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

Proximity effects between superconducting and maghave chosen NbN, which can be made into thin films
netic layers have been some of the most actively studielly reactive sputtering as well. NbN, also with a NacCl
subjects in the past decades. It has been well establishsttucture(a = 0.44 nm), is a type-Il superconductor with
that magnetic moments and magnetic order are highly efa high superconducting transition temperatre,) of
fective in destroying Cooper pairs and strongly depressingbout 15 K and a short superconducting coherence length
superconductivity. Thus in superconductor/ferromagneté = 5 nm) [11]. Therefore, even very thin layers of a
(S/F) multilayers, one observes that the superconductinfpw nm can still sustain superconductivity.
transition temperaturél,.,) decreases monotonically and  Multilayered samples have been fabricated by reactive
rapidly as the magnetic layer thickness is increased [1+magnetron sputtering onto Si(100) substrates at room
5]. Recently, the existence of the so-calleebhase state, temperature, using Nb (99.8% pure) and Gd (99.9% pure)
in which the two adjacent superconducting layers have atargets sharing the same sputtering gas mixture of Ar and
opposite phase, has been theoretically predicted in supek,. With a suitable gas mixture, NbN films with high
conductor/ferromagnet multilayers with suitable ferromag-T.; (=15 K) have been made [10]. Unfortunately, the
netic layer thicknessegl,,) [6,7]. A damped oscillatory optimum gas mixtures for NbN films with higfi., and
behavior inT.; as a function of/,, has been predicted, and GdN films with highT.,, are different. We have chosen
recently observed in Nb/Gd multilayers [8]. However, ina compromised gas mixture of 6.8 mT Ar and 1.2 mT
all previous cases, the ferromagnetic layers (e.g., Fe and,, with which thick NbN films showrl'.; = 9.6 K, and
Gd) in the multilayer systems are always metallic. TheGdN films showT,,, = 25 K, fulfilling the requirements
fundamental aspects of the low conductivity of the ferro-of high values ofT., and T.,, and thatT., be much
magnetic butnsulatinglayer have never been experimen- higher thanT.,. Thus for the analyses that follow, the
tally addressed. Because of the energy gap in the insulatoralue for the superconducting transition temperature of
the proximity effects and the pair-breaking effects of theNbN in the thick film limit is7.oc = 9.6 K.
ferromagnet layers are likely to be strongly modified. To The multilayer samples are designated (AbN),,/
explore these important aspects, we have studied supercaiGdN),,,, where the superconducting NbN layer thick-
ductor/insulating ferromagnet NbN/GdN multilayers. Un-ness(d;) and the magnetic GdN layer thickne§s,,)
usual behaviors in superconducting properties and criticare denoted in nm. Three series of NobN/GdN multilay-
fields, very different from those of previous superconducers have been studied. Two have a fixed superconduct-
tor/metallic ferromagnet multilayers, have been observeding layer thickness ofl; = 4 nm andd; = 6 nm, which

Most of the common ferromagnets are elemental metare close to, below and above, the superconducting coher-
als and alloys. All previous studies of S/F bilayers andence length, and the third has a fixed magnetic GdN layer
multilayers have used those elemental metals and alloyshickness ofd,, = 6 nm. The electrical resistance of the
Nonmetallic ferromagnetic thin films (e.g., oxides, fer- samples, its temperature and field dependences, have been
rites, and garnets) cannot be readily incorporated intaneasured using a four-terminal geometry on samples with
multilayered thin films because of the requirement ofknown dimensions. The results are expressed in resistiv-
high-temperature processing, which is incompatible withity, defined app = RWN(d; + d,,)/L, and sheet conduc-
the fabrication of high-quality multilayers. An excep- tance per bilayer, defined @& = L/RWN, whereR is
tion is GdN, which is a ferromagnetic insulator with a the total resistanc&y the number of bilayerd, andW the
Curie temperature?,,,) of as much as 60 K, depend- length and width, respectively, of the sample. Magnetic
ing on stoichiometry [9]. GdN has a resilient fcc NaCl properties have been determined using a SQUID magne-
structure ¢ = 0.5 nm), which is retained even for off- tometer, and the superconducting critical fields have been
stoichiometric samples [10]. Thin films of GdAN can be measured up to 50 kOe.
readily achieved using reactive sputtering with room tem- Representative low-angle x-ray spectra @fbN)s/
perature substrates. For the superconducting layers, W&dN),,, are shown in Fig. 1. The appearance of many
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FIG. 1. Small-angle x-ray diffraction data ofNbN),/ andd, = 6 nm.

(GdN),,, multilayers with a fixedd, = 6 nm andd,, = 0.6, 1,
7.9, 14.9, and 24.2 nm.
that the GdN layer is insulating. Consequently, the sheet
) ) o ) ) conductance per bilayer in Eq. (2) is essentially =
diffraction peaks indicates a high-quality layer structure,; 7 — G,,.. Indeed, one notes from Fig. 2(b) that the
which is also confirmed by TEM microscopy where yajue of G for d, = 6 nm is appropriately larger than
flat and smooth layers have been observed [10]. Lay&hat for 4, = 4 nm, and furthermore, the value @f,,
thicknesses, determined from low-angle x-ray diffraction,is apout4 x 1074 Q~!. These analyses concluéively
are all within 5% of the designed values. ~ show that the resistivity of the NbN layer is a constant
Since the insulating nature of the GdN layers is(313 4 cm), and that the GdN layer is insulating.
of crucial importance for the present study, we have Forthe superconducting properties, we first describe the
measured the resistivity of the NbN/GdN multilayers inyesyits of multilayers with a fixed GdN layer thickness.
considerable detail. We first verified the insulating naturerhe values off, for (NbN),;/(GdN)s as a function of,

of GdN thin films by making electrical measurementsare shown in Fig. 3, and can be well described by the well-
in situ during deposition using the van der Pauw methodynown relation of [3]

Only open circuit resistande>10 M) has been noted in ) 5
all thicknesses of the GdN films. To ensure that the GdN Tos = co|:1 — M} 3)
layers remain insulating in the NbN/GdN multilayers, d;

we have analyzed the sheet conductance. Althougfyhere¢, and! are the superconducting coherence length

resistivity (p) is commonly used for multilayers, the sheetand the electron mean free path, respectively, Brd=

conductance per bilayéGr) defined earlier is the more 9 6 K is the superconducting transition temperature in the

appropriate quantity. Neglecting the conductance due tehick-film limit. This relationship, a ramification of the

interface scattering, in a parallel network [4], strong magnetic pair breaking effect, has been observed
Go = oydy + opdy, (l)

whereo and o, are the conductivity for NoN and GdN, ' ' ‘ ‘
respectively. With the inclusion of interface scattering,

Go = oyd; + opd, — G . (2)

The negative sign in front of the interface conductance per
bilayer (G,,,) is due to the fact that interface scattering
increases resistivity and thus decreases conductivity.

In Fig. 2(a), we plotGh vs d, for (NbN),,/(GdN)g
multilayers with a fixed GdN layer thickness df, =
6 nm. As expected from Eg. (1o is indeed linear [
in d;, and the slope gives the conductivity;) of the 2 4 6 8 10
NbN layer which is thickness independent. The value of d, (nm)
ps = 1/oy = 313 uQ cm obtained is typical for NbN _ -
films [11]. In Fig. 2(b) we showGno as a function FIG. 3. Superconducting transition temperatuf@,,) of

(NbN),,/(GdN),,, multilayers with a fixedd,, = 6 nm as a
of dy, for (NbN)s/(GdN), and (NDN)s/(GAN) 4, both — f,ncion of d,. The vertical bars for the data points represent

with a fixed value ofd;. Now, Go is constant and 909 to 10% change in the normal-state resistivity. The solid
independent ofl,,,, i.e., o, is negligibly small, illustrating line is 7., = 9.6 X (1 — 5.5/d?).
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(NbN),/(GdN),,, multilayers with a fixedd;, = 6 nm and
variousd,,’s. The inset shows the temperature dependence to

300 K. insulating GdN layers severely limit the Cooper pairs from
diffusing into GdN layers and thus reducing the strong
magnetic pair breaking effect. For a sufficiently thick GdN

in many superconductor/metallic ferromagnet multilay-layer(d,, = 10 nm) the(NbN),,/(GdN),,, multilayers be-

ers [3]. have effectively as isolated NbN layers of thicknéss In
Altogether different behaviors have been found in mul-the thick GdN limit, where tunneling ceases completely,
tilayers when the thickness of GdN is varied. Two serieghe only pair-breaking effect for the isolated NbN layers
of samples of(NbN),/(GdN),, and (NbN)s/(GdN)4, is that of ferromagnetic walls. For the samples with=
have been measured. The resistivity) (results of 6 nm, the terminal value df, A 9.4 K in the thickd, limit

(NbN)s/(GdN),,, are shown in Fig. 4, in which the GdN is only slightly smaller tharif,, = 9.6 K, indicating that

layer thicknesqd,,) is labeled next to each curve. The the effects of the ferromagnetic walls are insignificant.

resistivity of the sample increases rapidly and monoton- The superconducting properties of superconductor/in-
ically with increasing GdN layer thicknedgl,); these sulating ferromagnet multilayers have not been explored
changes persist to higher temperatures as shown in tlexperimentally but only theoretically. Tokuyasu, Sauls,

inset. This is expected from the insulating nature of theand Rainer have studied a superconducting slab sand-

GdN layers. The quantities gb and G are related wiched between magnetic and nonmagnetic insulators

by p = (dy + d,,)/Go. For a fixedd,, since G is [12]. The effects of the ferromagnetic wall are de-

essentially constanip increases withd,, unabatedly as scribed by a magnetic surface pair-breaking parameter
observed. b = &tan(6/2)/(2d,), whereé is the coherence length,
The insulating GdN layers play a crucial role in the d; the thickness of the superconducting slab, @nthe
superconducting properties MbN),, /(GdN),,, multilay-  spin mixing angle. Strong pair-breaking effects due to
ers. As shown in Fig. 4, the superconducting temperaturthe ferromagnetic walls can be expected for large values

varies nonmonotonically witld,,, first decreasing before of b (b > 0.2), whereas weak pair-breaking effects with a

increasing with?,,. These results faf; = 6 nm and those negligible reduction of’. can be anticipated for small val-

for d; = 4 nm are summarized in Fig. 5. We first discussues ofb (b < 0.1). The present results of NoN/GdN with
the results foel; = 6 nm. The value of,, first decreases d; = 6 nm appear to be in the weak pair-breaking regime.
rapidly with increasingi,,. However, ford,, > 2 nm, T, However, since the parametgris inversely proportional
monotonicallyincreasewith d,,,, before eventually reach- to d;, the effects of the ferromagnetic walls are larger
ing the terminal value of ., = 9.4 Kfor d;, = 6 nm. The for thinner d;, an expectation supported by our results.
initial decrease of’.; at low d,, is caused by strong pair- We have also measurégtlbN),/(GdN),,, with a smaller
breaking effects of the ferromagnetic layers. This mechvalue ofd;, = 4 nm, which is below the coherence length
anism would assure a continuing reduction7of asd,, ~ of NbN. Now, as shown in Fig. 5, after the initial rapid
is increased, as has been experimentally observed in mangcrease of . at smalld,,, T. again rebounds. However,
multilayers of a superconductor with a ferromagnetic metathe terminal value of". is only about 7 K, considerably

[3]. The increase of’.; with d,, in S/F multilayers has less thanT.,, revealing stronger effects of the magnetic

not been observed previously. The present results indiwalls. Thus the salient features of the ferromagnetic walls

cate that, ford,, < 2 nm, the Cooper pairs tunnel across have been observed.

the insulating GdN layers and suffer the detrimental effects The unusual characteristics of the NbN/GdN multilay-

of the ferromagnetic layers. However, i, > 2 nm,the ers are also reflected in their dimensionality and critical
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fields. It is well known that in the 2D limit, i.e., no inter- The high resistivity of the GdN also severely curtails the
layer coupling between adjacent superconducting layergxtent of the superconducting wave function into the GdN
the parallel critical field(H,) varies as(1 — T/T,,)'/?,  layer, in which a large magnetic induction is present. The
whereas in the 3D cas#,| varies a§1 — T/T,) [3,13].  extremely large values dfl,| for these multilayers with
In Fig. 6 we plot the temperature dependence of the critlarged,, are attractive for technological reasons.
ical field for the (NbN)s/(GdN),,, samples with a fixed In summary, we have studied superconductor/insulating
d; = 6 nm. As expected, the perpendicular critical fieldsferromagnet multilayers, specifically designed to probe the
(H.,) of all samples depend linearly dh/T., as shown effects on superconductivity due to the insulating nature of
in the inset. However, both 2D and 3D behaviors are obthe ferromagnetic layer. In contrast to all previously stud-
served inH,. For thin GdN layers (e.gd,, = 1.1 nm), ied superconductor/metallic ferromagnet multilayers, the
H, shows a quasilinedf dependence, a signature of 3D superconducting transition temperatimereaseswith in-
behavior, corroborating the earlier conclusion that the suereasing ferromagnetic (GdN) layer thickness. Resistivity
perconducting electrons tunnel across the magnetic layand sheet conductance measurements demonstrate conclu-
ers. For thick GdN layer¢d,, = 9.9 nm), H.; shows a sively that this unusual behavior is caused by the insulating
distinctive(1 — T/T,,)"/? dependence, a 2D behavior ex- GAN. Consequently, the Cooper pairs are progressively
pected from isolated thin superconducting layers. Thereonfined within the NbN layers and rai%g, substantially.
is an indication of a 2D—3D transition for GAN with inter- Extremely large critical fields and dimensionality effects
mediate thicknesses (e.d,, = 7.8 nm): a square root of have been observed.
T dependence at low temperatures, followed by a lifear  This work was supported by NSF Grant No. DMR-
dependence nedi. [13]. Thus the critical field data also 9501195.
confirm that the unusual superconducting behaviors of the
GdN/NbN multilayers are due to the insulating nature of
the GdN layers.
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