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The transition temperature and the critical fields of electron-beam evaporated Nb/Gd/Nb triple lay-
ers and Nb/Gd multilayers have been determined by measurements of the electrical resistivity and the
dc susceptibility. For constant thickness dg4 of the Gd layers, we observe a decrease of T, and H,,, with
decreasing thickness dy, of Nb layers down to a critical thickness d., below which superconductivity is
completely destroyed. The parallel critical fields mostly show the square-root temperature dependence
near T,, typical for two-dimensional superconductors. As predicted theoretically, competing pair-
breaking mechanisms lead to a nonmonotonic dependence of H, on dy,. We have also studied the
dependence T,(dg4) with constant dy;, and find a decrease of the T.(dg4) curve with increasing dg4 and
a steplike structure at dgy =20 A.To clarify the nature of this step, the ferromagnetic transition of the
Gd films is determined with the transverse magneto-optical Kerr effect. Long-range magnetic order is
found only above dgq =20 A, which is attributed to the formation of a discontinuous film below this
thickness. These results indicate a change in the underlying pair-breaking mechanism.

I. INTRODUCTION

Since the 1960’s the interaction between superconduc-
tivity (SC) and ferromagnetism (FM) has attracted con-
siderable interest. Because (conventional) SC requires a
coupling between electron pairs with antiparallel spin,
whereas FM favors a parallel alignment of electron spins
through the FM exchange field, both mechanisms are
counteractive. Usually, the FM state has a higher stabili-
ty and therefore tends to suppress the Cooper pairing.

In one line of approach the possible coexistence of both
phenomena in bulk samples has been examined. The first
theories considering the effect of an FM exchange field
have been proposed by Fulde and Ferrell and indepen-
dently by Larkin and Ovchinnikov.! They obtained an
unorthodox SC state with a spatially modulated order pa-
rameter. The Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
state should be possible if the Zeeman splitting of the
conduction-electron bands—either caused by an ex-
change field or an external magnetic field—makes the
usual Cooper pairing unfavorable. An additional require-
ment for the existence of the FFLO state is that SC
should not be destroyed by the orbital effect of the mag-
netic field, i.e., H., has to be large. In conventional SC
this can be achieved through a short electron mean free
path. Unfortunately, in contrast to a homogeneous SC
state, the FFLO phase turned out to be very sensitive to
elastic-scattering events.? Therefore, the effect has not
been seen in conventional SC up to now. Very recently,
experimental evidence for this state has been found in the
heavy-fermion SC UPd,Al; (Ref. 3) where the effect was
induced by an external magnetic field.

In a second line of approach, the penetration of Cooper
pairs into magnetic films via the so-called proximity effect
was studied.*> In their classical paper,* Hauser, Theur-
er, and Werthamer investigated the T, depression in Pb
films by thin magnetic overlayers of Fe, Ni, Gd, and Cr.
For the interpretation of their data, a combination of the
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DeGennes-Werthamer (DGWH) theory of the proximity
effect with the Abrikosov-Gorkov (AG) model for pair
breaking by independent magnetic moments was em-
ployed. Although fair agreement between theory and ex-
periment was achieved, the assumption of scattering by
independent moments remained unsatisfactory.

Recently, the proximity effect in SC/FM multilayers
has been studied theoretically by Radovic et al.® The au-
thors proposed the formation of a FFLO-like order-
parameter profile near the SC/FM boundary. This
should cause oscillations of T, as a function of thickness
of the magnetic layers.” Furthermore, perpendicular and
parallel critical fields have been calculated. Due to com-
peting pair-breaking mechanisms, a nonmonotonic
behavior of H, as a function of the thickness of the SC
layer is expected. ®

In this work, we present a detailed experimental study
of Nb/Gd triple layers and multilayers with the aim to
search for and investigate the above-mentioned phenome-
na. We chose niobium as the SC, because due to its high
transition temperature a large portion of the phase dia-
gram is observable for temperatures down to 1.5 K. Ga-
dolinium is a ferromagnet with T, (bulk)=292 K and
has the simplest magnetic structure among the rare-earth
metals.® Epitaxial growth in the Nb/Gd system has been
studied in detail before.!®!! Sharp interfaces without
interdiffusion should be obtained, because the two com-
ponents are not mutually soluble neither in the solid nor
in the liquid phase. !?

This paper is organized as follows. After a short sur-
vey of experimental details in Sec. II, the sample prepara-
tion and characterization is described in Sec. III. In Sec.
IV, the dependence of SC properties on the Nb thickness
dyy is discussed in terms of pair breaking by the proximi-
ty effect and by external magnetic fields. A comparison
between triple layers and multilayers is given. In Sec. V,
we discuss in detail the microscopic origin of the pair
breaking by the Gd interlayers which is analyzed in terms
of the different theories mentioned above.*® The Gd lay-
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ers show a transition from paramagnetic to ferromagnetic
behavior with increasing d 4 and therefore allow a com-
parison of the influence of random and FM ordered spins
on the superconductivity. A preliminary report on some
of the results presented here is given elsewhere. 1

II. EXPERIMENTAL DETAILS

The samples were grown at room temperature by
electron-beam evaporation on sapphire single crystals
with (1120) orientation in a UHV system as described
elsewhere.!! We prepared Nb/Gd multilayers and
Nb/Gd/Nb triple layers. In case of the multilayers the
top and bottom films consisted of 100-A Nb to prevent
chemical reactions of the top and bottom Gd films with
and the substrate, respectively. The oxidation of the
upper Nb layer in air is restricted to the first 20 A.'" Be-
cause of their small thickness the Nb cover layers were
not superconducting as will become evident in the follow-
ing. In the multilayer samples d;4 was kept constant at
34 A, while dy,, was varied.

For the study of the influence of dgq4, the achieved
reproducibility of the quartz monitor thickness for sam-
ples prepared in different evaporation processes, turned
out to be not sufficient. Therefore, series of 18 triple lay-
ers with identical Nb layers but increasing dgq were
prepared in a single run. After deposition of the first Nb
layer a sample shutter was opened with constant velocity
during the evaporation of Gd, exposing one substrate
after the other to the vapor beam. Adjacent samples
differed in nominal dgy by about 2 A, while d, varied
within the individual samples by less than .5 of this
value. Afterwards, the second Nb layer was evaporated
on all samples simultaneously again. By this procedure
we obtained constant material parameters of the Nb lay-
ers within the series, which is essential for separating the
influence of the d gy and dy;, variations. The influence of
the substrate temperature T¢ during evaporation on the
sample quality was studied systematically.'"'* Concern-
ing the SC properties, the best results (smallest T, width)
have been obtained at room temperature. At higher Ty
the larger mobility of the atoms leads to the formation of
islands of Nb on Gd,!! which give rise to a strong
broadening of the SC transition.

Conventional four terminal resistance measurements
were performed in a *He cryostat down to 1.5 K, using a
commercial ac resistance bridge (LR400). Leads were at-
tached to the samples with silver paint. The absolute ac-
curacy of the resistivity was about 7%, which is mainly
due to the error in the determination of the geometry fac-
tor. The SC critical fields were determined from the 50%
point of the resistive transition by ramping the magnetic
field up until 90% of the resistance value at 10 K was
reached and then ramping down again while the tempera-
ture was kept constant within typically 2 mK. Both
curves showed a ramp-rate dependent shift of typical
10-40 mT, which is due to the shunt resistor in the per-
sistent switch of the SC magnet. Therefore, especially for
the determination of small critical fields, very low ramp
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rates were used. For the resulting field values always the
mean of both ramp directions was taken.

To check whether the resistively determined SC transi-
tion temperatures were not due to SC percolation paths
only, measurements of the dc magnetization have been
performed in a superconducting quantum interference de-
vice (SQUID) magnetometer with magnetic field perpen-
dicular to the films. !

III. SAMPLE CHARACTERIZATION

A. X-ray diffraction

The x-ray-diffraction patterns (Cu Ka radiation) at
large angles show the Bragg reflections of the different
components, i.e., the Nb(110), the Gd(0002), and the sap-
phire (1120) reflection (Fig. 1). Despite the low substrate
temperature, the samples are highly textured, which fol-
lows from the absence of other peaks, like the Nb (200)
reflection at =~56° (not shown in Fig. 1). The broadening
of the Gd (0002) reflections and their small height is due
to the very small thickness of the Gd layers. In the mul-
tilayer samples no satellites of the Bragg peaks are ap-
parent, indicating the formation of a structurally in-
coherent superlattice.!! The rocking curves of the Nb
(110) Bragg peak consist of two components, one with a
width of typically Aw=~0.95° and an additional much
narrower peak (Aw<0.1°). A similar profile has been
found for single Nb films on sapphire. 1416 The x-ray
data can be explained by a grain structure containing a
bimodal distribution of columns and fine equiaxed grains
in between. The aligned growth in the (110) direction
persists also at low temperatures because it is determined
by the early stages of growth on the substrate. The grain
structure of the samples determines the low-temperature
resistivity (Sec. III D) and is probably responsible for a
broadening of SC transitions in magnetic fields as dis-
cussed in Sec. IVB 1.
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FIG. 1. Square root of x-ray scattering intensity vs scattering
angle 26 of Nb and Gd in a multilayer (upper panel) and a triple
layer sample (lower panel).
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FIG. 2. Small-angle scattering intensity I (logarithmic) vs
scattering angle 20 for three samples of a triple layer series,
prepared in a single evaporation run.

Figure 2 shows the small-angle scattering data of three
samples taken from a series of Nb 154 A/Gd X/Nb 154 A
triple layers produced in a single run as described above.
The large number of observed reflections indicates the
formation of sharp and parallel boundaries with only a
small fluctuation of the layer thickness. From the dis-
tance of the interference maxima, the total layer thick-
ness can be easily obtained, with the appropriate correc-
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tion of the effect of refraction at small angles.!! The
difference between the total layer thickness of “first” and
“last” sample of a series gives the total variation of dg4
within that series and agrees well with the nominal total
thickness obtained with the quartz monitors. While the
thinnest sample (dgyq=35 A) appears as a homogeneous
scatterer, the layered structure of the samples becomes
visible in the variation of intensities of the peaks with in-
creasing separation of the Nb films by the Gd interlayer.
Because the two Nb sublayers are of approximately half
of the total thickness, every second peak is depressed,
compared to the sample with dgq = 5 A.

B. Reflection high-energy electron diffraction (RHEED)

The small thickness impedes the sufficient characteri-
zation of the Gd interlayers by x-ray diffraction. Because
of the strong influence of the Gd interlayers on the SC
properties of the samples, their growth has been studied
further by RHEED. The RHEED patterns, recorded
during evaporation, provide additional information about
the growth mode of Gd on Nb. Figure 3(a) shows the re-
sults for a Nb buffer layer on sapphire, deposited at a
high temperature T3 =750° C (unlike the other samples
of this work). Besides the streaks typical for smooth
growth some weak bulklike diffraction spots are visible,
indicating the presence of a small surface roughness. The
distance between adjacent streaks corresponds to a lattice
parameter of d =1.65 A, indicating the direction of the
incident electron beam (azimuth) along [110]. After
deposition of nominally one monolayer of Gd
(T3=80°C), an additional line appears [Fig. 3(b)], which
can be attributed to the Gd lattice planes (azimuth
[1010], lattice parameter d =1.82 A). The coexistence

(a)

FIG. 3. RHEED patterns of
(b) Gd on Nb (110) for different
nominal thicknesses of Gd: (a)
Nb buffer layer (Ts =750°C), (b)
3-A Gd, () 5-A Gd, d) 13-A
Gd.

(d)
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FIG. 4. Changes in position (upper panel) and width (lower
panel) of RHEED reflections during evaporation of Gd onto a
Nb buffer layer (T5=25°C). The lines are guides to the eye.

of both lines indicates that the Gd layer grows initially in
an island mode. After deposition of nominally 5- A Gd
the Nb streaks fade [Fig. 3(c)], indicating a reduction of
the uncovered area of the Nb film. At a thickness of
nominally 13-A Gd only the Gd lines remain, Fig. 3(d)
azimuth [1120]. Beyond this thickness smooth epitaxial
growth of Gd has been achieved, though the width of the
streaks reflects the small grain size obtained at low eva-
poration temperature. If the Gd film is condensed onto a
Nb buffer evaporated at room temperature, the resulting
streaks are too broad to be distinguished on the RHEED
screen, possibly due to the higher disorder in the films.
However, measurements of the RHEED profile, i.e., the
streak position and its width yield the same information
(Fig. 4). We find a shift of the streak position from Nb
(azimuth [111]) to Gd (azimuth [1120]) at dgq=~9 A
while the width reaches its initial value at about 20 A.
We conclude that the formation of a continuous Gd film
on a Nb buffer evaporated at 750°C starts around
dgg~13 A and around dgy=~18 A if the Nb buffer layer
is deposited at 25 °C.

C. Magneto-optical Kerr effect

The saturation magnetization of Gd is dominated by
the contribution of the 4f moments.® Thus, it is a direct
measure for the strength of the exchange field due to the
ordered 4/ moments that gives rise to a Zeeman splitting
of the conduction-electron band. According to the
theory,® this splitting governs the breaking of Cooper
pairs in the FM layers. Measurements of the magnetiza-
tion of the Gd films have been performed using the trans-
verse magneto-optical Kerr effect.!” Detailed investiga-
tions show that Gd films (75=300°C), which are eva-
porated onto a Nb (110) buffer layer (T =750°C), order
magnetically down to dgyq~15 A with Tcurie decreasing
with d g, while in films with dgg=11 A and dgg=12 A
no ferromagnetic signal was found.!” The critical thick-
ness for the formation of a FM-ordered film increases to
15 A <dgq <20 A when preparing the whole sample at
room temperature, i.e., under the same conditions as the
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superconducting samples in this work. In the latter case,
the Curie temperatures reduce to 140, 220, and 255 K for
dGa=20, 25, and 34 A, respectively. This reduction is
partly due to the decrease of the FM exchange field with
smaller number of nearest neighbors in the thinner films.
The number of nearest neighbors decreases further if the
films become inhomogeneous. No ferromagnetic hys-
teresis has been found in a 15-A Gd sample. The satura-
tion magnetization (in B,,, =100 mT) shows a similar de-
crease with decreasing dgy. Thus, in the island growth
mode the ferromagnetic order breaks down completely.
This structure-induced change in the magnetic properties
is reflected in the superconducting properties, too, as will
be one of the main topics of this work.

D. Electrical resistivity

A further characterization of the sample quality is the
electrical resistivity. The resistance in each layer is
governed by the following scattering processes: (i)
electron-phonon scattering, (ii) scattering at dislocations,
point defects and grain boundaries, and (iii) scattering at
the layer boundaries. If the scattering processes are in-
dependent, the contributions to the resistance are addi-
tive (Matthiessen’s rule). This is not the case for the
scattering at grain boundaries and interface boundaries. '8
For our structures the contribution of the Gd layers to
the total conductance can be neglected, because they are
much thinner than the Nb layers. This is demonstrated
in Fig. 5, which shows that the low-temperature resistivi-
ty po=p(10 K) of several triple-layers series as a function
of dg4 is essentially constant. The scatter of the data
points is determined by the error in the geometry factor
only, because the Nb layers are identical within each

series. Figure 6 shows the dependence of p, on dy, of
single, triple, and multilayer samples. For 180
A Sdy, S1500 A, we obtain py~1/dyy,, while at lower

dy, an additional increase can be seen. The surface
scattering according to the Fuchs-Sondheimer theory!’
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FIG. 5. Low-temperature resistivity p (10 K) as a function of
dgq of several triple layer series, prepared in a single evapora-
tion run. The dashed lines are guides to the eye.
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TABLE 1. Material parameters and characteristic lengths of different types of samples.
Sample type Single layer Triple layer Multilayer
dny (A) 190 1500 188 259 350 360 500 700
po (u cm) 6.7 1.8 6.1 5.6 4.2 3.8 4.0 2.6
T, (K) 8.57 8.76 3.18 5.30 6.95 3.23 5.59 7.49
lg (A) 57 215 63 67 92 100 96 150
&s from py (A) 76 104 78 81 90 94 92 108
£s from H,y (A) 72 93 795 88 82 795 86 88
&s from Hy (A) 110 81 87 91

yields a straight line for py vs 1/dy, with a slope ngen
for Nb by the constant Cyp,=(poDpu=3.75X1071
Qm?% where [ is the intrinsic elastic mean free path.
The effective mean free paths in the Nb films, determined
from Cyy, =pg:leq, are listed in Table 1. Even for diffuse
scattering the theoretical resistivity is much smaller than
the experimental data (dashed line in Fig. 6). Grain
boundaries provide a further source of electron scatter-
ing, which can be taken into account by use of the model
of Mayadas and Shatzkes.!® The assumption that the
mean grain size is roughly proportional to dy, (a
behavior which is often found in thin films?') allows one
to fit the Mayadas-Shatzkes curve to the data above
dgq =200 A. Figure 6 additionally displays the resistivi-
ty of a single 250-A Nb layer, which was evaporated at
750°C. This data point lies nearly on the Fuchs-
Sondheimer line, in accordance with the cp1tax1a1 growth
obtained for this high deposition temperature. 1422 For
dy, S 180 A the strong scattering of the data points indi-
cates the increasing influence of the individual micro-
structure of the films. In particular, the roughness of the
Nb/Gd interface may give rise to a more pronounced
electron scattering at low d .
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[ O single layers o

o (10K) (uQ cm)
[
o

(8]

4
1000/dy, (A™)

FIG. 6. Low-temperature resistivity p (10 K) as a function of
dy for different types of layer structures. The error bars
denote the statistical error, which has been determined from the
series in Fig. 5. The full line is a guide to the eye, the dash-
dotted lines a fit according to the Mayadas-Shatzkes theory, and
the dashed line a fit according to the Fuchs-Sondheimer theory.

IV. PAIR BREAKING BY THE PROXIMITY EFFECT
AND EXTERNAL MAGNETIC FIELDS:
DEPENDENCE OF T, AND H, ON dy,

We first present the results emerging from the varia-
tion of dy, while dg4 has been kept constant at 34 A. In
this series of measurements we compare the behavior of
triple and multilayers in the regime were the Gd layers
are ferromagnetic.

A. Transition temperatures

The SC transition temperatures have been determined
from the midpoint of the resistive (p) and the diamagnet-
ic (x) transitions (Fig. 7). With decreasing dy,, T, shows
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FIG. 7. Resistance (a) and dc susceptibility (b) of as a func-
tion of temperature of triple layers at constant dgq =34 A.
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a continuous depression down to a critical thickness d,
(Fig. 8). Both methods yield the same T, for large dNb,
while for dy, $200 A, TY is somewhat lower than T?.
Because of the steep decrease of T, (dyy) near the crmcal
thickness d,, Tf becomes very sensitive to any inhomo-
geneity of the sample (for instance fluctuations of dy ),
which gives rise to superconducting percolation paths
above T,. Therefore, TYX, which is determined from a
bulklike measurement, lies always somewhat below 7.

The decrease of T, is caused by the depression of the
SC pair amplitude Fg near the SC/FM boundary due to
the proximity effect. Single Nb layers of comparable
thickness show only minor 7T, depressions due to disorder
as reflected by the electrical resistivity (see Table I and
Refs. 14, 23). In the Nb layers of the triple layer
configuration the Cooper pairs are subjected to the pair
breaking at one boundary only, while in the multilayer
configuration Fg is depressed at both boundaries, result-
ing in a much stronger T, depression. Due to a simple
symmetry argument, T.(dy,) for both configurations
should fall on a common curve, if dy, is scaled by a fac-
tor of 2. This argument still holds in presence of a per-
pendicular magnetic field but breaks down in presence of
a parallel magnetic field, where the influence of surface
superconductivity is expected (see Sec. IV B and Ref. 24).
Although T, of the multilayers is somewhat higher than
T. of triple layers of corresponding thickness, the qualita-
tive agreement supports the simple symmetry argument
(Fig. 8).

According to a recent Ginzburg-Landau (GL)
theory,? T, of an SC film of thickness dy;, sandwiched
between FM layers is given by

dn, = iarctan(b%—a/\/t—c)“2
tC
with t,=(T,,—T,)/T,, (1)
dny (A)  triple layers
8 150 200 250 300 350 400
T T T T T ';
B
¥
~ 4»
= o multilayers (p/x)
oL o triple layers (p)
o triple layers (x)
0300 400 500 600 700 _ 800

dne (A)  multilayers

FIG. 8. Resistively (p) and inductively (x) determined tran-
sition temperatures T, of triple layers and mult)layers as a func-
tion of dy,. dgy was kept constant at 34 A. Note that the dyy
axis for triple layers and multilayers differ by a factor of 2. The
bars denote the 10-90 % transition widths, if it is larger than
the dot size. The solid line is a fit according to the Radovic
theory, and the dashed line according to the theory of Schinz
and Schwabl.
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where T, is the SC transition temperature without pair
breaking at the interfaces and &g is the SC coherence
length related to the GL coherence length by
EgL=(m/2)6s(1—T/T,5) "%, and a,b are parameters
related to the coupling between the SC and FM order pa-
rameters and the interface properties. a and b can be re-
lated to microscopic parameters®® and have for Nb and
Gd the values @ =7.25 and b =4X107*?7 A best fit of
Eq. (1) to our data yields the dashed line in Fig. 8 with
a=7.47, b=0 and £;=78 A. As expected for a GL
theory, the agreement between theory and experiment be-
comes worse at low T, i.e., near the critical thickness d..
Also, the fit implies that the surface parameter 7 (see
below) is equal to the conductivity ratio o, /o of FM
and SC layers, contrary to what we analyze below. In
any case, the value of &g is in good agreement with the
one determined independently from the resistivity and
the perpendicular critical field of a single 190- A Nb film
evaporated under identical conditions. £ has been cal-
culated from the resistivity using?®

R(}\r) 172
£5=0.470 ————f&fcs e
Encs+0.8821
where  £pcs=0.180#vyp/kpT,0=420 A with

vp=2.77X10" cm/sec (Ref. 20) and T,,=8.57 K. The
quantity R (A,,) is similar to the Gorkov y function.?® It
depends weakly on the mean free path via the ratio
Ay =0.8828pcs/ls and in our samples has the value
1.06+0.03.

The microscopic theory by Radovic et al.® considers
multilayers in the case of completely decoupled SC films
in the dirty limit, i.e., dpy— . Our films satisfy both
requirements. As will be shown in Sec. V, the effect of
Gd interlayers has nearly saturated at dgyq =34 A. The
critical temperature T, is governed by the pair-breaking

4
parameter p via the familiar equation

T,

c

| 1
—Re ¥ |—
TcO

2

In =y (2)

1
2

where ¥ is the digamma function. p can be calculated
from the solution of Usadel’s equations for the pair am-
plitude Fg.® It depends on dy, and two material parame-
ters, namely the coherence length £ and g =§&,, /7, the
ratio between the penetration depth of Cooper pairs into
the FM and a coefficient 7 stemming from the (general-
ized) DGWH boundary condition in Ref. 6:

3 lnFS

J
— InF,
dx M

boundary K ax boundary

Fg and F), denote the pair amplitude in the SC and the
FM layer, respectively. By fitting the theoretical curve
(full line in Fig. 8) to the data, we obtain £5=(78+5) A
and g =(235+10) A. &, and 7 cannot be determined in-
dependently from the experiment, but may be estimated
using &, =V 4#D, /I, where D, is the electron
diffusion constant in the FM layers and 2-I, the splitting
of the Gd spin-up and spin-down conduction (sub)bands
by the exchange field of the ordered 4f moments. As dis-
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cussed in Sec. III D, the mean free path in the Gd layers
and consequently Dy, =(1/3)-vply, cannot be extracted
from the total resistivity of the samples. We therefore as-
sume Iy, =~dg4, Which is reasonable because the scatter-
ing at interlayer boundaries should dominate the mean
free path in films of such a small thickness. Because D,,
enters &, under the square root only, this assumption is
not very critical. Using vp=1.17X10" cm/sec (Ref. 30)
we obtain Dy =1.3 cm?/sec for dgy=34 A. I, in the
films with d gy =34 A is probably somewhat reduced with
respect to the bulk value as inferred from the reduction
of Tcyre- Using 2-15=0.61 eV as experimentally deter-
mined for bulk Gd,*! we get &,,~11 A. Together with
the above value of g we have 7=0.047. This value is
considerably smaller than the DGWH value n=0.33, i.e.,
the ratio of normal-state conductivities, which should be
valid for specular scattering at the SC/NC boundaries
(NC: nonmagnetic normal conductor). This could be in-
terpreted by assuming that the jump in the logarithmic
derivative of the pair amplitude is enhanced, i.e., the
decoupling of Fg and F,, across the boundary becomes
stronger in case of diffuse scattering. On the other hand,
it is not yet known whether there is a difference between
the microscopic boundary conditions at SC/NC inter-
faces and SC/FM interfaces.® Therefore, Radovic et al.
have treated 7 as a phenomenologlcal parameter. Using
N=0 3 /05~0.33 would give &,,=g-n=77 A, which is
unreasonably high. This will be discussed further in Sec.
V.

There also exists a more sophisticated version of the
theory,’ which includes the coupling of SC layers expect-
ed in the case of very thin FM layers. However, in our
case the use of the simple version of the theory is
sufficient, since the deviations of the calculated T,(dy)
curve from the exact calculation are below 1%.3?

B. Critical fields

Measurements of the perpendicular and parallel criti-
cal fields were performed to give additional information
on the coherence length and the dimensionality of the
samples. Moreover, they allow a consistency check of
our results. Figure 9 shows the resistivity as a function of
magnetic field of a Nb 350 A/Gd34 A/Nb350 A triple
layer. The broadening of the transition in higher fields
appears in thick samples only and will be discussed
below.

1. Perpendicular critical field

A perpendicular magnetic field gives just an additional
contribution to the palr -breaking parameter p which is
independent of d\,.® Therefore, the slopes of the perpen-
dicular critical fields are progressively depressed with de-
creasing dy,, (Fig. 10) much like T, itself. Since the nor-
mal component of the magnetic induction B is always
continuous at interfaces, the symmetry argument for T,
in triple layers and multilayers of corresponding thick-
ness should hold also in this case. Apart from minor de-
viations, which are unavoidable for samples prepared in
different runs, this is again confirmed by the experiment.
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FIG. 9. Resistivity p as a function of perpendicular magnetlc
field for different temperatures of a Nb 350 A/Gd 34 A/Nb350
A triple sample. The dashed part of the curves has been extra-
polated to the measured p (10 K). Because of the long high field
end of the transitions, the last 10% of the transition were not
measured.

Keeping g =235 A fixed, the theoretical fits have been
adjusted to the data by small variations of £g (see Table
I). These variations qualitatively reflect the increase of
the mean free path with increasing dNb discussed above.
The broadening of H,,, in the 700- A multilayer and the
350-A triple layer sample is a feature encountered in sin-
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FIG. 10. Perpendicular critical fields uoH,,, as a function of
reduced temperature T /T, for triple layers (upper panel) and
multilayers (lower panel). The bars denote the 10— -90 % width
of the resistive transitions. The width in the 259-A samples is
about the size of the dots. Solid lines are theoretical curves as
described in the text. Additionally, the magnetic fields corre-
sponding to the 10% values (open circles) and the 90% values
(dashed line) of the resistive transition in a 190-A single Nb lay-
er are shown.
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gle Nb layers, too.?* This effect is probably due to the
grain structure of the Nb films. As discussed in Sec.
IIT A, in samples of low substrate temperatures large, epi-
taxially oriented grains are connected by a transition re-
gion of smaller, slightly canted grains. These transition
regions exhibit enhanced disorder, i.e., reduced conduc-
tivity and, for Nb, reduced transition temperature.33
Following Zwicknagl and Wilkins,** a spatial fluctuation
of the conductivity gives rise to an increasing broadening
of the SC transition with increasing magnetic field. Be-
cause T, is depressed by the disorder also, superconduc-
tivity appears at lower temperatures in the grain boun-
daries than inside the grains. This can be seen in the
190-A single layer, in which the 10% (open circles in Fig.

10) and the 90% values of the resistive transition (dashed
line in Fig. 10) lie close together above T/T,=0.8, or 6.5
K. At lower temperatures, the fine-grained transition re-
gions between the columns give rise to the broadening of
the transition. The same explanation should hold for the
upturn of H_,,, observed in the 700- A multilayer sample.

Apparently, the proximity of the FM layers suppresses
this effect at lower dy,.

2. Parallel critical field

In a parallel magnetic field the situation is complicated
by several effects. The pair-breaking parameter is no
longer additive but a more compllcated function of the
external and the exchange field.® Figure 11 shows the re-
sults for triple and multilayers and for a 1500- A Nb layer.
In the single layer, surface superconductivity is
suppressed by evaporation of 100- A Gd layers.
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FIG. 11. Parallel critical fields uoH, as a function of reduced
temperature T /T, for triple layers (upper panel) and multilay-
ers (lower panel). The bars denote the 10— 90 % width of the
resistive transitions. The width of the 259-A sample is about
the size of the dots. Solid lines are theoretical fits described in
the text. Additionally the data for a 1500-A single Nb layer
(sandwiched between 100-A Gd) are shown. Because of the
strong broadening of the transition in this sample, the 10%
transition points have been used.
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Because of the reduced dimensionality, a square-root
dependence of H,(T) is expected near T,. 35 This
behavior is indeed found except for the thmnest Nb
films, Instead, these samples (188- A triple layer and
360-A multilayer) exhibit linear behavior near T., a prop-
erty which is not yet understood. Further, as already
mentioned, the analogy between triple layer and multilay-
er samples breaks down. In all samples, the parallel criti-
cal field of the triple layers is enhanced by a factor of
about 1.9 with respect to the multilayers. This behavior
can be explained by the nucleation of surface supercon-
ductivity at the free surface of the triple layers. An in-
teresting feature is the nonmonotonic dependence of H,
on dy,. At low dy,, H, increases with increasing dyy,
as expected from the decreasing influence of the exchange
field. Above dy, =500 A, H_ decreases again, which is
due to the growing orbital effect of the magnetic field.
For small dy, the orbital effect is small because here the
London penetration depth is comparable to or larger
than dy,. As in case of H_,, the theoretical curves for
H,, (solid lines in Fig. 11) are adjusted to the data by
small variations of £ (see Table I), while g has been kept
constant at 235 A. The slightly different values of £s in
the same sample resulting from the H ,, and the HC” mea-
surement are probably due to the different averaging of
thickness fluctuations in both cases.

At higher temperatures, the theoretical curves show
fair agreement with the experimental data, but for
T <0.5XT, the fits lie systematically too low. This
behavior, appearing most pronounced in the 1500-Nb
film, can be attributed to vortex nucleation, which is not
included in the simple version of the theory that we have
used. Further extensions of the theory show that vortex
nucleation can in fact occur above a critical thickness
which is considerably enhanced with respect to that of a
single SC film in vacuum.® In the region of vortex nu-
cleation, i.e., at low temperature and high field, the
curves should approach each other, provided the thick-
ness is sufficiently larger than d,.® This is in fact ob-
served, cf. the data for multilayers in Fig. 11.

The transition between vortex and laminar nucleation
(in a certain sense a change of the effective dimensionality
of the single Nb layers) causes no distinct structure in the
H, curve. It has to be distinguished from the two-
dimensional-three-dimensional crossover occurring addi-
tionally in NC/SC multilayers® [i.e., the upturn in the
H_(T) curve], where near T, the increasing penetration
depth of Cooper pairs into the NC layers gives rise to a
coupling of the SC layers of the structure. In this regime,
the total layer thickness governs the dimensionality
behavior of the sample. In SC/FM multilayers the latter
effect is absent, due to the temperature-independent
penetration depth of Cooper pairs into the ferromagnet,
which is mainly determined by the strength of the ex-
change field.

V. MICROSCOPIC ORIGIN OF PAIR BREAKING:
DEPENDENCE OF T, ON dg,

In this section, the influence of the magnetic properties
of the Gd layers on the SC transition temperatures is ad-
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dressed. We have measured eight series of Nb/Gd/Nb
layers keeping dy, constant within each series. The
thickness of the top and bottom Nb layer has been chosen
equal with exception of the 168- A Nb series. Here the
top layer (dy, =50A <<d,, i.e., T, =0) served just to pro-
tect the Gd layer against oxidation. Therefore, concern-
ing the SC properties the samples of this series behave
like bilayers. The experimental problem arising in
measuring T,(dg4) is that T, depends on dy, /€5 also.
In the most interesting region—near d,—this depen-
dence is most pronounced, because there T, (dyy, /&) has
the steepest slope. Thus, it was crucial to evaporate each
series in a single run to obtain exactly identical properties
of the Nb layers with same and & and well defined values
of d g4 as described in Sec. II.

The SC transition temperatures were measured resis-
tively and showed a continuous depression with increas-
ing dgq (Fig. 12). For the 191-A Nb series, T, was
checked additionally by SQUID magnetometry.'> Apart
from a constant shift of 0.3 K, the T} data follow exactly
the TP(dg4) curve which demonstrates the sample quali-
ty achieved. Depending on dy,, T, saturates for large
d 4 Or tends to zero. In series with dyg close to or below
the critical thickness d,. the transitions broaden at high
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FIG. 12. Resistively determined transition temperatures T,
as a function of dg4 in several series of triple layers that have
been prepared in a single evaporation run. The bars denote the
10-90 % transition width, if it is larger than the dot size. The
dashed line correspond to the plateau values of the T, reduction
displayed in Fig. 13.

values of dgg, indicating again the increasing influence of
inhomogeneities near d,. Around dgq=(20%5) A a sud-
den drop appears in the curves. On each side of this step
T, shows a plateaulike flattening, especially in the series
with 154, 168, and 191-A Nb.

As suggested by the structural and magnetic character-
ization of the Gd films (Secs. ITI B and III C) we attribute
this structure to the onset of long-range ferromagnetic
order. In Fig. 13 we plot the T, reductions
(T, ,—T,.)/T,, found on both sides of the step (corre-
sponding to the dashed lines in Fig. 12) as a function of
dyy,- This comparison of the paramagnetic and the fer-
romagnetic regime shows directly the much more
effective pair breaking in the latter. In the paramagnetic
(PM) range (dg4q 520 A), spin-flip scattering should give
the dominant contribution to the pair breaking at the
SC/FM boundary. A first indication of such an effect
was observed by Moodera and Meservey, in the system
Pb/Ni with an rf inductance method. 3

Following Hauser et al.,* the transition temperature is
given again by Eq. (2), where the pair-breaking parameter
reads

p(T) =163k

ks which is a measure of the inverse length scale on
which the SC order parameter changes, can be calculated
from the DGWH boundary condition, which reads in
case of the Werthamer approximation (i.e., assuming sim-
ple exponential decay of Fy, ),

kstankstb 'T’kMtanhkMde /2

The dashed line in Fig. 13 was obtained by fitting the
DGWH-AG theory to the data yielding k,,', and using
£g=T78 A and 7=0.047 as determined from the T,(dyy)
curve in Fig. 8. This procedure yields k,;'=(8.2+0.5)
A. [In the limit of strong spin-flip scattering (which is
certainly fulfilled in the samples with low dg4) the
penetration depth of Cooper pairs into the Gd layer k o
is temperature independent.] To extract a spin-flip
scattering time 7 requires knowledge whether the trans-
port on this length scale is diffusive or ballistic (i.e.,
ky'=1'Dp 7y or kyi'=vp 7). The dirty-limit theories

1 T T T L T T
e ferromagnetic range
0.8} o paramagnetic range
8
~ 06
S
5 04F
£
0.2 _
0

150 160 170 180 190 200
dyp  (A)
FIG. 13. T, reduction in the ferromagnetic and the paramag-

netic range as a function of dy,. The solid line corresponds to
the Radovic theory, the dashed line to the DGWH-AG theory.
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assume diffusive transport. In our case the resulting
spin-flip scattering times in both regimes differ only
insignificantly, ~with 7,=8.6X10"1 sec and
74=7X 1071 sec, respectively.

Hauser, Theurer, and Werthamer* have always used
n=0y /0 in their analysis. As pointed out in Sec.
IV A, this would give unreasonably high values for &£y,.
Using =0 y(dgq =20 A)/aS—O 19 (as opposed to
17=0.047) would yield k;;'=19 A, which again is some-
what higher than our above value.

With the evolution of FM order, the spin-flip scatter-
ing time 7 increases by several orders of magnitude, be-
cause at low temperatures single Gd spins can hardly be
flipped against the exchange field of their surrounding. In
the limit of fully established ferromagnetism 7 is dom-
inated by the scattering of magnons and diverges as T
goes to zero.*®® In turn, the electron magnon scattering
contributes to the magnon lifetime 7,,. Hence, a lower
bound of 7 is approximately given by 7,, (neglecting oth-
er, probably even dominating, contributions to 7).
Measurements of the magnon linewidth AE by inelastic
neutron scattering in bulk Gd (Ref. 39) gave at 4 K,
7.'=~AE/h~0.1 THz. Hence 74 would be larger than
107" sec. In contrast, fitting the data in the ferromag-
netic range with the DGWH-AG theory requires an even
reduced spin-flip scattering time of 7,=2.8X 10715 sec
with respect to the PM range, and hence makes this in-
terpretation inappropriate in the FM regime.

Therefore, in the FM range (d,4 220 A) another pair-
breaking mechanism must be present. This is most likely
the depairing by the exchange splitting of the Gd conduc-
tion bands, treated in the theory of Radovic et al.,
which we employed in Sec. IV. Using again ;=78 A
and 7=0.047 the fit to the data in the FM regime gives
together with ky =(1+i)-2/&y and &, =V 4Dy /1,
the result §,,=13.7 A (solid line in Fig. 13). The com-
plex value for k,, reflects the nonmonotonic decay of the
SC order parameter in the ferromagnet. .

The estimate for the mean free path [,, =20 A gives a
somewhat lower D,,=0.78 cm?/sec compared to 1.3
cm?/sec at dgy =34 A. Accordingly, we obtain 2 =0.22
eV for the exchange sphttmg near the PM/FM boundary
at dgq=20 A, which is 35% of I, for Gd films with
dgg=34 A.* This demonstrates again the reduction of
the FM exchange field at the PM/FM transition and is in
qualitative agreement with the results of Sec. IIIC. In
our analysis we have avoided the simultaneous variation
of all three relevant parameters by assuming £g=78 A
and 7=0.047 to be appropriate mean values in all series
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of samples. Of course §g and 7 differ somewhat in the
different series as evident from the large scattering of the
residual resistance p, (see Fig. 6).

A more detailed analysis would require an individual
fitting of each T,(dg4) curve. This could be done on the
PM side but is difficult on the FM side. There are two
possible reasons for the decrease of T, with increasing
dgq in the FM regime: (i) the increasing decoupling of
the SC films by the increasing FM spacing, and (ii) the
gradual establishment of the FM exchange field through
the increasing homogeneity of the Gd layer.

While the first mechanism can probably be accounted
for by the extended version of the theory of Radovic
et al.,” the latter can hardly be described quantitatively.

V1. SUMMARY

We have investigated the interplay of magnetism and
superconductivity in layered structures of Nb and Gd.
Triple layers and multilayers with well-defined material
parameters have been prepared. The dependence of the
transition temperature and of the perpendicular critical
fields on dy; has been explained quantitatively. A non-
monotonic variation of the parallel critical fields was ob-
served as predicted theoretically.

With increasing thickness of the Gd layers, a
structure-induced transition from PM to FM behavior
was found. We have detected this transition also in the
superconducting properties of the samples, which allows
a direct comparison of the efficiency of the underlying
pair-breaking mechanisms. The corresponding micro-
scopic parameters have been determined by fitting the
DGWH-AG for spinflip pair breaking and a recent
theory for exchange-field pair breaking to the data.

No evidence for the theoretically predicted oscillations
in T,.(dgq) has been found so far. This might be due to
the very short penetration depth of Cooper pairs into the
ferromagnet which has been extracted from the experi-
ment.
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FIG. 3. RHEED patterns of
Gd on Nb (110) for different
nominal thicknesses of Gd: (a)
Nb buffer layer (Ts=750°C), (b)
3-A Gd, (0) 5-A Gd, (d) 13-A
Gd.



