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Abstract

Layered Pnictides are proven to be a great reservoir for superconductors in the past and ternary zirconium pnictide chalcogenides
of ZrXY-type (X =P, As; Y = S, Se) might be a platform for new superconductors. The superconducting properties of carefully
grown (chemical transport reaction) single crystals of ZrP;5,Sq46 With a transition temperature of T, = 3.5 K are investigated.
This compound (PbFCI structure type) contains square planar nets: One of the nets is completely occupied (no vacancies) by P,
the other one characterized by a random distribution of P and S (full occupation: no vacancies). Besides zero-field-cooling (zfc),
field-cooling (fc), and remanent moment (rem) measurements, especially magnetization and ac susceptibility measurements are
performed. A nearly ideal type-Il behavior with a Ginzburg-Landau parameter x = 24 is found. The magnetization curves
between B, and B, for increasing field are in excellent agreement with theoretical calculations performed by E. H. Brandt based
on the Ginzburg-Landau theory. The decreasing branches of the magnetization curves are asymmetric about the field axis
indicating weak pinning and also large diamagnetic behavior.
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1. Introduction

Recently, superconductivity in single crystals of ternary Zr pnictide chalcogenides was reported [1,2]. Depending
on the chemical composition the highest superconducting transition temperature of T, = 3.5 K was found for the
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system ZrP; 54S0.46 Which was established by zfc and fc magnetization data as well as by specific heat measurements,
providing evidence for bulk superconductivity in this system. These findings are remarkable in comparison with the
behavior of the closely related system ZrAs; ssSeg39 showing superconductivity only at T, = 0.14 K [1,2]. Both
systems crystallize in the tetragonal PbFCI structure type [3]. ZrAs; ssSeq 39 has about 3 at.% vacancies within the
monoatomic As layer, whereas ZrP;s,Sg46 CONtains the P layers without detectable indications for any kind of
vacancies. The absence of vacancies in ZrP 54Sq 46 might promote the superconductivity in this system.

On the other hand early investigations of the sub-systems Zr-P and Zr-S exhibit superconducting transition
temperatures comparable to that of ZrP;5,Sg 4. For a-ZrP transition temperatures from 4.3 to 4.9 K were reported
for NaCl-type ZrP1 9. FOr the system Zrggs.085S, also with NaCl-type structure, transition temperatures from 3.70
to 3.87 K were found [4]. However, the samples used in these investigations, were no single crystals but powdered
materials. Although the crystal structures of these binary compounds are different from those of the ternary phases,
the atomic distances between Zr and P or S, respectively, are comparable. In the binary compounds the distances are
263 pm for Zr-P and 258 pm for Zr-S [4], whereas in the ternary compound the distance between the Zr- and the P-
layers is 260 pm and between the Zr- and P/S-layers is 287 pm. In view of this background it is desirable to get more
detailed information on the superconducting properties of ZrP, 54Sq 46 Which are presented in this contribution.

2. Experimental

Single crystals of ZrP; 54Sg 4¢ are prepared by chemical transport reaction as already described in Ref. [1]. Using a
sample with a mass of 10.2 mg zero field cooled (zfc), field cooled (fc), remanent moment (rem), magnetization,
and ac susceptibility measurements are performed by means of commercially available magnetometers (MPMS and
PPMS, Quantum Design Inc.).

3. Results and discussions

3.1 Phase diagram
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Fig. 1. (a) Field-temperature phase diagram for ZrP; s,So.46, temperature dependence of the critical magnetic fields B.; and B.,. (b) phase diagram
including the irreversibility field B;, (markers for Bj: triangles: ac measurements, others: magnetization measurements)

Fig. 1(a) shows the temperature dependence of the lower and upper critical field By (T) and B,(T) determined
from magnetization curves. Within the error bars they follow a quadratic function crossing the temperature axis at
the transition temperature T, = 3.2 K. The onset transition occurs at 3.5 K. Following the expressions connecting the
Ginzburg-Landau parameter x with the ratio of the two critical fields given in Ref. [5], leads to a value of k = 24. An
analysis of the slopes of the magnetization curves at T, results in similar values. This x-value means that there exists
a relatively large area in the phase diagram where magnetic flux penetrates into the sample. However, for a rather
large part of this area the pinning forces are negligible as can be seen in fig. 1(b), showing in addition to the critical
field curves the irreversibility line B;,(T). Its values are only larger by a factor of about 5 compared to B (0) but
smaller by a factor of nearly 60 compared with B(0). This means that the system shows nearly ideal type-II
superconducting behavior. The temperature dependence of the irreversibility line follows also a quadratic function
but with a small correction described by an exponent m, (1 — (T/T¢)?)™ with m = 1.3. This leads to a smooth negative
bending near T, similar to the behavior of high-T. superconductors [6] which, according to the theory of Matsushita
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[7], is based on a depinning mechanism caused by thermally activated flux creep. The deviation of the values
determined from magnetization measurements might be due to another pinning mechanism perhaps depending on
the grain size which is comparable to the magnetic penetration depth A in this region.

3.2 Magnetization

Fig. 2(a) shows examples of magnetization loops for three different temperatures. The peaks where magnetic flux
starts to penetrate into the sample are rather sharp also indicating type-11 behavior with very weak pinning. For
further analyzing of the magnetization curves the parts between B, and B, are considered. As example the curve
for the temperature 1.8 K is shown in fig. 2(b). The magnetic moment —M is normalized to its maximum value B;
occurring at b = B/(B, — B;) on the horizontal axis, where b®® is plotted in order to stretch the low field region.
Such plots can be compared with theoretical expressions calculated by E.H. Brandt [5] from the Ginzburg-Landau
theory for the entire range of fields between B,; and B, and a set of Ginzburg-Landau parameters between x = 0.85
and « = 200. In the figure the prediction for x = 24 is plotted which leads to a very good agreement with our
experimental data. This means, that the field inside the sample corresponds to an ideal triangular vortex lattice.
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Fig. 2. (a) Central parts of magnetization loops for three different temperatures; (b) magnetization data for 1.8 K between B; and B, in
comparison with the prediction calculated from the Ginzburg-Landau theory [5]

3.3 Ac susceptibility

In order to get more information about the vortex dynamics ac susceptibility measurements are performed. The
temperature dependence of the real and imaginary parts of the ac susceptibility, y’ and "', was recorded in magnetic
fields up to 3 mT. Frequency and ac field amplitude were fixed to 1 kHz and 0.1 mT, respectively. Fig. 3(a) shows
some results. Comparing the applied magnetic fields with the phase diagram in fig. 1(b) shows that the curves for 2
and 3 mT do not enter the Meissner phase below B,. For further analysis the ac results are used which are obtained
for the fields where the zero field state is reached at the temperature of 1.8 K (0.27, 0.7, and 1.0 mT in fig. 3(a)). The
imaginary parts of the ac susceptibility are plotted against their real parts (fig. 3(b)). The peak heights of y" are
about 0.24 if the minimum values of y' are normalized to —1. So this plot shows the behavior of the transition region
from the field to the zero field state. This kind of plot can be compared with theoretical predictions [8] based either
on Bean’s critical state model or another model based on diffusive motion of the flux lines, both indicated in the
figure. Only at temperatures very near to the onset temperature to superconductivity the experimental values seem to
correspond to the model of diffusive motion. Mainly, however, their behavior agrees well with the prediction of the
critical state model.

3.4 Zfc, fc, and rem measurements

Zero field cooled (zfc), field cooled (fc), and remanent moment (rem) measurements are performed in different
applied magnetic fields (0.12, 0.335, 0.5, 1.0, and 5.0 mT). These field values are similar to the variety of fields
applied in the ac measurements in order to allow comparisons of the results of both methods. In agreement with the
ac results the zfc curves show that for applied fields below B, (at 1.8 K below 1.0 mT) complete flux expulsion is
reached. With increasing temperature flux penetration occurs earlier in higher applied magnetic fields. However, the
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Fig. 3. (a) Real parts y' (closed symbols) and imaginary parts y” of the ac susceptibility for different applied magnetic fields; (b) " plotted
against y’ for three fields in the low field region compared with theoretical predictions (triangles: 0.27, circles: 0.7, squares: 1.0 mT)

magnetic moments at 1.8 K (measured at the three magnetic fields 0.12, 0.335, and 0.5 mT) are not proportional to
these field values. An extrapolation to zero shows that their zero line occurs at about — 0.02 emu/g (= 4 % of the
magnetic moment at 0.12 mT). This indicates an additional diamagnetic contribution which obviously is due to
shielding currents localized in the surface region of the sample. This effect of diamagnetism cannot be neglected in
superconductors in which the pinning force is weak [9] which is reasonable in our case. Also the fc and rem
behavior supports such diamagnetism conspicuously. For both groups of curves the extrapolated zero line differs
from the real zero line: for the fc curves at their merging points and for the rem curves at the point where the sign of
the slope is changing. At temperatures above these points only this diamagnetic contribution is responsible for the
measured magnetic moments, whereas below these points in addition the flux line caused diamagnetism (fc) or
paramagnetism (rem), respectively, is present.

4. Conclusions

Single crystals of the layered zirconium pnictide chalcogenide ZrP; 54Sg.4¢ €Xhibit superconductivity below 3.5 K.
According to magnetization, ac susceptibility, zfc/fc, and rem measurements the material can be classified as a
nearly ideal type-1l superconductor. In the mixed state the magnetization follows the prediction of the Ginzburg-
Landau theory with a x-value of 24. The corresponding area in the phase diagram is relatively large with only weak
pinning forces. Furthermore the ac susceptibility behavior agrees well with the prediction of Bean’s critical state
model. The presence of weak pinning is also supported by an additional diamagnetic contribution observed in the
zfc/fc and rem measurements. In comparison with other Zr pnictide chalcogenides it is obvious that the absence of
vacancies in ZrPy 5,Sy 46 is essential for its superconducting properties.
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