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Coexistence of type-I and type-II superconductivity signatures in ZrB;,
probed by muon spin rotation measurements
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Superconductors usually display either type-I or type-II superconductivity and the coexistence of these two
types in the same material, for example, at different temperatures, is rare in nature. We employed the muon
spin rotation (uSR) technique to unveil the superconducting phase diagram of the dodecaboride ZrB;, and
obtained clear evidence of both type-I and type-II characteristics. Most important, we found a region showing
unusual behavior where the usually mutually exclusive ©SR signatures of type-I and type-1I superconductivity
coexist. We reproduced that behavior in theoretical modeling that required taking into account multiple bands and
multiple coherence lengths, which suggests that material has one coherence length larger and another smaller
than the magnetic field penetration length (the type-1.5 regime). At stronger fields, a footprint of the type-II
mixed state showing square flux-line lattice was also obtained using neutron diffraction.
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I. INTRODUCTION

Despite a century of research, the classification of super-
conducting states according to types of fermionc pairing and
resulting properties is an actively developing field.

According to Ginzburg and Landau paradigm, supercon-
ductors are classified as type I and type II based on the
distribution of the magnetic field in materials. This is de-
fined by Ginzburg-Landau parameter, x = %, where A is the
magnetic penetration depth and £ is the coherence length [1].
Superconductors with k < -& are considered type I which
show expulsion of the magnetic field below H., known as
the Meissner state. More commonly, they exhibit nonzero
demagnetization factor which energetically favors the coex-
istence of flux free superconducting regions (B = 0) and the
normal regions with finite internal field ~B.. Such complex
field texture is the representative feature of type-I supercon-
ductors and is identified as the intermediate state described
by Landau [2]. For type-II superconductors where « > %ﬁ,
it is energetically favorable for the magnetic flux to pen-
etrate the sample in the form of flux lines parallel to the
applied field, also known as Abrikosov vortices. The repul-
sive interactions between these vortices tend to produce a
stable lattice structure. This state is called a mixed state
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and is the main feature of a type-II superconductor [3]. The
behavior is more complicated at the boundary condition of
K= «/LE where, according to the Ginzburg-Landau model,

the interactions between the vortex lines disappear at all
distances [4,5]. Microscopic corrections beyond Ginzburg-
Landau lead to weak vortex clustering in the vicinity of
k ~ 1/+/2 which is described as the intermediate-mixed state
(IMS) [6-11]. This mechanism of vortex attraction requires
fine-tuning, namely the near cancellation of density-mediated
attractive and current-mediated repulsive intervortex forces,
which is only possible in idealized single-band models [6-9].
However, many superconductors are multiband or break mul-
tiple symmetries and thus have multiple coherence lengths.
In such systems, the penetration depth can fall between two
coherence lengths and aspects of coexistent type-I-like and
type-II-like behavior originating from multiple components
can arise [12,13]. In this regime, termed type 1.5 [14], vortices
are thermodynamically stable like in type-II superconductors
but have cores extending beyond the flux carrying area like in
type-I superconductors, which leads to long-range attractive
and short-range repulsive interactions [12,13,15-18]. Obser-
vation of this state was pursued experimentally [14,19], but
its properties remain little explored.

Superconductivity in ZrB, was first observed as early as in
1960s by Matthias et al. [20,21]. ZrB, has a relatively high
T. of 6.1 K within the family of the dodecaborides MeB,
(Me = Sc, Y, Zr, La, Lu, Th). Uniquely, ZrB, displays a
variety of deviations from the conventional superconduct-
ing behavior. Several models have been proposed to explain
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FIG. 1. Field distribution, p(B), of the local field probed by muons illustrates the typical signal observed in the (a) Meissner, (b) interme-
diate, (c) mixed, (d) mixed-Meissner, (e) mixed-intermediate, and (f) normal states. The TF-u SR time spectra for the corresponding states are
shown in the Supplemental Material [40]. (g) Neutron diffraction image showing formation of a regular square flux-line lattice in ZrB,, grown

under an applied field of 300 Oe at 1.6 K.

its superconducting properties, including describing ZrBi,
as a conventional superconductor with enhanced surface ef-
fects [22,23], a strongly coupled s-wave gap structure [24].
Even d-wave superconductivity has been proposed for this
compound [25]. However, the true nature of the super-
conductivity remains debatable and calls for more detailed
study [26]. The temperature dependence of magnetic pen-
etration depth exhibits pronounced a two-band feature [27]
which requires weak interband coupling [28]. This is precisely
the condition where the system develops two well-defined
coherence lengths, requires retaining two field components
in a Ginzburg-Landau description [13,16], and excludes
the physics that relies on near degeneracy of the length
scales [6-9], which make it a particularly interesting material
to explore new physics. Recent band-structure calculations of
Z1B; concluded that the Fermi surface of ZrB, is composed
of an open sheet and a closed sheet [29], which might be
the source of the multiband character of superconductivity.
Furthermore, while it was reported that specific heat measure-
ments as a function of field show a pronounced first-order-like
normal- to superconducting-state transition with latent heat at
elevated temperatures, consistent with a type-I behavior [30],
different studies report observation of vortices at relatively
high temperatures [31]. These contradicting results indicate
ZrB, may represent a special class of superconductors which
are inherently capable of hosting the type-I and type-II char-
acteristics simultaneously. This has attracted our attention for
investigating the superconducting properties of ZrBi, using
muon spin rotation-relaxation («SR) spectroscopy. This tech-
nique has been widely used to map the phase diagram and
study the microscopic properties of the vortex and Meissner
state of superconductors [32,33]. Investigations of the inter-
mediate state by wSR have been limited to a few elemental
superconductors [34-37]; however, recently, there has been
increased attention in conjunction with the nature of the super-
conductivity of the noncentrosymmetric BeAu [38,39]. Here,
we employed SR spectroscopy on single crystals of ZrB,,
mapped the inhomogeneous magnetic field distributions, and
identified and characterized the different superconducting
states in the H-T phase diagram. Our studies reveal that

Z1B; exhibits the coexistence of ;SR signals typical of type-I
and type-II superconductors. This is experimental evidence
of coexisting type-I and type-II features. We theoretically
reproduce this signal in a phenomenological model of a su-
perconductor with two weakly coupled bands.

II. RESULTS

In this section, we present the magnetic field distribution
of ZrB, obtained by ;SR and point out the emergence of the
different superconducting phases on varying the applied mag-
netic field and temperature. In addition, we show the direct
signature of the well-ordered vortex lattice appearing in the
mixed state using neutron diffraction studies. This highlights
the advantage of using neutrons and muons in combination to
reveal different superconducting phases in materials.

A. uSR studies

Figures 1(a)-1(c) show the magnetic field distribution, ex-
tracted from the MaxEnt analysis of the raw TF-uSR time
spectra, which are very characteristic of the typical Meissner,
intermediate, and mixed states, respectively. At 3.6 K, 50 Oe,
which is well below H.; at this temperature, ZrB; is in the
Meissner state. This is clearly reflected in the observed field
distribution showing a strong component at zero magnetic
field. The presence of Zr nuclear moments leads to a typical
slow relaxation of a Kubo-Toyabe type [41] for the zero-
field component. The weak contribution at the applied field
value is a background signal that is mainly due to the muons
stopping in the cryostat walls and other parts of the sample
holder. The absence of any additional peaks implies that the
magnetic field is completely expelled from the body of the
superconductor. In a type-I superconductor, demagnetization
effects may induce the intermediate state, a stable coexistence
of the magnetic fields with regions of zero field and regions of
internal field ~B.. The magnetic field distribution observed
at 5.2 K and 50 Oe [see Fig. 1(b)] is very similar to an
intermediate state of a type-I superconductor (interestingly,
the study [31,42] reported vortices at these temperatures).
Besides the background peak at 50 Oe, we also observe a
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peak at higher field ~60 QOe, as well as a peak at B = 0,
indicating the presence of areas of expelled magnetic flux. At
1.6 K and an applied field of 350 Oe, ZrB; is found in the
mixed state. Such a state is characterized by the presence of
a lattice of quantized flux lines and is the hallmark of type-II
superconductivity. This leads to a distribution of internal fields
starting at a minimum value and increasing in weight up to
the so-called saddle point of the field distribution, which is
the most probable field, before falling with a long tail to a
maximum field value corresponding to the region close to
the vortex core. This signal is well described by a Gaussian
distribution of fields centered at the saddle point, which is
around 230 Oe in this case [see Fig. 1(c)], and displays the
expected diamagnetic shift with respect to the applied field.
We also observe a background signal at the applied field of
350 Oe. It is important to note that the absence of the peak at
B = 0 shows that the full volume of the sample is in the mixed
state. Figure 1(d) displays inhomogeneous field distribution in
the phase diagram, corresponding to an unusual coexistence
of the Meissner and the mixed state. This feature arises when
vortices have weak attractive interaction. The most interest-
ing feature is, however, presented in Fig. 1(e), dubbed as a
mixed-intermediate state. This represents the coexistence of
type-I and type-II superconductivity in this material. Indeed,
this is experimental evidence of unique coexistent type-I and
type-1I superconducting SR response that manifests itself as
coexistence of magnetic field excluded area as well as the two
features below and above the peak corresponding to applied
magnetic field. Figure 1(f) shows that at 1.4 K, for an applied
field of 500 Oe, ZrB;, returns in the normal state. Here, the
field penetrates the bulk of the sample completely, and we
observe a homogeneous field distribution in the TF-u SR time
spectra, corresponding to a single peak at the applied field
position in the MaxEnt data [43].

B. Neutron diffraction studies

Small-angle neutron scattering (SANS) measurements al-
low us to confirm and characterise the flux-line lattice (FLL)
in the mixed state of ZrB,. A representative diffraction image
of ZrB; is presented in Fig. 1(g). It is interesting to note that
the flux-line lattice is square for all fields (applied along the a
axis) and temperatures in the mixed state of ZrB,. In general,
vortex lattices are hexagonal. Nonhexagonal vortex lattices
may appear due to unconventional superconductivity [44],
nonlocality [45,46] and multiband effects [17,47,48].

III. DISCUSSION

TF-uSR data collected at various fields and temperature
are summarized in a H-T phase diagram in Fig. 2. A dis-
tinctive feature of the phase diagram is the existence of three
superconducting phases, giving distinctly different ©SR sig-
natures. Besides standard signatures for the Meissner, mixed,
and intermediate states, we obtain unconventional response
of a coexisting mixed-Meissner state. The coexistence of the
vortex clusters and Meissner domains in ZrB; is very sig-
nificant even when there is a substantial difference between
the first and second critical magnetic fields. Approximating
the model by a single-component theory, one can estimate «
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FIG. 2. Different superconducting phases of ZrBj, as described
in the text; the types refer to different SR responses shown in Fig. 1.
Different colors approximately highlight areas with different types of
1SR response. The points in the H-T plane indicate where the data
were obtained and their colors show the assignment drawn from the
MaxEnt analysis of the internal field distribution.

through the difference between the first and second critical
fields. However, the width of the parameter space where a
substantial attraction is observed in single-band theory is not
consistent with the single component theory of superconduc-
tors with k & 1/4/2 [6-9]. The stronger and arbitrary broad
regime of intervortex attraction was predicted to occur in a
very different, so-called type-1.5 state that forms in multi-
band superconductors if there are two coherence lengths, one
smaller and one larger than the magnetic field penetration
depth [12,13,15-18]. Observation of such a state was claimed
for MgB, [14,49], on the basis of surface probes showing
regions with an inhomogeneous clustering of vortices and
regions void of vortices. Note that the interband coupling
in ZrBj, is expected to be very weak [27]. The magnetic
response of such system may approximately be viewed as
coexistence of almost type-I-like transport in one band (i.e.,
superflow that is mostly located at the surfaces of vortex
clusters) and almost type-II-like transport in other band (mim-
icking vortices in type-II superconductors) [15,50].

The most important result of this study is the observation
of the mixed-intermediate state showing coexistence of type-
I-like and type-II-like responses. Note that the “coexistent
type-I and type-II response” is not a consequence of spatial
inhomogeneity of x. Namely, in order to produce such a
response, the homogeneity should be of very large length
scale, with macroscopic type-I domain. But then, at different
temperatures, such inhomogeneity would result in multiple
peaks above the applied magnetic field in the type-I regime,
which was not observed here. That points to intrinsic origin of
the effect.

Theoretical modeling

In order to analyze the origin of this uSR response, we
performed numerical modeling of both single- and multiband
models. The relatively weak interband coupling, suggested
by temperature dependence of magnetic field penetration
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length, suggests that one needs to account for superconduct-
ing degrees of freedom in both bands and use the two-band
Ginzburg-Landau model [16]. We were able to reproduce
such signatures using a phenomenological two-band model
with relatively weak interband coupling in a type-1.5 regime.
The two-band Ginzburg-Landau free energy in dimensionless
units reads

1 . 2 1 2 2
f=§§2|<V+zeA>wi| +5IVxA = HP = [y

1 4 2 13 4, 1N * *
+§|1/fl| +ofin| +5|1/le +5 W YY), ey
where H is applied magnetic field, A is magnetic vector
potential, v, represent the superconducting components
associated with two bands, and the interband Josephson cou-
pling 1 should be small, consistently with Ref. [27]. Note
that a comparative study with two-band Eilenberger the-
ory shows that this model works even at temperature far
below T, if interband coupling is weak and coefficients
are treated phenomenologically [16]. For a detailed dis-
cussion of coherence lengths in this model, see Ref. [51].
The dimensionless parameters were searched phenomenolog-
ically to reproduce the uSR data. We show the modeling
reproducing the puSR signal of coexistence Meissner and
vortex states and the mixed state in the Supplemental Ma-
terial [40]. The field distribution qualitatively corresponding
to the most unusual regime, shown in Fig. 1(e), was re-
produced when the model was in the regime where one
coherence length is smaller and another is larger than the
magnetic field penetration length [15,50], e=1.45, « =—0.5,
B=1, n==0.05, where vortices have long-range attractive
and short-range repulsive interaction. Note that for strong
intervortex attraction the model has a magnetic response very
similar to type-I superconductors, where instead of normal
domains one has tightly bound vortex clusters. To search
for stable states, we numerically minimized the total energy,
E = [Fdxdy. Minimization was performed by the nonlin-
ear conjugate gradient method implemented for the NVIDIA
CUDA architecture; see Ref. [52] and the Supplemental
Material [40] for details.

We find that in the type-1.5 regime there are stable states
that give field distribution qualitatively similar to that ob-
served in experiment. Figure 3 shows an example of a
stable state that gives a similar ©SR response, termed the
mixed-intermediate state. In our simulation, we obtain such
a response where a tightly bound vortex state coexists with
vortexless domains forming due to intervortex interaction.
The flux exclusion domains correspond to low- and zero-
magnetic field contributions to p(B). The tightly bound vortex
state where the type-I-like component has excess current on
the surface of vortex clusters give both the mixed-state-like
feature p(B) and the contribution in p(B) corresponding to
fields larger than the applied magnetic field [53].

IV. CONCLUSION

We have performed SR and neutron diffraction measure-
ments to study the rich superconducting phase diagram of

@) EY X3 (o) ;
. A ~ |

50 0. 06 Ef, |hl

| . . . &~ I
Iyl = il
{

T

)v

-

0.5 H=0.95
Internal field, B (a.u.)

- -

. L - - - b
0

s 2 =

o

FIG. 3. Numerical simulation reproducing SR signature of the
mixed-intermediate state in the type-1.5 regime. (a) The state corre-
sponding to such a response is Meissner voids in tightly bound vortex
domain (a vortex analogies of Landau state). The image shows a part
of the simulation box that contained 72 vortices and was stabilized
within a square whose area is approximately 1.5 times larger than
the image. (b) Internal field distribution, corresponding to the area
depicted in panel (a).

ZrB|,. The most striking effect found in ZrB,; is a simulta-
neous demonstration of both type-I and type-II characteristics
in the uSR response in the same compound in a certain
temperature range. It was possible to reproduce such a sig-
nal in a phenomenological model that takes into account
multiple bands. At a large length scale, the state will have
great similarities with the Landau state of type-I supercon-
ductors with Meissner domains immersed into proliferated
tightly bound vortex domains. It would be interesting to
extend our studies using low-energy-muon beams [33] to
probe the near-surface region in order to map and com-
pare the superconductivity in this region with the bulk
and to address the role of multiband effects on surface
superconductivity.
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