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Abstract

Bi/Ni bi-layers with varying Bi and Ni layer thicknesses have been prepared by (a) pulsed-
laser deposition (PLD) at 300 K and (b) thermal evaporation at 4.2 K. A two-step supercon-
ducting transition appears on the electrical transport measurements in the samples prepared by
PLD. High-resolution transmission and scanning transmission electron microscopy, supported by
Energy-Dispersive X-ray Spectroscopy (EDXS) analysis, reveal that two superconducting inter-
metallic alloys, namely NiBi and NiBij, are formed by interdiffusion, if the bi-layers are prepared
at 300 K. The T, of the two phases behaves very differently in external magnetic field and the
upper critical magnetic fields at zero temperature [Be2(0)] were estimated as 1.1 T and 7.4 T,
respectively. The lower value corresponds to the B.o(0) of NiBi3 phase and higher one is supposed
to be of NiBi. These alloys are responsible for the superconductivity and the two-step transition
appearing in the Bi/Ni bi-layer system. Surprisingly, the Bi-rich phase (NiBis) is formed near
the Ni layer while the Ni-rich phase (NiBi) is formed far from the Ni layer. The EDXS analy-
sis at nanometer scale clearly shows an unusual increase of Ni concentration near the interface
of Bi/substrate. The limited thickness of Bi layer in the interdiffusion process results in the un-
expected distribution of Ni concentration. Samples prepared at 4.2 K after annealing at 300 K
do not show any superconductivity, which indicates that a non-epitaxial Bi/Ni interface does not
induce superconductivity in the case interdiffusion does not occur. These results offer a deeper

understanding of the superconductivity in the Bi/Ni bi-layer system.



I. INTRODUCTION

In spite of the fact that crystalline bismuth (Bi) and nickel (Ni) are not superconducting
down to 50 mK [1], if one deposits a Ni layer on top of a rhombohedral Bi layer, the bi-
layer system becomes a superconductor [2-7]. Since the discovery of superconductivity in
this system, there were many different interpretations, but no agreement has been reached
up to date [8-10]. It has been shown by Moodera et al. [3] that a novel FCC phase
of Bi can be induced by growing Bi on a thin FCC Ni seed layer. This novel phase of
Bi exhibits superconductivity with T, ~ 4.2 K and displays none of the usual features of
Bi typically observed in tunneling experiments [2]. In that work, no ferromagnetism was
observed with Nickel thicknesses up to dy; &~ 2.0 nm. P. LeClair reported [4] that with larger
Ni thicknesses, there is a narrow range of dy; =~ 2.0 ~ 4.2 nm where superconductivity is
present in the ferromagnetic Ni and that ferromagnetism appears in Ni just above dy; ~ 1.6
nm. Siva [5] and Chao [11] reported the spontaneous formation of a superconducting NiBij;
phase in thermally evaporated Bi/Ni bi-layer films. Cross sectional Transmission Electron
Microscopy (TEM) and Energy-Dispersive X-ray Spectroscopy (EDXS) results confirmed the
mixture of Ni and Bi throughout the top Bi layer. In order to avoid diffusion of Bi atoms
in Ni layer and rule out the interpretation with formation of NiBi3, Gong et al. prepared
Bi/Ni bi-layers at 110 K [6] and they claim that there is no evidence of formation of Bi-
Ni intermetallic compounds and that the sample shows superconductivity [6]. There are
some other explanations, for example, superconductivity induced by magnetic fluctuation
at the interface of Bi/Ni [8], and the formation of a very thin amorphous Bi layer at the
interface of Bi and Ni [7], etc. It is for these reasons that there is need for more clear
experiments in order to solve the problem for the appearance of superconductivity in this
system. Furthermore, both of the intermetallic compounds of Ni and Bi, namely, NiBi and
NiBis, are superconducting [12-19], systematic and detailed studies of the microstructure of
Bi/Ni interface are needed to clarify the interpretation of superconductivity in this system.
Although some results are based on the Bi/Ni bi-layers prepared at 110 K [6], the possibility
of diffusion of Bi atoms cannot be ruled out due to the low melting temperature of Bi. For
that reason, sample preparation at even much lower temperature (4.2 K) is necessary in

order to have a clean interface of Ni and Bi.

In this work, we have studied the superconducting properties of Bi/Ni bi-layers prepared
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at room temperature and at 4.2 K. In all systems the Bi/Ni interface has been investigated

systematically by means of High-Resolution Transmission Electron Microscopy (HRTEM).

II. EXPERIMENTAL

Bi/Ni bi-layers with different thicknesses have been prepared at room temperature by
means of pulsed-laser deposition (PLD) using a Nd-YAG laser with 1064 nm wavelength
[20]. Since the superconductivity of Bi/Ni bi-layers does not depend on the deposition
sequence [6], we deposited the Bi layers first and then the Ni layer on top for all samples
in order to prevent the oxidation of the Bi layer. The thickness of the Bi and Ni layers
was controlled by the number of laser pulses. After the deposition, electric transport and
magnetic properties of the bi-layer systems have been investigated by using Quantum Design
Dyancool PPMS. The four-probe method was used in the electric transport measurements
with the current direction parallel to the surface of the sample. Cross-section samples
for HRTEM and Scanning Transmission Electron Microscopy (STEM) were prepared by a
Focused Ton Beam (FIB) system. Since the interesting structure is the interface of Ni and Bi,
an amorphous carbon layer was deposited on top of the sample before the FIB fabrication
in order to prevent the possible damage induced by the ion beam. Two additional samples
have been prepared at 4.2 K using a thermal evaporation system for both Bi and Ni, which
is attached to a *He cryostat and contains a cooled substrate at 4.2 K [21, 22]. Pre-deposited
contacts on the sapphire substrate allow for in-situ measurement of the electrical resistivity
between 2.0 K and 300 K. Samples for HRTEM study have been prepared by FIB, like all
the TEM samples in this study.

III. RESULTS AND DISCUSSION
A. Samples prepared at room temperature

Fig. 1 shows the resistivity measurements of the Bi/Ni bi-layers prepared at room tem-
perature with different thicknesses. The Bi/Ni samples show superconductivity and the
pure Bi does not, as expected. The highest T, obtained is that for the sample with 38 nm
Bi and 2 nm Ni. Changing Bi or Ni thickness from these values always decreases T.. A

two-step transition has been observed in Bi38Ni8 and Bi38Ni20 [see Fig. 1(a)]. However, if
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the thickness of Ni layer is fixed (2 nm) and varying the thickness of Bi layer, no two-step
transition has been observed [see Fig. 1 (b)]. These results show that the two-step transition
only occurs for bi-layer systems with thicker Ni layers (dy; ~ 8 nm). However, if the Ni
layer becomes too thick (40 nm), the second transition disappears and the sample does not
have a full superconducting transition. Since two superconducting alloys (NiBi and NiBij3)
exist in Bi/Ni system, the two-step transition observed in this work might be an indication
of the NiBi and NiBi3 formation. Such a co-existence of two superconducting phases in
Bi/Ni bi-layers has up to our knowledge not been reported in literature. Therefore this
assumption needs more evidence. The sample with a thin Bi layer (6.3 nm) does not show

a superconducting transition down to 1.8 K, which also is in agreement with literature [6].
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FIG. 1: Normalized resistivity as a function of temperature for samples with (a) fixed
thickness of Bi layer and different thicknesses of Ni layers and (b) fixed thickness of Ni
layer and different thicknesses of Bi layers. (c) Resistance as a function of temperature for
sample with a two-step transition in Bey. (d) T, as a function of B, for the two
transitions. The T, value is defined as the temperature where R = 90% R,.ormai-

In order to better understand this observation, the resistivity in different external mag-



netic fields (B,;) has been measured as a function of temperature [see Fig. 1 (c¢)]. From
this figure one can see that T, decreases with increase of B.,; as expected. However, the
higher temperature transition decreases much slower with increase of B.,; than the lower
transition. For B.,; = 0.5 T, the lower T, transition already has been suppressed to 2 K.
From Fig. 1 (d) we can calculate the values of dB/dT. for the two transitions to be 2.1 T/K
and 0.36 T/K, respectively. The upper critical field at zero temperature [B.(0)] is roughly
estimated as 1.1 T for the lower temperature transition and 7.4 T for the higher temper-
ature transition. The former value is very close to that obtained by Siva et al. [Bn(0)=
1.4 T] for the NiBi3 phase in a similar system[5]. Comparing to the flux-grown NiBij single
crystals[19], the B value at 1.8 K is slightly higher (0.5 T to 0.35 T). Therefore, the lower
temperature transition could be attributed to the formation of NiBiz. The latter value,
however, is much higher than B, (0) of NiBiz. To date, very few studies show B.y(0) of NiBi
and we cannot compare the data obtained in this work with that of NiBi, which might be
the second superconducing phase in our sample related to the higher temperature transition.
The results strongly suggest the existence of two superconducting phases, having a different
sensibility to B.,: and therefore, a different sensibility for the Ni layer thickness. In order
to confirm these two superconducting phases in the Bi/Ni system, the microstructure of the

samples has been studied. In the following we will show the results of these studies.
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FIG. 2: (a) Low magnification cross-section image of the sample Bi38Ni2. (b) HAADF low
magnification image and an EDXS linescan of Bi and Ni at the position shown by the line.
(¢c) HRTEM image of the sample. Inset shows the FFT of the image in the square. The
structure can be indexed as NiBis.



Fig. 2 shows the cross-section microstructure of the Bi38Ni2 sample. From Fig. 2 (a)
one can see that Bi/Ni forms a continuous layer. High Angle Annular Dark Field (HAADF)
image [Fig. 2 (b)] shows that there is no contrast difference of the deposited Ni and Bi
layer, which indicates that Ni and Bi are mixed. The EDXS linescan clearly shows that
when the electron beam scans the Bi/Ni layer, both Ni and Bi are simultaneously detected,
having very similar profiles. This confirms that Ni and Bi are homogeneously mixed. The
high resolution image [see Fig. 2 (c)] shows that only one layer is observed, i.e., the sample
does not have the expected two-layer structure since we first deposited a Bi and then a
Ni layer. The Fast Fourier Transform (FFT) of the high-resolution image can be indexed
as intermetallic compound NiBiz. From these results, we can conclude that Ni and Bi are
mixed and form a NiBiz phase during deposition by PLD.

Next, the samples with thicker Ni layers (Bi38Ni8, Bi38Ni20 and Bi38Ni40) have also
been studied with HRTEM. We know from Fig. 1 that the first two samples show a two-
step superconducting transition and the last one a non-complete superconducting transition.
The microstructures of the three samples show the same structure: three layers are visible
although only a Bi and a Ni layer have been deposited. The TEM results of the Bi38Ni8
and Bi38Ni20 can be found in the supplementary materials. In Fig. 3 we show the results
of Bi38Ni40.

With the low magnification image [Fig. 3 (a)] one essentially can only see one layer,
however, three layers clearly can be seen in the HR images [Fig. 3 (b)]. The Convergent
Beam Electron Diffraction (CBED) results show that the pattern (c) correspondents to the
layer marked as 1 in Fig. 3 (b) easily can be indexed as pure fcc Ni. The CBED pattern
of the layer in the middle [marked as 2 in Fig. 3(b)] shows that this layer is NiBis, like the
structure in Fig. 2. To our surprise, the patterns in (e) cannot be indexed as pure Bi, which
we were expecting, since the first layer we deposited was a pure Bi layer. The pattern can
be indexed as another intermetallic compound of Ni-Bi: NiBi. This is quite unusual since
the Ni rich phase NiBi should be formed near the Ni layer, and not the NiBi3 layer as we
observed. Later we will try to explain why in our case the Bi rich phase NiBij is close to
the Ni layer the more Ni rich phase NiBi near the Bi layer (see below).

The sample in addition has been studied by using HRSTEM (model: JEOL ARM) and
the results are shown in Fig. 4. From the HR images, one clearly can see the superstructure

in the sample. It is interesting to observe that there is a coherent grain boundary between

7



(201)
(101D) (109)

“
»

FIG. 3: (a) Low magnification cross-section of the sample Bi38Ni40. (b)HRTEM image.
(c), (d) and (e) are CBED patters of the structures marked as 1, 2 and 3 in (b).

the superstructure and another phase. Although the planes of the atoms are parallel, the
distance between two atomic planes of the superstructure is not double of the distance of
the simple structure. The FFT of the image clearly shows that they are from two different
crystals with different lattice parameters. The reason for this could be that the concentration
of Ni in this crystal is locally different and therefore one part formed NiBiz and the other
part NiBi. The EDXS line scan results confirm the observation that a Ni rich phase is
formed near the substrate. From the elemental profile [Fig. 4 (c¢)] one can see that the Ni
concentration first decreases in the Bi layer and then increases at the interface of Bi/SiOs.
The Ni elemental mapping [Fig. 4 (d)] shows that the entire interface near SiO has a high
Ni concentration. This is in agreement with the CBED results shown in Fig. 3: a Ni rich
phase is observed at the interface of SiO,. This is not similar to the results of the Bi/Ni

interdiffusion studies in literature [23]: there the Ni rich phase NiBi is always near pure Ni
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layer and NiBij is always near pure Bi layer, as indicated in Fig. 4 (e) and (f).

NiBi; NiBilJliJ{e}}

I 20 nm

FIG. 4: (a) HR bright field STEM image and (b) Amplification of the red square in
(a). The numbers in (b) show the distance between two atomic planes. Inset of (b) shows
the FFT of the image and the numbers (1 and 2) indicate that they are from different
structures. (c) EDXS linescan of the sample showing the distribution of the elements. An
increase of Ni concentration clearly can be seen near the interface of Bi/SiO,. (d) Mapping
of Ni, showing the increase of the Ni concentration near the interface of Bi/SiOs. (e)
Schematic illustration of the layers resulted from a Bi/Ni interdiffusion, reported in
literature. (f) Schematics of the structures formed in this study.

The interpretation is as follows: it is well known that that Bi is a very soft metal and has a
very low melting point. The thickness of the Bi layers in this study is only tens of nanometers,
which means a very limited number of atomic layers in the direction perpendicular to the
surface. In order to accurately perform electric transport measurements, a Si wafer with an
insulating SiO, was selected as substrate. Therefore, SiO, lays just below the Bi layer. The
growth of thin films by PLD is typically a strong non-equilibrium process [24] and the energy
of the atoms arriving at the substrate is quite high. In this case, the Ficks law of diffusion
and thermodynamics do not apply to the situation. Although the substrate is at room
temperature, when the Ni atoms reach the soft and thin Bi layers, they can easily penetrate

it and reach the SiO, layer. As the diffusion coefficient of Ni in SiO, is much smaller than



that in Bi [25, 26], the SiO, layer results much harder for Ni atoms to pass through. After
penetrating the Bi layer, most of the Ni atoms stop at the interface of Bi/SiOs and only very
few of them can go into the SiOs. As a result, there is a trapping process of Ni atoms at
the interface and the deposition process creates a Ni rich region near the substrate of SiO,.
From the Ni-Bi phase diagram, one knows that the solubility of Ni in Bi is very limited:
with the increase of Ni concentration in Bi, first a Bi rich intermetallic compound (NiBis) is
formed; with further increase of Ni concentration a Ni rich phase (NiBi) occurs. The unusual
Ni concentration gradient obtained as a consequence of the Ni trapping process resulted in
the formation of NiBi at the interface of Bi/SiOs. This phenomenon needs more detailed
studies in the future.

With these results, we confirmed the formation of NiBi3 during the sample preparation
observed by Siva et al. in samples deposited by thermal evaporation[5] and by S.P.Chao
et al. in samples prepared by molecular beam epitaxy[11]. Furthermore, we also identified
another intermetallic phase (NiBi) in the sample. We can conclude that the formation of
NiBi and NiBij is the reason for the observed superconductivity in Bi/Ni system. Ideally, the
two superconducting phases should be parallel to the current flow in the electric transport
measurements. However, due to the high surface roughness of the first deposited Bi layer
(see the low magnification images of Fig. 2 and 3) and diffusion controlled superconducting
phase (NiBi3 and NiBi) formation, the real configuration of the two phases in some of the
samples could be NiBi particles or islands embedded in NiBi3 film. Since T. of NiBij3 is lower
than that of NiBi and NiBij3 is in contact with the Ni layer, T, of NiBi3 decreases more than
that of NiBi and as a result, a two-step superconducting transition may appear as shown
in Fig. 1. Although we identified two superconducting phases in the above Bi/Ni bi-layers,
other interpretations cannot be ruled out with the samples prepared at room temperature
only. For that reason we studied two samples prepared at 4.2 K. At that temperature

interdiffusion between Ni and Bi is not likely to occur.

B. Samples prepared at 4.2 K

From Fig. 5 (a) one can see that the first Bi layer deposited at 4.2 K is a superconductor
with T. ~ 6.0 K since it is in an amorphous state [27, 28]. When the temperature increases

the amorphous Bi film crystallizes at ~ 20 K (the crystallization temperature depends on
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the thickness of the Bi film [29]) to the rhombohedral structure. After annealing the sample
at 300K, the Bi film completely lost superconductivity. Now we are sure that there is a crys-
talline non-superconducting Bi layer on the substrate. The sample then was cooled down to
4.2 K and a 5 nm Ni layer was deposited on top. As shown in Fig. 5 (b), the sample prepared
at 4.2 K does not have a superconducting transition down to 1.8 K. Even after annealing
at 300 K no superconducting transition has been observed. The resistivity decreases after
annealing due to the decrease of the density of defects. This result is completely different

from that of samples prepared at room temperature always showing superconductivity.
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FIG. 5: Resistance as a function of temperature for (a) 35 nm pure Bi layer before and
after annealing, showing that the amorphous Bi is superconducting and when it
crystallizes to thombohedral structure it looses superconductivity. (b) Crystalline Bi layer
with 5 nm Ni deposited on top at 4.2 K, showing that there is no superconductivity for
both as-prepared sample and after annealing at 300 K. (c) A second Bi layer deposited on
top of Ni at 4.2 K and then annealed at 300 K in order to have a new interface of
crystalline Bi and Ni. (d) Microstructure of the cross-section of Bi/Ni/Bi tri-layers
prepared at 4.2 K. (e) High-resolution image of one Bi layer. Inset shows the FFT of the
image, which can be easily indexed to rhombohedral Bi structure. (f) STEM image of
Bi/Ni/Bi tri-layer sample and EDXS linescan profile of Bi, Ni, C and Si elements. The red
straight line indicates the position of EDXS linescan.

In order to give more solid evidence, another layer of Bi had been deposited at 4.2 K and

the amorphous Bi shows the expected superconductivity, as shown in Fig. 5 (c¢). However,
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it again loses superconductivity after annealing to 300 K. This shows that the interface of

Ni and Bi does not induce superconductivity neither in Bi layer nor in Ni layer.

The cross-section of the low-temperature-prepared sample clearly shows the tri-layer
structure, with two Bi layers and one Ni layer in between [as shown in Fig. 5 (d)]. This is
confirmed by the EDXS line scan profile in Fig. 5 (f). The HRTEM study shows that the
two black layers are rhombohedral Bi layers. No evidence of the formation of NiBi or NiBij

was found.

We observed that the Ni layer deposited at 4.2 K is still amorphous after annealing
at room temperature. In this sample, there is no crystalline Ni/crystalline Bi interface.
Therefore, we cannot rule out the interpretation that the FCC structure of Ni induces FCC
Bi, which is a superconductor. For that reason, we did an additional experiment with the

results shown in Fig. 6.
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FIG. 6: (a) Resistance as a function of temperature for a sample with Ni deposited at
room temperature and Bi deposited at 4.2 K and then annealed at 300 K in order to have
a crystalline Ni/Bi interface. (b) Microstructure of the cross-section of Ni/Bi bi-layer with
Ni deposited at 300 K and Bi deposited 4.2 K. (c¢) High resolution image. (d) STEM image
and EDXS linescan profile of Bi, Ni, C and Si. The red straight line indicates the position

of EDXS linescan. (e) and (f) are the elemental mappings of Ni and Bi, respectively.
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The sample has been prepared as following: First a 5 nm thick Ni layer was deposited
at room temperature to obtain a FCC Ni thin film. In the following sequence, the sample
was cooled down to 4.2 K and, at that temperature, a 40 nm Bi layer was deposited. The
resistance for the as-prepared sample was measured when heating the sample up to 300
K [see Fig. 6 (a)]. The first transition at ~ 6.0 K is the superconducting transition of
amorphous Bi and the second transition at ~ 18 K is the crystallization of amorphous Bi.
After annealing at 300 K, the sample still does not show a superconducting transition down
to 2 K.

The microstructure of this sample clearly shows a two-layer structure as shown in Fig. 6
(b). Most importantly, unlike the Ni layer prepared at 4.2 K, the Ni layer prepared at 300 K
is crystalline as we expected [see Fig. 6 (c)]. The interface of Ni and Bi clearly can be seen
and there is no evidence of FCC Bi near the interface. No NiBi or NiBis as in the samples
prepared at room temperature has been observed as well, which indicates that there is no
interdiffusion or reaction between Ni and Bi during deposition. From the EDXS line scan
and elemental mapping results one can see that the thinner layer is Ni and the thicker layer
is Bi.

With all the results of this additional sample, we can conclude that a crystalline Bi/Ni
interface has been created and no superconductivity has been observed down to 2 K. We
could not identify an FCC Bi phase at the crystalline Bi/Ni interface. Thus, the formation
of the FCC Bi phase reported by Moodera et al. [3] is actually rather unlikely to occur as
commented by Huslt et al. [30]. As a result, the occurrence of superconductivity at the

non-epitaxial crystalline Bi/Ni interface can be ruled out.

IV. SUMMARY

For some Bi/Ni bi-layer samples prepared at room temperature by PLD, a two-step
superconducting transition has been observed. The HRTEM images and CBED patterns
of the cross-section sample reveal that the Ni atoms deposited onto the Bi film react with
the Bi and form NiBi3 and NiBi phases. As one knows that both NiBiz and NiBi are
superconductors with T, ~ 4.0 K, these intermetallic compounds are responsible for the
superconductivity observed in the Bi/Ni bi-layers prepared by PLD. The observed two-step

transition in an external magnetic field shows a different behavior of the two superconducting
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phases: NiBi and NiBi3. T. of one phase decreases much faster than that of the other phase.
Unlike the Bi/Ni system studied in literature, the CBED patterns show that in our case
NiBi is formed near the Bi layer and NiBiz near Ni layer. EDXS analysis confirms that the
Ni concentration near the interface of Bi and substrate is higher than in the Bi layer near Ni.

This is mainly due to the non-equilibrium and highly energetic process during deposition

with PLD.

The samples prepared at 4.2 K show that Bi/Ni bi-layers or Bi/Ni/Bi tri-layers with crys-
talline Bi layers do not have a superconducting transition down to 1.8 K. Superconductivity
only can be observed when the Bi layer is amorphous with T, ~ 6.0 K. Therefore, the in-
terface of Bi/Ni cannot induce superconductivity in both Bi and Ni layer. The cross-section
studies show that the Ni layer deposited at 4.2 K is still amorphous after annealing at room
temperature. This experimental observation can rule out the interpretation of the supercon-
ductivity in Bi/Ni system attributed to the amorphous Bi layer at the interface of Bi/Ni.
The annealed sample with Ni deposited at 300 K and Bi deposited at 4.2 K also does not
have a superconducting transition down to 2 K. The quality of the Bi/Ni interface depends
on the preparation method. However, all the Bi/Ni bi-layers reported in literature prepared
above 110 K are superconducting and the preparation method does not appear to play a
role. Furthermore, the superconducting properties show similar characteristics despite of
the different interface conditions: the T, and its behavior in an external magnetic field are
very similar in all of the reported results. Our samples prepared at 4.2 K show that Bi/Ni
bi-layers are non-superconducting and the key feature of this experiment is the very low sub-
strate temperature. In this case, one can conclude that the non-epitaxial crystalline Ni/Bi
interface without interdiffusion cannot induce superconductivity in Bi/Ni system. Other
interpretations of superconductivity in Bi/Ni bi-layers therefore should be double-checked
especially when there exist two superconducting intermetallic compounds (NiBi and NiBij3)
and the Bi properties favour the formation of them. Concerning the long going discussion
about the mysterious appearance of superconductivity in Bi/Ni bi-layer systems, our results

offer an interpretation that can explain many of the by now open questions.
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