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Abstract

We present results of magnetic field imaging by scanning nano-superconducting quantum inter-

ference device (SQUID) microscopy on a tungsten-carbide (W-C) film fabricated using focused-

ion-beam chemical vapor deposition. We have investigated magnetic field change by a W-C film in

an external magnetic field using a scanning nano-SQUID microscope system. We have found that

the reduction of magnetic field above the W-C film was 0.9%, indicating penetration of vortices in

the W-C at an external magnetic field of 0.171 mT.
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I. INTRODUCTION

Focused-ion-beam chemical vapor deposition (FIB-CVD) [1–3] with Ga+ beam and tung-

sten hexacarboxyl (W(CO)6) precursor [4, 5] is a promising technique to prepare supercon-

ducting films. FIB-CVD deposition of superconducting films has been acquired much interest

as a template-free method to fabricate nano-superconducting quantum interference devices

(SQUIDs) that enables precise control of deposition, for example, at the apex of a probe tip

of a scanning nano-SQUID microscope. A superconductor/normal metal/superconductor

Josephson junction was fabricated using FIB-CVD and Fraunhofer oscillation of the critical

current was observed [6]. FIB-CVD also provides a method to repair or modify supercon-

ducting circuits [7].

Thin films prepared by FIB-CVD of W(CO)6 are amorphous with typical atomic concen-

trations of W: C: Ga = 40%: 40%: 20%, [4, 5] and are often called as tungsten-carbide (W-C)

films. W-C nanowires were reported to exhibit superconductivity at a critical temperature Tc

of 5.2 K [4], which is much higher than the critical temperature of bulk crystalline tungsten

of 0.01 K [8]. High Tc of W-C nanowires is associated with their amorphous structure [4, 9].

It has been shown that Tc of W-C wires was fitted well by a theory as a function of a

parameter for the level of disorders [10, 11]. Superconductivity of W-C nanowires critically

depends on the concentration of W. It was reported that W-C nanowires were superconduct-

ing for W concentration between 17.5 and 40% [11]. A tunneling spectroscopy measurement

indicates that a W-C film has a superconducting gap of ∆ = 0.66 meV following s-wave

BCS theory [12], while the melting transition in a vortex lattice was observed below Tc by

scanning tunneling spectroscopy. [13] The current-voltage properties of W-C strips in high

magnetic fields were reported to follow the quasi-three-dimensional vortex glass to liquid

transition theory [14].

FIB-CVD deposition of W-C films is a promising method for fabrications of nanometer-

size Josephson junctions and nano-SQUIDs [15]. For this purpose, investigations of dia-

magnetic and superconductivity properties of W-C films are important. We employ a Nb

weak-link scanning nano-SQUID microscope [16] to explore superconducting properties of a

W-C film. SQUIDs have been recognized to be the most sensitive magnetic field and flux

detectors [17–21]. Efforts have recently been made to reduce the size of the SQUID loop to

explore properties of nanoscale objects with high spatial resolution [16, 22–25]. Reduction
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in the size of the SQUID loop allows strong coupling of the SQUID loop to the sample

nanoscale object, leading to higher spatial resolution and sensitivities. Moreover, the limit-

ing flux noise spectral density decreases with reduction in the size of the SQUID loop [18]

and the magnetic moment sensitivity is approaching single Bohr magneton µB [24]. Recently,

we have developed a nano-SQUID microscope based on weak-link Josephson junctions with

sufficiently-small hysteresis that enables the SQUID to be operated as a magnetic flux to

voltage transducer [16]. In this paper, we investigate magnetic field distribution in the vicin-

ity of a W-C film in an external magnetic field by our Nb weak-link scanning nano-SQUID

microscope.

II. METHODS

We used a dual-beam FIB-scanning electron microscope system (NB5000, Hitachi High-

Technologies) to deposit W-C films. The acceleration voltage of Ga+ ion beam was 40

kV and the base pressure was 1 × 10−4 Pa. We used tungsten hexacarboxyl (W(CO)6)

precursor. W-C films with thickness of 300 nm were grown with Ga+ ion beam current of

700 pA at 1 × 10−3 Pa on a p-Si substrate. Nb/Au electrodes were fabricated by electron

beam lithography with thicknesses of Nb and Au of 600 and 30 nm, respectively. Figure 1

shows an optical micrograph of a deposited square W-C film with the size of 20 µm × 20

µm. On the left side of the square W-C film, two Nb/Au wires with a width of 2 µm were

deposited. In the vicinity of the W-C film, a yellow blurred region is seen in figure 1, due

to unintentional deposition of W-C by the scatterings of ion beams. A W-C strip with the

size of 60 µm × 4 µm was prepared for four-terminal electric transport measurements.

We used a home-built scanning nano-SQUID microscope system to measure real-space

imaging of magnetic field [16]. A Dayem Nb nano-SQUID probe with a loop size of 1 µm

and a nano-bridge width of 80 nm was attached to a quartz tuning fork for a feed-back

control of the distance between the sample surface and the SQUID probe. The nano-

SQUID probe faced θ = 51◦ to the surface of the sample, and detected magnetic field

of BM(x, y, z) = By(x, y, z)sinθ + Bz(x, y, z)cosθ. The sample W-C film was scanned using

closed loop inertially-actuated triaxial stepping piezoelectric-stages with resistive position

encoders in a cryogen-free pulse tube refrigerator (Optistat PT, Oxford Instruments) with

base temperature of 3.4 K. Typical minimum step size was 10 nm in the coarse positioning
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mode. Scanning measurements were performed at a constant height mode by monitoring

the resistive position encoder. Perpendicular magnetic field to the sample surface was ap-

plied using a home-made superconducting magnet with the bore size of 50 mm. Details of

the scanning nano-SQUID system can be found elsewhere [16]. Electric transport measure-

ments were performed by using a physical property measurement system (PPMS, Quantum

Design).

FIG. 1. Optical micropraph of an FIB assisted tungsten carbide film. The thickness and the size

of the tungsten carbide film was 300 nm and 20 µm × 20 µm, respectively. Two niobium wires are

seen on the left part of the optical micrograph. Dashed white box indicates the displayed area of

45 µm × 45 µm in figure 3(a).
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FIG. 2. (a) Temperature dependence of resistance of tungsten-carbide wire at 0 T. (b) Perpendic-

ular magnetic field dependence of resistance of tungsten wire at (i) 2.0, (ii) 3.0, (iii) 4.0 and (iv)

5.0 K. (c) Upper critical field Bc2 as a function of T/Tc. The red line is the best fitted line to Eq.

(1).
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III. RESULTS AND DISCUSSION

A. Characterizations of W-C film

An optical micrograph of a W-C film is shown in figure 1. The deposited W-C is seen

to spread about several µm outside of the designed pattern of a square of 20 µm × 20 µm.

This contrasts with the sharp edges of Nb/Au wires fabricated by EB lithography as seen

in the left of the square W-C in figure 1. Temperature dependence of the four-terminal

resistance (R) of the W-C wire sample with a width of 4 µm is shown in figure 2 (a) at

an excitation current of 10 µA at 0 T. Figure 2(a) indicates that the W-C sample is zero

resistance below 5.5 K. The superconducting transition temperature Tc as defined by 10%

of resistance drop from the resistance at the normal phase Rn (R/Rn = 0.9) is 5.9 K, which

is comparable to the reported values of Tc = 4.8-6.2 K for W-C samples fabricated by FIB

deposition [4, 5, 11, 12, 14]. The critical current density was estimated to be Jc = 1.3× 106

and 2.1×105 A/cm2 at 2.0 and 4.0 K, respectively, which is slightly larger than the reported

value for thin film of 1.5× 105 A/cm2 at 3 K [4] probably because of differences in the film

thickness and the growth condition.

Figure 2(b) shows perpendicular magnetic field dependence of resistance of the W-C wire

sample at 2.0-5.0 K. The upper critical field Bc2 is plotted in figure 2(c) as a function of

T/Tc. The Ginzburg-Landau coherence length [26] is estimated to be ξGL(0) = 5.8 nm by

using

Bc2 =
Φ0

2πξGL(0)2

(

1−
T

Tc

)

, (1)

where Φ0 is the magnetic flux quantum.

B. Mapping of magnetic field change by W-C film

The scanning nano-SQUID microscopy was performed at a constant height mode with

the distance between the SQUID probe and the sample surface of 3.5 µm. The scanning

direction was parallel to the y-axis. Mapping of magnetic field normalized by magnetic field

of 0.171 mT is shown in figure 3(a). Reduction of magnetic field due to Meissnner effect of

the superconducting niobium wire with a width of about 2 µm is clearly seen, however, the

reduction of magnetic field on the square W-C film of 20 µm × 20 µm is small as shown in
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figure 3(a). A line profile of magnetic field change in figure 3(b) shows reduction of magnetic

field due to niobium wires in the region −17 < x < −13 µm and at −11 < x < −7 µm.

Reduction of magnetic field due to the W-C film was 0.9%.

C. Calculation of magnetic field distribution by a finite element method

Magnetic field distributions around Nb and W-C films were calculated by numerically

solving Maxwell’s and London equations using a finite element method with a commercial

package, COMSOL. Nb wires with 2 µm × 20 µm × 0.6 µm and a W-C film with 20 µm ×

FIG. 3. (a) Mapping of magnetic field normalized by magnetic field of 0.171 mT at (x, y)=(0 µm,

0 µm). The dashed square indicates the position of the tungsten carbide film. (b) A lineprofile of

normalized magnetic field averaged at 6 ≤ y ≤ 10 µm. The hatched squares on top of the panel

indicate the positions of Nb/Au and W-C films.
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20 µm × 0.3 µm were modelled in the calculation. London equation ∆B = B/λ2
eff was solved

inside the Nb wires and the W-C film and Laplace’s equation ∆B = 0 was solved elsewhere.

The effective London penetration depth λeff for Nb wires was fixed to be 1 µm, and λeff for a

W-C film was varied between 0.85 and 1.6 µm. Numerical calculations were performed using

1,167,697 domain elements, generated by COMSOL for 3-dimensional region of 80× 60× 16

µm3 as shown in figure 4. The sizes of the elements around the Nb wires and the W-C film

were approximately 0.042 and 0.17 µm, respectively.

Figures 5(a) and (b) show calculated perpendicular magnetic field distribution (Bz) on the

surface of Si substrate and a crosssection at y = 0 µm and z = 3.5 µm at an external magnetic

field of 0.171 mT. Figures 5(a) and (b) indicate that the reduction of the magnetic field is

larger in the region above the W-C film than in the region above Nb wires, contradicting

with our observations in figure 3. This result suggests that λeff much larger than 1.6 µm

for a W-C film should be assumed to reproduce our result, or alternatively vortices are

penetrating through the W-C film. λeff and ξGL(0) for a W-C film with a thickness of 200

nm was estimated to be 850 and 6.25 nm, respectively [13]. It is unlikely to assume λeff

much larger than 1.6 µm because Tc = 5.9 K of our sample is larger than Tc = 4.15 K

in the literature [13]. The external magnetic field of 0.171 mT is strong enough to allow

penetration of vortices into the W-C film because we have Φ/Φ0 = 33.1, where Φ = BA is

the magnetic flux penetrating an area A = 20×20 µm2. Consequently, we consider the latter

is more plausible, and calculated magnetic field distributions around Nb and W-C films by

FIG. 4. 3-dimensional meshes for modelling Nb and W-C superconductors.
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assuming 9 vortices are present in the square 20 µm × 20 µm W-C film as shown in figures

5(c) and (d). It has been shown by solving a linearlized Ginzburg-Landau equation [27, 28]

that the Ginzburg-Landau free energy is lower for a square lattice of vortices than for a

triangular lattice due to the square shape of the W-C film [29]. The lineprofiles in figure

5(d) for λeff = 1.4 µm reproduces smaller reduction of the magnetic field on the W-C film

than on the Nb wires. This result qualitatively reproduces our observation overlaid in figure

5 (d).

Guillamon et al. performed low temperature scanning tunneling microscopy (STM) [12,

13] and spectroscopy measurements in W-C thin films, and they observed absence of hexag-

onal vortex lattice below about 0.2 T, instead they observed bunching of vortices close to

linear depressions observed in a topographic STM image. The spacing between linear de-

FIG. 5. (a) Calculated perpendicular magnetic field distribution (Bz) on the surface of the sample

(z=0 µm). (b) Calculated perpendicular magnetic field distribution at y=0 µm and z=3.5 µm for

λeff = (i) 0.85, (ii) 1.0, (iii) 1.2, (iv) 1.4, and (v) 1.6 µm. (c) (a) for the case of 9 vortices in the

W-C sample. (d) (b) for the case of 9 vortices in the W-C sample. (vi) A line profile of measured

magnetic field (red) is also shown.
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pressions was 100-300 nm, below the spatial resolution of our SQUID microscope. Moreover,

they found that vortices at smooth and very flat regions change their position easily. The

incomplete cancellation of the external magnetic field in the W-C film in our measurements

is consistent with their observations.

IV. CONCLUSION

In this paper, reduction of magnetic field on Nb/Au wires and a W-C film has been

measured. We have found that the reduction of magnetic field above the W-C film was

0.9%. The numerically calculated magnetic field distribution with vortices penetrating the

W-C film qualitatively reproduces the measured magnetic field change. Our results indicate

that FIB CVD deposition of superconducting films is a promising template-free method to

fabricate superconducting nano-devices such as nano-SQUIDs.
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