Superconductor Science and Technology

PAPER

Enhancement of the lower critical field in FeSe-coated Nb structures for
superconducting radio-frequency applications

To cite this article: Zefeng Lin et al 2021 Supercond. Sci. Technol. 34 015001

View the article online for updates and enhancements.

This content was downloaded from IP address 159.226.35.181 on 14/01/2021 at 04:37


https://doi.org/10.1088/1361-6668/abc568
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsucptPw97s_qLBCfvnQX8-y68f-8b5qxk5xQl-dZbCxrRepRyhpk2dlyBqpxfDlIEiNNQhKSqUWOuJJuTV82l0rTRvBpyAv2RkXD3HgTYNkOLhULzeUj16GkPwuRSvHTyjYrkAL9Kf2sid4UgqcOz-OtiK9TVngBtlrI4KZZ_-OHYXM43q5fCStS-lFt9vpY1jyM1Qmmb8x2SnutrB35BHV1Joldr-pHrP4j8jRYb31fBeWOtERvAce4d90x4u9G7thueI6gfvQy8uSiVK1CcmQ&sig=Cg0ArKJSzG3tQdjl1XKy&adurl=http://iopscience.org/books

10P Publishing Superconductor Science and Technology

Supercond. Sci. Technol. 34 (2021) 015001 (5pp) https://doi.org/10.1088/1361-6668/abc568

Enhancement of the lower critical field
in FeSe-coated Nb structures for
superconducting radio-frequency
applications

Zefeng Lin!>@®, Mingyang Qin'-?, Dong Li!>@, Peipei Shen'?, Liping Zhang®,

Zhongpei Feng*, Peng Sha’ @, Jun Miao’ @, Jie Yuan'*, Xiaoli Dong!->*®,

Chao Dong’, Qing Qin’ and Kui Jin!*°

! Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of
Sciences, Beijing 100190, People’s Republic of China

2 School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, People’s
Republic of China

3 School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing
100083, People’s Republic of China

4 Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, People’s Republic of China

3 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, People’s Republic of
China

6 Key Laboratory for Vacuum Physics, University of Chinese Academy of Sciences, Beijing 100049,
People’s Republic of China

7 School of Physics, Peking University, Beijing 100871, People’s Republic of China

E-mail: dongchao@ihep.ac.cn

Received 19 March 2020, revised 1 October 2020
Accepted for publication 28 October 2020 @

Published 13 November 2020

CrossMark

Abstract

Bulk Nb superconducting radio-frequency (SRF) cavities are widely used in accelerators, and
their accelerating gradient and general performance are limited by the superheating field (Bgp).
To push the theoretical limit of the By, new multilayer structures are required. We fabricated
FeSe-coated Nb films using pulsed laser deposition, performed structural characterizations, and
measured the transport and magnetic properties for this superconductor-superconductor bilayer
structure with smooth surface. Additionally, the measured B, of FeSe-coated Nb film is greatly
enhanced, while the By, of the FeSe layer is expected to be higher than that of bulk Nb, yet the
superconducting transition temperature (7) is less than 5 K. This work presents the first
fabrication of a new coating layer: FeSe deposited on Nb, showing the possibility of using
iron-based materials for multilayer structures in SRF cavities.

Keywords: iron-based superconductors, SS’ structures, the lower critical field, SRF

(Some figures may appear in colour only in the online journal)

1. Introduction is also relatively simple to fabricate and process. There are two

important indicators of superconducting cavity performance:
At present, bulk Nb is the best candidate for SRF cavity applic-  accelerating gradient (E,..) and quality factor (Qp). Qo rep-
ations in different types of accelerators [1-5]. It benefits from resents the cavity efficiency; the higher the Qy, the lower the
having the highest critical temperature (7. = 9.25 K) and the power dissipated in the walls of the cavity. E,.. determines the
highest lower critical field (B.;) among all the pure metals; it effective length of the accelerator required to raise the energy
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of a particle beam to a given value; it is proportional to the peak
magnetic field parallel to the cavity surface (Bp). For a Tesla-
shape cavity [6], Bp/Eqcc =4.18 mT (MV m~")~!. Therefore,
Nb cavities are limited by Bpy; once By reaches the superheat-
ing field (Bg,), which defines the theoretical limit of the SRF
breakdown, flux will penetrate into the superconductor in the
form of vortices and produce dissipation [7, 8].

The RF performance of Nb cavities, which has been
improved significantly over time, is now approaching the
intrinsic material limit (Bhnby (0 K) ~ 240 mT, correspond-
ing to Eyee = 57 MV m™!) [9]. For example, the best E,.. of
the Tesla type 1.3 GHz 9-cell cavities in vertical tests is now
more than 40 MV m~! (Bpk > 165 mT) [10-12] in some labor-
atories. Once the magnetic field limit is reached, there will
only be a very small margin for improvement. The urgent need
for higher gradients in future accelerators has renewed interest
in alternatives. Reference [13] gives an overview of materi-
als being considered, and one can find the potential candidates
for SRF applications. Among these candidates, Nb3Sn-coated
cavities have already succeeded in vertical tests with a record
of accelerating gradient exceeding 22 MV m~! [14], whose
corresponding quench field By was still less than half of the
Bgy [15].

According to [13], iron-based superconductors benefit from
a higher 7. and potentially a higher By, than Nb. To obtain
a higher Bg,, a multilayer nanoscale coating inside of the Nb
cavity may shift the RF breakdown field to the level of the
By, of the coating materials [16, 17]. That is, the coating film
will partially shield the bulk Nb from the applied RF magnetic
field, and the multilayer structure would withstand a higher
field than the bulk Nb. Using iron-based superconductor coat-
ings in multilayer structures has not yet been experimentally
reported, to our knowledge. This paper focuses on the simplest
case of a Nb thin film coated with a single layer of FeSe, which
has a comparatively simple chemical composition in the iron-
based family, and shows the potential to have a higher By
than the state-of-the-art bulk Nb cavities. In the following sec-
tions, it is needed to compare the critical field of FeSe, Nb and
FeSe-coated Nb. Considering that FeSe with different 7. from
2 K to 14 K can be prepared on CaF, substrates in [18], and
the substrate variable should be unified to ensure the consist-
ency of the magnetic background signal, we chose CaF; as the
substrate.

2. Experiments

The target, with a nominal composition of FeSejogg, was
prepared by solid-state reaction (see details in [18]). The
FeSe thin films were fabricated by pulsed laser deposition
(PLD) on (00/)-oriented single-crystal CaF, substrates with a
115 nm thick Nb buffer layer. A 350 mJ KrF excimer laser
(A = 248 nm) was used for film deposition, with a repetition
rate of 4 Hz. The base pressure was 10~/ Torr and the sub-
strate temperature was 350 °C. The FeSe film was 5 x 5 mm?
in size and around 130 nm in thickness. The structural charac-
terizations were performed in a 9 kW Rigaku SmartLab x-ray
diffractometer (XRD) with two Ge (220) single crystals. The
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Figure 1. 0-26 scans of Nb/CaF; (a) and FeSe/Nb/CaF, (b). SEM
cross-sectional images of Nb/CaF; (c) and FeSe/Nb/CaF, (d). AFM
images (5 X 5 pmz) of Nb/CaF; (e) and FeSe/Nb/CaF, (f). The

root-mean-square roughness of Nb/CaF, and FeSe/Nb/CaF, are
approximately 0.773 nm and 1.89 nm, respectively.

scanning electron microscopy (SEM) measurements were per-
formed using a Hitachi SU5000. The transport properties were
measured using the 4-probe method in the Physical Property
Measurement System (PPMS-9T). The DC magnetic moment
(m) was measured in the Magnetic Property Measurement Sys-
tem (MPMS XL-1) with the magnetic field parallel to the film
surface.

3. Results and discussion

3.1. Structural characterizations

Figure 1(a) illustrates the out-of-plane #—26 XRD scan of a Nb
film grown on a (00/) CaF, substrate (Nb/CaF,). Figure 1(b)
shows the same scan for an FeSe film grown on Nb-coated
CaF, (FeSe/Nb/CaF,). For both Nb layers, the peaks at
26 = 38.5 represent the (110) reflection. For FeSe/Nb/CaF,,
only the (00/) diffraction peaks from the FeSe layer are
observed, indicating that the out-of-plane alignment is good.
Figure 1(c) is the SEM cross-sectional image of Nb/CaF,,
which shows a uniform Nb layer thickness of about 117 nm.
Figure 1(d) exhibits the clear FeSe/Nb bilayer with a FeSe
layer of about 130 nm. This indicates that we can control
the thicknesses of FeSe and Nb layers, and maintain a sharp
interface between them. The atomic force microscopy (AFM)
image of Nb/CaF, (figure 1(e)) shows that the root-mean-
square roughness is around 0.773 nm, confirming that the
Nb layer is as flat as the commercial CaF, substrate. And
the root-mean-square roughness of FeSe/Nb/CaF, is 1.89 nm
(figure 1(f)), which is comparable with that of Nb/CaF,. Both
uniform thickness and small roughness benefit the Bean-
Livingston barrier, which can prevent the penetration of the
vortex and induce a higher By,.

3.2. Verification of SS’ structure

Figures 2(a) and (b) show the temperature-dependent resist-
ances of Nb/CaF, and FeSe/Nb/CaF, under different magnetic
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Figure 2. Temperature dependences of the following: resistance
under various magnetic fields for Nb/CaF, (a) and FeSe/Nb/CaF,
(b); DC normalized magnetic moments, measured in
zero-field-cooling (ZFC) and field-cooling (FC) modes (c); and
dm/dT (d) extracted from DC normalized magnetic moments in FC
mode (FC curve in (¢)); the arrows indicate superconducting
transitions. B¢»(T) obtained from 90% transition is plotted as a
function of T%(e). The two lines were fitted using the formula

Bex (T) = By (0) [1 - (T/Tc)z].

fields perpendicular to the film surface. The zero-resistivity
transition temperature (7) of Nb/CaF, is about 4.24 K, and
the resistive transition is very sharp under zero magnetic field.
The superconductivity is completely suppressed for magnetic
fields reaching 2.6 T. However, for an FeSe film deposited
on the Nb surface, the case is rather different. The super-
conducting transition of FeSe/Nb/CaF, under zero magnetic
field is much smoother than that of Nb/CaF, (figure 2(b)).
The superconducting onset temperature (72"") and the T of
FeSe/Nb/CaF, is about 4.43 K and 2.97 K, respectively. The
T? dependence of the upper critical field B, for Nb/CaF, and
FeSe/Nb/CaF,, estimated at 90% of the resistance transition
relative to the normal state resistance, are shown in figure 2(e).
The B (T) lines of Nb/CaF, and FeSe/Nb/CaF, were fit-
ted using the formula Bex (T) = Bea (0) [ 1 = (7/Te)?] [19]. 1
was obvious that the B.,(0) of FeSe/Nb/CaF, was consider-
ably larger than that of Nb/CaF,, indicating that the FeSe
layer contributes to the superconductivity of FeSe/Nb/CaF,.
To verify the existence of the superconductor-superconductor
(SS’) bilayer, the DC susceptibilities of the FeSe/Nb/CaF,
heterostructure were investigated (figures 2) and (d)). Two
superconducting transitions in the DC susceptibility in zero-
field-cooling (ZFC) mode (figure 2(c)), occurring at 4.28 K
and 2.90 K, suggest the existence of two superconducting
states. Two distinct peaks in dm/dT (T) curve extracted from
figure 2(c) in field-cooling (FC) mode were observed (see
figure 2(d)), which arose from the contributions of the FeSe
and Nb layers, rather than inhomogeneous superconductivity
resulting from either layer.

3.3. Analysis of the lower critical field

Samples for MPMS measurements were cut to less than
5 x 5 mm? and aligned parallel to the magnetic field, i.e.
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Figure 3. m(H) curves of Nb/CaF, (a), FeSe/CaF, (b) and
FeSe/Nb/CaF, (c) at various temperatures for H parallel to the film
surface. T2 dependence of B.; for Nb/CaF; (red line), FeSe/CaF,
(olive line) (d), and FeSe/Nb/CaF, (blue line) (e). The three lines

were fitted using the formula B, (T) = B (0) [1 — (T/Tc)z].

‘in-plane’ geometry, which precisely simulates magnetic field
direction in a cavity [20]. To compare the B.; values of
Nb/CaF,, FeSe/CaF,, and FeSe/Nb/CaF,, the in-plane m(H)
curves under low fields at various temperatures are plotted
in figures 3(a)—(c). All curves exhibit linear behavior for low
fields and then deviate from linearity at different field values
for different temperatures; the B., value is determined from
where the deviation occurs. The 7% dependence of B.((T) are
fitted by the formula Be; (T) = Be; (0) [1 - (T/TC)Z} [19], as
shown in figures 3(d) and (e). By extrapolating the B, to zero,
the T, values of Nb/CaF,, FeSe/CaF,, and FeSe/Nb/CaF,
are given 4.12 K, 4.80 K and 3.90 K, respectively. In addi-
tion, by extrapolating the T? to zero, the B.(0) values
of Nb/CaF,, FeSe/CaF,, and FeSe/Nb/CaF, are 0.83 mT,
0.64 mT and 14.8 mT, respectively. It is clear that the B.(T)
of FeSe/Nb/CaF, is greatly enhanced, particularly B.;(0) for
FeSe/Nb/CaF, reaches above ten times higher than either of
Nb/CaF, and FeSe/CaF,, even though only one side of Nb film
is covered with FeSe layer. Therefore, the combination of FeSe
and Nb layers can effectively offer the higher B.((T). A sim-
ilar phenomenon was also observed in NbN deposited on a Nb
layer [21]. They found that the B.; of a multilayer is enhanced
5.3 times than the single layers when the field is parallel to the
surface. Note that the first flux will enter the FeSe/Nb/CaF,
structure from either the FeSe layer or Nb layer, in the con-
figuration where the magnetic field is parallel to the surface of
FeSe/Nb/CaF,, which means that the B.;(0) of the FeSe layer
is not less than 14.8 mT. When the Ginzburg-Landau para-
meter kK > 1/\/2, we have [19, 22]

B./B.i = V2k/Ink (1)

Ban/B.~ V2 - (\/E/6 + 0.3852/{’1/2) 2)

where B, is the thermodynamic critical field. Assuming that «
is 80 for FeSe in [23] or 72 in [24], the B, (0) of the FeSe layer
is calculated to be about 312 mT or 288 mT, above 20% higher
than that of bulk Nb. Taking into account the upper critical field
anisotropy of 2, k can be estimated conservatively to be about
47 using the measured B, (0) and B.;(0) values and then the
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Figure 4. The FeSe-coated Nb foil was bent to inward angles 160°,
120°, 60° and outward angle 90°, in (a)—(d), respectively. A
diagram (e) and 0-20 scans (f) of FeSe-coated curved bulk Nb.

B¢,(0) is 210 mT, which is close to that of bulk Nb. Note that
there is still much room for improvement in critical parameters
of FeSe layer, such as T, B, and Bg,. In particular, higher
B, can be achieved with the film thickness much smaller than
the penetration depth J, in a configuration where the magnetic
field is parallel to the surface of the film [17]. Thus, the more
dramatic improvement in By, in the FeSe/Nb structure could
be expected to achieve.

3.4. Curved surface stability

The curved surface stability, in addition to the By, affects
whether a candidate is suitable for multilayers for RF field
screening applications. Figures 4(a)—(e) exhibit photos of
FeSe-coated Nb foil and FeSe-coated curved bulk Nb, respect-
ively. Figures 4(a)-(d) show that the FeSe layer remained
tightly attached to the surface, even when bent inward or out-
ward to varying degrees, repeatedly, showing the FeSe layer’s
high toughness. Furthermore, FeSe can be fabricated on a
10 x 10 mm? curved Nb cut from a cavity (see figure 4(e)).
In figure 4(f), the FeSe layer still exhibits a single preferred
(00]) crystal orientation on this polycrystalline Nb substrate
with a micron-scale rough surface. Both samples manifestly
show that FeSe can satisfy the basic coating conditions as an
alternative material in SRF cavities. Similarly, reference [25]
reported to succeeded in fabricating c-axis preferred textured
Fe(Se, Te) superconducting films with 7.y ~ 5 K on Al,03
buffered metal substrates. Moreover, the Fe(Se, Te) film on
the metal can also achieve good bending. All these results help
to lay a foundation toward practical applications of iron-based
superconductor coated metal.

4. Conclusion

We can make several useful observations from the above
experimental results. First, this work confirms for the first
time that it is experimentally possible to deposit a crys-
talline and superconducting FeSe layer with (00[)-oriented

on Nb. Second, utilizing m—H measurements, one can infer
that the B.; of FeSe/Nb/CaF, is greatly enhanced. Third, an
FeSe film can be fabricated on curved bulk Nb and with-
stand multi-angle bending. These observations all support
the potential application of FeSe in multilayer structures for
SRF cavities. However, further work is still required. For
example, it is necessary to more precisely determine B.; when
the first flux enters FeSe/Nb/CaF, solely from the surface
of the FeSe layer. On the other hand, the superconductor-
insulator-superconductor (SIS’) multilayer structure proposed
by Gurevich [13, 17] would prevent Josephson coupling
between coating layers and bulk Nb, and achieve better shield-
ing than a single FeSe layer. Experimentally, multilayers
(NbN/MgO), [21, 26, 27] and NbN/SiO, [28] both showed
a dramatic enhancement of B.;. Thus, further study is needed
to fabricate an SIS’ structure using an FeSe layer.

Iron-based superconductors are rarely studied for SRF
applications, yet they have higher superconducting critical
parameters than most conventional superconductors, such as
critical magnetic field and critical current density [29]. In this
work, we chose FeSe, the material with the simplest structure
in the iron-based family, to coat the Nb film. Structural charac-
terizations, toughness tests, and measurements of the transport
and magnetic properties were performed on this SS’ struc-
ture. The results demonstrate FeSe’s suitability for application
in superconducting cavities, due to its crystallinity, enhanced
B.1, high By, and good flexibility. We are eager for this work
to allow more researchers to focus on neglected alternative
materials, especially iron-based superconductors with higher
critical parameters.
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