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Proximity Effects in Superconductor/Insulating-Ferromagnet NbN/GdN Multilayers

John Q. Xiao* and C. L. Chien
Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218

(Received 17 August 1995)

Superconductor/insulating-ferromagnet NbN/GdN multilayers reveal that the superconducting prop
erties of the NbN layers are dominated by the insulating nature of the GdN layers, which curtail the
pair-breaking effect despite the strong ferromagnetism. The effects of ferromagnetic walls on super
conducting slabs have been captured. Very large parallel critical fields have also been observed.

PACS numbers: 74.80.Dm, 74.50.+r, 74.62.–c
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Proximity effects between superconducting and ma
netic layers have been some of the most actively stud
subjects in the past decades. It has been well establis
that magnetic moments and magnetic order are highly
fective in destroying Cooper pairs and strongly depress
superconductivity. Thus in superconductor/ferromagn
(S/F) multilayers, one observes that the superconduct
transition temperaturesTcsd decreases monotonically an
rapidly as the magnetic layer thickness is increased [
5]. Recently, the existence of the so-calledp-phase state,
in which the two adjacent superconducting layers have
opposite phase, has been theoretically predicted in sup
conductor/ferromagnet multilayers with suitable ferroma
netic layer thicknessessdmd [6,7]. A damped oscillatory
behavior inTcs as a function ofdm has been predicted, and
recently observed in Nb/Gd multilayers [8]. However, i
all previous cases, the ferromagnetic layers (e.g., Fe
Gd) in the multilayer systems are always metallic. Th
fundamental aspects of the low conductivity of the ferr
magnetic butinsulatinglayer have never been experimen
tally addressed. Because of the energy gap in the insula
the proximity effects and the pair-breaking effects of th
ferromagnet layers are likely to be strongly modified. T
explore these important aspects, we have studied super
ductor/insulating ferromagnet NbN/GdN multilayers. Un
usual behaviors in superconducting properties and criti
fields, very different from those of previous supercondu
tor/metallic ferromagnet multilayers, have been observe

Most of the common ferromagnets are elemental m
als and alloys. All previous studies of S/F bilayers an
multilayers have used those elemental metals and allo
Nonmetallic ferromagnetic thin films (e.g., oxides, fe
rites, and garnets) cannot be readily incorporated in
multilayered thin films because of the requirement
high-temperature processing, which is incompatible w
the fabrication of high-quality multilayers. An excep
tion is GdN, which is a ferromagnetic insulator with
Curie temperaturesTcmd of as much as 60 K, depend
ing on stoichiometry [9]. GdN has a resilient fcc NaC
structure (a ø 0.5 nm), which is retained even for off-
stoichiometric samples [10]. Thin films of GdN can b
readily achieved using reactive sputtering with room tem
perature substrates. For the superconducting layers,
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have chosen NbN, which can be made into thin film
by reactive sputtering as well. NbN, also with a NaC
structuresa  0.44 nmd, is a type-II superconductor with
a high superconducting transition temperaturesTcsd of
about 15 K and a short superconducting coherence len
sj  5 nmd [11]. Therefore, even very thin layers of a
few nm can still sustain superconductivity.

Multilayered samples have been fabricated by react
magnetron sputtering onto Si(100) substrates at ro
temperature, using Nb (99.8% pure) and Gd (99.9% pu
targets sharing the same sputtering gas mixture of Ar a
N2. With a suitable gas mixture, NbN films with high
Tcs sø15 Kd have been made [10]. Unfortunately, th
optimum gas mixtures for NbN films with highTcs and
GdN films with highTcm are different. We have chosen
a compromised gas mixture of 6.8 mT Ar and 1.2 m
N2, with which thick NbN films showTcs  9.6 K, and
GdN films showTcm ø 25 K, fulfilling the requirements
of high values ofTcs and Tcm, and thatTcm be much
higher thanTcs. Thus for the analyses that follow, the
value for the superconducting transition temperature
NbN in the thick film limit isTc0  9.6 K.

The multilayer samples are designated assNbNddsy
sGdNddm, where the superconducting NbN layer thick
ness sdsd and the magnetic GdN layer thicknesssdmd
are denoted in nm. Three series of NbN/GdN multila
ers have been studied. Two have a fixed supercondu
ing layer thickness ofds  4 nm andds  6 nm, which
are close to, below and above, the superconducting coh
ence length, and the third has a fixed magnetic GdN la
thickness ofdm  6 nm. The electrical resistance of th
samples, its temperature and field dependences, have
measured using a four-terminal geometry on samples w
known dimensions. The results are expressed in resis
ity, defined asr  RWNsds 1 dmdyL, and sheet conduc-
tance per bilayer, defined asGh  LyRWN, whereR is
the total resistance,N the number of bilayers,L andW the
length and width, respectively, of the sample. Magne
properties have been determined using a SQUID mag
tometer, and the superconducting critical fields have be
measured up to 50 kOe.

Representative low-angle x-ray spectra ofsNbNd6y
sGdNddm are shown in Fig. 1. The appearance of ma
© 1996 The American Physical Society 1727
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FIG. 1. Small-angle x-ray diffraction data ofsNbNddsy
sGdNddm multilayers with a fixedds  6 nm anddm  0.6, 1,
7.9, 14.9, and 24.2 nm.

diffraction peaks indicates a high-quality layer structu
which is also confirmed by TEM microscopy whe
flat and smooth layers have been observed [10]. La
thicknesses, determined from low-angle x-ray diffracti
are all within 5% of the designed values.

Since the insulating nature of the GdN layers
of crucial importance for the present study, we ha
measured the resistivity of the NbN/GdN multilayers
considerable detail. We first verified the insulating nat
of GdN thin films by making electrical measuremen
in situ during deposition using the van der Pauw meth
Only open circuit resistances.10 MVd has been noted in
all thicknesses of the GdN films. To ensure that the G
layers remain insulating in the NbN/GdN multilayer
we have analyzed the sheet conductance. Altho
resistivity (r) is commonly used for multilayers, the she
conductance per bilayersGhd defined earlier is the mor
appropriate quantity. Neglecting the conductance du
interface scattering, in a parallel network [4],

Gh  ssds 1 smdm , (1)

wheress andsm are the conductivity for NbN and GdN
respectively. With the inclusion of interface scattering

Gh  ssds 1 smdm 2 Gsm . (2)

The negative sign in front of the interface conductance
bilayer sGsmd is due to the fact that interface scatteri
increases resistivity and thus decreases conductivity.

In Fig. 2(a), we plotGh vs ds for sNbNddsysGdNd6

multilayers with a fixed GdN layer thickness ofdm 
6 nm. As expected from Eq. (1),Gh is indeed linear
in ds, and the slope gives the conductivitysssd of the
NbN layer which is thickness independent. The value
rs  1yss  313 mV cm obtained is typical for NbN
films [11]. In Fig. 2(b) we showGh as a function
of dm for sNbNd6ysGdNddm and sNbNd4ysGdNddm, both
with a fixed value ofds. Now, Gh is constant and
independent ofdm, i.e.,sm is negligibly small, illustrating
1728
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FIG. 2. Sheet conductance per bilayer (Gh) of sNbNddsy
sGdNddm multilayers: (a) as a function ofds for a fixed
dm  6 nm, (b) as a function ofds for a fixed dm  4 nm,
anddm  6 nm.

that the GdN layer is insulating. Consequently, the sh
conductance per bilayer in Eq. (2) is essentiallyGh ø
ssds 2 Gsm. Indeed, one notes from Fig. 2(b) that th
value of Gh for ds  6 nm is appropriately larger than
that for ds  4 nm, and furthermore, the value ofGsm

is about 4 3 1024 V21. These analyses conclusivel
show that the resistivity of the NbN layer is a consta
s313 mV cmd, and that the GdN layer is insulating.

For the superconducting properties, we first describe
results of multilayers with a fixed GdN layer thicknes
The values ofTcs for sNbNddsysGdNd6 as a function ofds

are shown in Fig. 3, and can be well described by the w
known relation of [3]

Tcs  Tc0

"
1 2

s0.85d2j0lp2

d2
s

#
, (3)

wherej0 and l are the superconducting coherence leng
and the electron mean free path, respectively, andTc0 
9.6 K is the superconducting transition temperature in t
thick-film limit. This relationship, a ramification of the
strong magnetic pair breaking effect, has been obser

FIG. 3. Superconducting transition temperaturesTcsd of
sNbNddsysGdNddm multilayers with a fixeddm  6 nm as a
function of ds. The vertical bars for the data points represe
90% to 10% change in the normal-state resistivity. The so
line is Tcs  9.6 3 s1 2 5.5yd2

s d.
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FIG. 4. Temperature dependence of resistivity (r) of
sNbNddsysGdNddm multilayers with a fixedds  6 nm and
variousdm’s. The inset shows the temperature dependenc
300 K.

in many superconductor/metallic ferromagnet multila
ers [3].

Altogether different behaviors have been found in m
tilayers when the thickness of GdN is varied. Two ser
of samples ofsNbNd4ysGdNddm and sNbNd6ysGdNddm

have been measured. The resistivity (r) results of
sNbNd6ysGdNddm are shown in Fig. 4, in which the GdN
layer thicknesssdmd is labeled next to each curve. Th
resistivity of the sample increases rapidly and monot
ically with increasing GdN layer thicknesssdmd; these
changes persist to higher temperatures as shown in
inset. This is expected from the insulating nature of
GdN layers. The quantities ofr and Gh are related
by r  sds 1 dmdyGh. For a fixed ds, since Gh is
essentially constant,r increases withdm unabatedly as
observed.

The insulating GdN layers play a crucial role in th
superconducting properties ofsNbNddsysGdNddm multilay-
ers. As shown in Fig. 4, the superconducting tempera
varies nonmonotonically withdm, first decreasing before
increasing withdm. These results fords  6 nm and those
for ds  4 nm are summarized in Fig. 5. We first discu
the results fords  6 nm. The value ofTcs first decreases
rapidly with increasingdm. However, fordm . 2 nm,Tcs

monotonicallyincreaseswith dm, before eventually reach
ing the terminal value ofTcs ø 9.4 K for ds  6 nm. The
initial decrease ofTcs at low dm is caused by strong pair
breaking effects of the ferromagnetic layers. This me
anism would assure a continuing reduction ofTcs as dm

is increased, as has been experimentally observed in m
multilayers of a superconductor with a ferromagnetic me
[3]. The increase ofTcs with dm in S/F multilayers has
not been observed previously. The present results i
cate that, fordm , 2 nm, the Cooper pairs tunnel acro
the insulating GdN layers and suffer the detrimental effe
of the ferromagnetic layers. However, fordm . 2 nm, the
to
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FIG. 5. Superconducting transition temperaturesTcsd of
sNbNddsysGdNddm as a function ofdm with a fixed ds  6 nm
andds  4 nm.

insulating GdN layers severely limit the Cooper pairs fro
diffusing into GdN layers and thus reducing the stro
magnetic pair breaking effect. For a sufficiently thick Gd
layersdm $ 10 nmd thesNbNddsysGdNddm multilayers be-
have effectively as isolated NbN layers of thicknessds. In
the thick GdN limit, where tunneling ceases complete
the only pair-breaking effect for the isolated NbN laye
is that of ferromagnetic walls. For the samples withds 
6 nm, the terminal value ofTc Å 9.4 K in the thickds limit
is only slightly smaller thanTc0  9.6 K, indicating that
the effects of the ferromagnetic walls are insignificant.

The superconducting properties of superconductor
sulating ferromagnet multilayers have not been explo
experimentally but only theoretically. Tokuyasu, Sau
and Rainer have studied a superconducting slab sa
wiched between magnetic and nonmagnetic insulat
[12]. The effects of the ferromagnetic wall are d
scribed by a magnetic surface pair-breaking parame
b  j0 tansuy2dys2dsd, wherej0 is the coherence length
ds the thickness of the superconducting slab, andu the
spin mixing angle. Strong pair-breaking effects due
the ferromagnetic walls can be expected for large val
of b sb . 0.2d, whereas weak pair-breaking effects with
negligible reduction ofTc can be anticipated for small val
ues ofb sb , 0.1d. The present results of NbN/GdN wit
ds  6 nm appear to be in the weak pair-breaking regim
However, since the parameterb is inversely proportional
to ds, the effects of the ferromagnetic walls are larg
for thinner ds, an expectation supported by our resul
We have also measuredsNbNd4ysGdNddm with a smaller
value ofds  4 nm, which is below the coherence leng
of NbN. Now, as shown in Fig. 5, after the initial rapi
decrease ofTc at smalldm, Tc again rebounds. However
the terminal value ofTc is only about 7 K, considerably
less thanTc0, revealing stronger effects of the magne
walls. Thus the salient features of the ferromagnetic wa
have been observed.

The unusual characteristics of the NbN/GdN multila
ers are also reflected in their dimensionality and critic
1729
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fields. It is well known that in the 2D limit, i.e., no inter
layer coupling between adjacent superconducting lay
the parallel critical fieldsHckd varies ass1 2 TyTcsd1y2,
whereas in the 3D case,Hck varies ass1 2 TyTcsd [3,13].
In Fig. 6 we plot the temperature dependence of the c
ical field for the sNbNd6ysGdNddm samples with a fixed
ds  6 nm. As expected, the perpendicular critical fiel
sHc'd of all samples depend linearly onTyTcs as shown
in the inset. However, both 2D and 3D behaviors are o
served inHck. For thin GdN layers (e.g.,dm  1.1 nm),
Hck shows a quasilinearT dependence, a signature of 3
behavior, corroborating the earlier conclusion that the
perconducting electrons tunnel across the magnetic
ers. For thick GdN layerssdm $ 9.9 nmd, Hck shows a
distinctives1 2 TyTcsd1y2 dependence, a 2D behavior e
pected from isolated thin superconducting layers. Th
is an indication of a 2D–3D transition for GdN with inter
mediate thicknesses (e.g.,dm  7.8 nm): a square root of
T dependence at low temperatures, followed by a lineaT
dependence nearTc [13]. Thus the critical field data also
confirm that the unusual superconducting behaviors of
GdN/NbN multilayers are due to the insulating nature
the GdN layers.

Another very interesting result is that the values
Hck are extremely large. With an external field o
50 kOe at our disposal, we could only measureHck

within 6% of Tcs for the sample withdm  1.1 nm, and
within 1% of Tcs for samples withdm $ 24.2 nm. The
value of Hck at lower temperatures would be enormou
These large parallel critical fields arise partly from th
presence of the ferromagnetic GdN layers which chan
a disproportionally larger fraction of the magnetic flu

FIG. 6. Temperature dependence of parallel critical fie
sHckd of sNbNddsysGdNddm multilayers with a fixedds  6 nm.
The inset shows the results of the perpendicular critical fi
sHc'd of the same samples.
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The high resistivity of the GdN also severely curtails t
extent of the superconducting wave function into the G
layer, in which a large magnetic induction is present. T
extremely large values ofHck for these multilayers with
largedm are attractive for technological reasons.

In summary, we have studied superconductor/insulat
ferromagnet multilayers, specifically designed to probe
effects on superconductivity due to the insulating nature
the ferromagnetic layer. In contrast to all previously stu
ied superconductor/metallic ferromagnet multilayers,
superconducting transition temperatureincreaseswith in-
creasing ferromagnetic (GdN) layer thickness. Resistiv
and sheet conductance measurements demonstrate co
sively that this unusual behavior is caused by the insulat
GdN. Consequently, the Cooper pairs are progressiv
confined within the NbN layers and raiseTcs substantially.
Extremely large critical fields and dimensionality effec
have been observed.
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