial T, depression is observed. How-

The superconducting transition temperatliteand upper ~ €Ver, theT. value saturates af.=5.3 K and develops no
critical field H,(T) for parallel [H., (T)] and perpendicular Maximum up to the higheste;=12 A prepared within this
[H.,, (T)] orientations of the magnetic field relative to the S€res. _ ,
film plane were measured resistively in a standard four- |N€ dependence of(dy,) obtained for two series of
terminal configuration and defined as the midpoint of theS@mPles with fixedlg=7 A (8555 andde=16 A (S510
superconducting transition. The current and voltage leads
were attached to the samples with silver pakthf,(T) was
measured by sweeping the magnetic field at constant tem-
perature. In addition, ac magnetic susceptibility measure-
ments were used to determifig for all samples. In this case
the temperature corresponding to half the value of the maxi-  _
mum transition signal was defined &s. The superconduct- )
ing transitions for four samples of series S502 have been &
shown in Fig. 3 of Ref. 16 and are very sharp thus confirm-
ing the high quality of our trilayer films.

a dg=7A
o dp=16A

S = N W s N 0
T T

A. Critical temperature 200 300 400 560, 600 700 800
th(A)
The T, dependence odg, obtained for the two series of

trilayers S502 and S532 with fixett}, =400 A'is shown in FIG. 7. Superconducting transition temperatiigeas a function
Fig. 6(@). A strong initial T, depression is observed up to of ¢, as determined by ac susceptibilitgolid symbols and resis-
dFe:? A. For IargerdFe the value ofT, increases markedly tivity (open symbolsmeasurements for samples from series S555
reaching a maximum ap.=10-12 A and then decreases and $510 with fixedd. The triangles and circles correspond to
with a tendency to saturation fatre=20 A. It should be two different Fe thicknessese,=7 and 16 A, respectively. The
emphasized that the maximumT atde,=10-12 A in Fig.  solid lines are theoretical curves with the paramete ande=2.2
6(a) is outside of any possible experimental error. and takingT.,=7.5 K (see main text and Ref. 25
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FIG. 8. The perpendicular upper critical fieth,, vs tempera- FIG. 9. Square of the parallel upper critical fiet};, vs tem-

ture for samples from series S502 with fixég,=400 A and dif-  Perature for the same samples as in Fig. 8.
ferent values oflr,. S )

length. The extrapolation in Fig. 8 yields a coherence length
is shown in Fig. 7. TheT, value decreases slightly when §0)~95 A for a single Nb film. The superconducting coher-
decreasing the Nb thickness fromdy,=800 A down €nce lengthés in Refs. 8 and 25 is related to the Ginzburg-
to dy,=400 A and then starts to decrease sharply down to &andau coherence lengt(T) via
critical thicknessdgp below‘twhich }S\he superconductivity
vanishes. We extrapolatdf;,=320 A for both series. It _T _ -112
should be mentioned that if one reads the valueT gfat &M 2 Es(1=TTe) "% ©
de.=7 and 16 A from Figs. @) and &b) and presents them . .
in Fig. 7, one would obtain some difference between thesérh'szg'vesfsz60 A. The value ofés can also be estimated
points and theT.(dy,) curve. However, one should bear in fOM
mind that the error bars for the absolute value of the Nb
thickness are about 10%, which makes a direct comparison o= \/ nDs _ ¢cd
of results obtained on different sample series difficult. On the s 27kgTes 3.4°
other hand, the experimentally determined thicknesses of the . o o )
Nb layers for the series S502 withy,,=400 A are known Where Ds=(1/3)vel is the diffusion coefficient in the
within an error bar of 1% for all samples. We stress onceSuperconducting metalye the Fermi velocity, égcs
more that within one series of samples the Nb layer is evapo=0-18ive/kgTcs the BCS coherence length, afds the
rated simultaneously from the same source, thus the scattef@lue of Tc7 for a single superconducting film. Using
ing of dy, is very low. This implies that we can control the VF=2.77X10" cm/s;™ T;s=7 K and the value for the mean
thicknessdy,, within one series to about4 A, and from the free pathl =29 A as deter.mlned.from the residual resistivity
results given in Fig. 7 we then can conclude that this is by faR0OVe for our single Nb films witkly,=400 A, we estimate
enough to exclude the variation df, as responsible for the ¢s=68 A which is only slightly larger than thé; value de-

oscillations ofT, shown in Fig. €a). termined fromH,,, (0). o _ _
The behavior of the upper critical field with the field par-

allel to the film surfaceH,, (Fig. 9 can well be described
by the formula for a two-dimensional superconductor:

We performed measurements of the anisotropic upper
critical fields Hg,(T) and Hy,, (T) for selected samples Hea(T)=Hg(0)(1—T/To) 2 (5)
from series S502. The Fe thickness for these samples corre- ] . i
sponds to some special points along Taédg,) curve in Fig. From a fit to the data' points we find the values of
6(a): i.e., startingT (dee=0), minimum To(dee=7 A), maxi-  Hc21(0)=45 kOe for the single Nb film ané,(0)=28.6
mum T.(dge=10 A), and finally decreasing.(de,=19 A)  kOe for trilayered samples.
just before saturation.

The measurements with the magnetic field perpendicular VI. DISCUSSION
to the surface of the filmH,, ) (Fig. 8 show a linear tem-
perature dependence negy:

4

B. Critical fields

A. Magnetic properties

The analysis of the experimental data shows that the dis-
Heo (T)=Hgy, (0)(1-T/T,). 2 appearance of the magneto-optical Kerr effect signal for the
samples withd,<20 A is due to the limited sensitivity of
We obtain the values dfl .,, (0)=35 kOe for the single our equipment. The strong broadening of the FMR signal for
Nb film andH,, (0)=17.5 kOe for the trilayer samples. In the sample wittd-.<13 A from series S502 and S532 and
the framework of the Ginzburg-Landau theoH,,, for its disappearance for the samples with=10 A is probably
a superconducting film is given b¥l,, (0)=¢y/27&%(0) due to inhomogeneities in the magnetization caused by alloy-
with ¢, being the flux quantum anélthe in-plane coherence ing effects near the interface.
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Figure 4 reveals a decrease of the saturation magnetiza- 30
tion M with decreasinglg.. There are two possible expla-
nations for this dependence. First, the reductioMgfcould 25 | |
be due to a lowering of the atomic magnetic moment of Fe in
our Fe/Nb/Fe trilayers, e.g., due to alloying of the whole Fe 20}
layer with Nb. In this case, however, we should expect a )
continuous FMR line broadening with decreasitg, due to g 15 n
the dispersion of the internal magnetic field in ferromagnetic - 1ok
alloys. In Fig. 3, however one notices that the broadening of
the FMR line sets in atle,=13 A only, showing that for st
series S502 the alloying effect is only important for the
samples withdy,<13 A. This broadening of the FMR line is 0 . ' ' *

0 1 2 3 4 5

probably also the reason for the disappearance of the reso- T(K)

nance signal in the ferromagnetic sample with=10 A.

We believe that the reduction of the saturation magneti- o
zation in Fig. 4 is due to the existence of a magnetically, F'CG- 10- The upper critical fieltl;, andHcy, vs temperature
“dead” Fe-rich, nonmagnetic layer, formed by alloying at °" (€ sample from series S502 witly,=400 A and withdee=19
the interface. In Nb/Fe superlattices this effect was observeé' Solid lines present fits according to the theory of Ref. 25.
previously by Mattsoret al”® in their measurements of the distance of the decay of the pair wave function in the ferro-
saturation magnetization. They observed that about 7 A Ofagnetéy = 44Dy, /1, and the parametey characterizing
each Fe layer is not ferromagnetic and hence not contributinghe interface transparen¢,, is the diffusion coefficient in
to the magnetization. It seems conceivable that the averagfe ferromagnet’ antl is the exchange field p0|arizing the
concentration of Fe in this magnetically “dead” layer is of conduction electrons
the order of 50 at %. Mssbauer results by Chieet al?’ Our measurements of thE.(dy,) at fixed dg. (Fig. 7)
show that Nb-Fe alloys with 50 at % Fe are close to theshow that the superconductivity vanishes at a critical
transition point from nonmagnetic to ferromagnetic alloysthicknessd{j!=320 A. Bearing in mind that for our samples
(~60 at % F¢. Recently Luo and KreB8 have reported on  ¢.~68 A, we obtain the reduced critical film thickness
the formation of amorphous or strongly disordered crystaldy/¢s=4.7. According to the theofy this corresponds to
line interlayers of 2.5 A thickness in the interface regiong~2 2. Fitting our results in Fig. 7 by using this parameter
between the Fe and Nb crystalline layers by x-ray-diffractionand T,s<=7.5 K shows bad agreemefgee Fig. 7. Another
studies. The multilayers were sputtered at room temperatufigossibility to determine the parameters of the theory is by
with preparation conditions very similar to ours. Hence wefitting the theoretical curve from Ref. 25 to the data on
can imagine that at each Fe/Nb interface a nonmagnetigi ,(T) in Fig. 10. The best fit for the sample with,=19 A
Fe/NDb alloy is formed with an amorphous or strongly disor-shown by solid lines in Fig. 10 correspondsete 5. Fitting
dered crystalline state in the middle. The thickness of thist(d,,) dependence by using thisvalue shows good agree-
nonmagnetic layer, although being well defined within onement at large Nb thickness but a theoretical value for the
sample series, can vary definitely from one series to the otheritical thicknessd§' much smaller than the one observed
(see Fig. 4, in spite of the fact that we try to keep the experimentally(see Fig. 7.
experimental parameters during the layer growth identical. The above analysis shows that our experimental results
We think that the microstructure and concentration gradiengannot be described quantitatively in the framework of the
at the interface depends very sensitively on the parameters ¢ieory by Radovicet al, probably because of the existence
f[he discharge, which we can only control within certain lim- of a magnetically dead layer in our samples which is a more
Its. complex situation than assumed in the theoretical model. In-

deed, our results on the,(dyy) for the series S555 and S510
B. Superconducting properties for large Fe thicknesses at two fixedd, (Fig. 7) show that there is no difference in

A theoretical model for the interpretation of experimental Tc(dnp) for the series with the non-magnetic Fe layeg~7
studies of FM/SC multilayers is provided by the microscopic”: Series S55b and with the ferromagnetic Fe layers
theory by Radovicet al®?>2° Among other details, this (dre=16 A, series S510 Similarly, in Figs. 8 and 9 there is
theory (see Ref. 25 calculatesT, and H,(T) of a single essent|a!ly no dn‘ference betwedth.,(T) fo_r the samples
superconducting film embedded in a ferromagnetic metal. Iffom series S502 withlg,=7 A (nonmagnetic Fe laypand
is assumed that both superconducting and ferromagneti¥ith dee=19 A (ferromagnetic Fe laygrThe minute differ-
metals can be described in the dirty limit. Assuming that forénce for theH,(T) curves is rather caused by the uncer-
the ferromagnetic metal the dominant effect is the polarizal@inty in the angle between the film plane and orientation of
tion of the conduction electrons by the strong exchange fieldhagnetic field, because close to the parallel orientation the
and neglecting other possible depairing mechanisms in th@ngular dependence bf., is much stronger than in the per-
superconductor, the authors calcul@teas a function of the ~Pendicular orientation.
reduced superconducting film thickneds/ &5 and Hq,(T)
for parallel and perpendicular orientations of the magnetic
field. In this theory the parameter=¢,,/ nés is essentiale
denotes the proximity effect parameter and is determined by The most important result in our present study is the ex-
the superconducting coherence length the characteristic istence of a pronounced maximumTga(dgo) atdg~10 A in

C. Dependence of the superconducting transition temperature
on the Fe thickness
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ishes already fodz.<12 A. Similarly, for the Nb/Gd system
ferromagnetism vanishes fatg;<12 A21® As discussed
above, this occurs probably due to an alloying effect near the
interface. In principal, the magnetic atoms in the alloyed
interface region may either be in the paramagnetic or in the
nonmagnetic state. As will be described below, in either case
the observed nonmonotonit.(d) behavior can be ex-
plained.

From our FMR and magnetization data we visualize the
internal structure and the amplitude of the superconducting
wave function in our samples as shown schematically in Fig.
11. We have a magnetically dead intermixed Nb-Fe interface
layer which is in direct contact with the main superconduct-
ing Nb layer from one side and with the ferromagnetic Fe
==t layer from the other side. For the sample with,.=7 A, the

b ferromagnetic layer is absent and we have from both sides of

( ) the main superconducting Nb layer magnetically dead Fe-

rich layers with a total thickness of the order of 14 A. How

can such a thin magnetically dead layer so effectively sup-

press superconductivity? A conventional Abrikosov-Gor’kov

mechanism of pair-breaking scattering is not effective, since

there is no indication for the existence of ordinary local Fe

moments with Curie-like behavidsee Fig. 5.
Instead, we can consider Fe-derivédtates in the inter-

< R > face region in terms of Friedel-Anderson virtual states or in

N Lnon-magnetlc terms of a Kondo impurities with a large Kondo energy.
ferromagnetic Although these local virtual states are not usual pair break-
ers, since their contribution to the elastic spin scattering is

small, they strongly suppress superconductivity by inducing

FIG. 11. Schematic picture of the superconducting wave func- e : .
tion amplitude in the trilayer systert®). (b) shows the interface repulsive interactions between the conduction electrons. The

region in more detail. scale for this local paramagnon mediated repulsion can be
roughly estimated as

Fig. 6(a) for the series S502 and S532 and its absence for the |2

series S528 in Fig.(6). As we mentioned in the Introduc- Vg=—n _sd (6)

tion, Jianget al,™® obtained a maximum il (dg) very ® wsf'

similar to ours and interpreted it as an evidence #otou-

pling in SC/FM multilayer$ In principal, one could assume wheren is the density of Fe ions in the intermixed regibg,

1js the exchange coupling constant of the conduction elec-
trons with thed-spin density of the resonant levels, angis

the characteristic energy scale of the local spin fluctuations
(the sign of the interelectronic interaction constant is chosen
fo be positive for attraction Very roughly, the value o¥/;

can be estimated from the following considerations. As fol-
lows from Fig. 7, the initial thickness of the Nb layer at
which superconductivity vanishes for the set of samples with
de=7 Aisd{'~320 A. Using the Cooper limitfor the sake

of simplicity we conclude that the effective BCS coupling

constant for thigd{ must vanish:

our trilayer system with the very thin Nb cap and buffer
layers might give rise to ar-coupling effect, too. However,
we would rule out this explanation for the following reasons.
First, we note that the difference in the free energy as wel
as in T, between a conventional andmaphase contact of
two superconducting layers $O/FM/SC(2) must vanish as
d,/d, in the limit d;>d, [hered; andd, denote the thick-
nesses of the @) and S2)]. For our samples the ratio
d,/d, is of the order of 0.1. This makes thejunction effect
irrelevant in our case, even if assuming a difference betwee
maximum and minimum i .(dg) caused by coupling of d-N2V. + 2d-N2V
the order 6 1 K for a symmetrical contact witlkl,=d,. In = 1t 27272
addition, the amplitude of the order parameter in the top and ¢ d;N;+2d,N;

bottom layers is expected to be strongly reduced by the life- : .
time broadening effect in thin Nb layers. We have checke ilgea:‘zerfl:ﬁ%m;; Sggdzpree_fﬁi,t?ngm'?xig112550?3:532-91
experimentally that single Nb |ayers witi,,=30 A are not jvely, N; is the electronic density of states at the Fermi level,

superconducting above 1.7 K when covered by an Fe Iayevi is the electron-electron interaction constahtis the layer

with de=5 A. . " ; S
Our results in Fig. &) suggest that the maximum T, is thickness.\o plays the role of an “effectiveNV” in the

correlated with the onset of ferromagnetism ¢¢>8 A in BCS formula forT,

the series S502 and S532. We have shown in Fig. 4 that 1 140 1
ferromagnetism vanishes dg.<7 A in our Fe/Nb/Fe trilay- In———°2_ —
ers for series S502 and S532 whereas for series S528 it van- Te N eff

)

®
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with wp being the Debye temperature. AssumiNg~N,  tuations in the intermixed region by magnetic exchange field
and keeping in the mind that the real thickness of intermixedirst increased ., at larger thicknesses the pair-breaking ef-
layer could be about 14 A for a nominal thicknessdgf=7  fect of the ferromagnetic layer dominates @hddecreases
A, we calculated from Eq. 6/,=—V,d,/2d,~—10V,. Us-  again. This scenario is supported by thgdg,) curve for the
ing for pure Nb the valud/,=0.08 eV one finds a strongly samples from serie S528, i.e., for the series without ferro-
repulsive interactionV,~—1 eV between electrons in the Magnetic layergsee Fig. 6)]. For this series only an initial
Fe-Nb interface layer. The existence of such a strong repudepression off . without a maximum is observed, since in
sion in an intermixed region will strongly reduce the densitythis case there is only the suppressiorTphby the repulsive
of the Cooper pairsq(r)|=|(¢;(r)#,(r)| at the interface ~interaction in the interface region. _
(see Fig. 11 (|¢hai(r)| is the probability amplitude of finding It is worth stressing that in our model tfiig suppression
two electrons in the paired state at poit This repulsion IS dominated by a renormalization of the interactions be-
originates from spin-fluctuation mediated contributi. ~ tween electrong”pair weakening™ effect within magneti-
(6)]. Indeed, assuming~0.5 andl o ,~0.5—1 eV for the local ca[ly dead_ layers. Tr_ns eﬁec; is quahtatlvely dn‘fe_rent from
exchange coupling constant one finds thiathas the value Palr breakm'g'by the internal field in a ferromagnetic layer. It
of the order of—1 eV for wy~0.1-0.5 eV. Such a scale of IS not surprising, therefore, that our data cannot be fully de-
spin-fluctuation energwy for Fe ions is plausible. scribed within the framework %fzasl ggalr-breaklng based theory
Ferromagnetism appears first for the series S502 and S5&S Worked out by Radoviet al."*>

atde.=10 A. The observation of thE, enhancement just at We finally note that our model with some maodifications

this thickness seems to be highly surprising at first glanceCan also provide a reasonable explanation of the nonmono-

since one would expect an additional suppression of the ngn'C Te pehawor observeq |n. th_e Nb/Gd - multilayer
perconductivity by the internal exchange field of the ferro-System’ Different from the situation in the Nb/Fe system,
magnetic |ayer acting on the Cooper pairs_ However, the Sdhe Gd ions in the intermixed region have well-defined local
lution of this apparent paradox can be given within ourSPins due to the stability of thef4magnetic moments. They
model proposed above in a very natural way. will give rise to a strong initiall ; depression with increasing
The appearance of the ferromagnetic Fe layer induces @cq due to the proximity with the Nb side of the sandwich
Zeeman splitting of the Fe-derived resonantevels in an  (analogous to the Abrikosov-Gor'kov mechanism of pair-
intermixed Fe-Nb region. Concomitantly local spin fluctua- breaking scattering in dilute magnetic all8ysThe appear-
tions in the intermixed layer become strongly suppressecdnce of a ferromagnetic Gd layer in the middle of the inter-
Formally, the Zeeman splitting af levelsAE, enters in the Mixed layer fordg=12 A will lead to an induced magnetic
spin fluctuation contribution/ via the renormalization of ordering of the whole intermixed region by the oscillatory
the denominator in Eq(6), wg—wg+AE,, hence reducing RKKY coupling betvyeen the Gd spins. One first would as-
this contribution. Thus the repulsion between the electron§Ume a sharp drop ifi.(dgy) when the spins start to order.
also decreases, causing an increas€ .of This effect is usually observed in dilute magnetic alloys
Concerning the pair-breaking effect of the ferromagneticvhere theT. versus concentration curve often falls off
layer on the Cooper pairs, it is actually strongly suppresse§harply to zero at the appearance of long-range magnetic
due to the presence of the magnetically dead layers betwedhder. However, sometimes the situation even in rare-earth-
the superconducting Nb and the ferromagnetic Fe lajgers  based alloy systems is different. Finnemateal® found
Fig. 11). Strongly repulsive interactions within the inter- that in La _Er, the T values are higher than those pre-
mixed regions make the superconducting wave-function amdicted by the Abrikosov-Gorkov theofynear the critical
p||tude |¢pair(r)| very small at the interface, thus renormaliz- Conce?'_[ratlon. A similar effect was observed by Guertin and
ing the pair-breaking parameter by the small factorParks®in the alloy Th_,Er,. _ _
a=|iadinterface/| ()| In other words, the dead layers In order to understar!d the maximum TQ in the rare-
separate superconducting and ferromagnetic layers in re§prth alloy systems and in the Nb/Gd multilayers, one should
space thus reducing the destructive effect for the Coopéifst note that the magnetic ordering will strongly suppress
pairs from the ferromagnet. Indeed, without this “screen-the low-energy spin fluctuations and reduce the Abrikosov-
ing” effect by the intermixed layer, the pair breaking param- Gor'kov pair-breaking mechanism. Second, it seems plau-
eter p~I(denddy,) Would be very large, of the order of Sible to assume spin-glass-like ordering of the rare-earth ions
1072 ~100 K assuming an internal exchange field in the Fein the alloy system and in the intermixed region at the inter-
layer| ~1 eV. Therefore, the real value pfmust be strongly face of the Nb/Gd multilayers due to the frustrated character
reduced, by a factor I6—102, which originates in our of RKKY coupling in random systems. In this case a uniform
model from the strong reduction of the superconducting conéxchange field will be absent in the intermixed region, even
densate densityy,i(r)| at the interface. This model also in the magnetically ordered state and an increasé.ofan
explains the absence of any difference betw®&gfuly,) for be expected when freezing out the elastic sp!n—fl|p exchange
the nonmagnetic and the ferromagnetic series shown in Figcattering processes by the local exchange field.
7 and the absence of any differenceHp,(T) for nonmag-
netic and ferromagnetic samplese Figs. 8 and)9since the
main influence on the superconductivity comes from the
magnetically dead layer. We have studied the magnetic and superconducting prop-
The local maximum ifT .(dgo) [Fig. 6(@)] results from the erties of FM/SC/FM trilayer systems using Fe/Nb/Fe as an
competition of two different effects of the ferromagnetic example. We conclude from our results that the oscillatory
layer on the superconductivity. The suppression of spin flucT(dgo) curve observed by Jiangt al,'® cannot be taken

VIl. SUMMARY
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unambiguously as an evidence for the existenceofpliase  on the superconductivity. This effect is caused by the sup-
of superconductivity. We provided experimental evidence pression of spin fluctuations by the ferromagnetic exchange
that in Fe/Nb/Fe trilayers the nonmonotonic behavior infield and leads to a slight increase Bf. When further in-
T.(dgo Occurs due to the existence of a magnetically dead Fereasinglg, the ordinaryT . depression by the exchange field
rich layer near the Nb/Fe interface which is in direct contactfrom the ferromagnetic layer becomes the predominant effect
with the superconducting Nb layer on one side and with theand depresses, further.

ferromagnetic Fe layefat d.=10 A) on the other side. We
argue that the effective electron-electron interaction in this
layer is strongly repulsive and stems from the coupling of the
conduction electrons to the local paramagnon fluctuations. We would like to thank J. Podschwadeck and C. Leschke
This gives rise to a strong initidl. depression with increas- for technical support. This work was supported by the
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