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Results are reported for single crystals of the PbFCl-type layered compound ZrP, »;Se 73 that were produced
using the iodine vapor transport method. Electrical transport, magnetization, and heat capacity measurements re-
veal disordered metallic behavior and the occurrence of bulk superconductivity, with a transition temperature (7)
of 7.1 K and an anisotropic orbitally limited upper critical field. 3!'P nuclear magnetic resonance measurements
provide additional microscopic information, where the line shape, Knight shift, and spin-lattice relaxation data
are consistent with the superconductivity originating from the corrugated Zr-P(2c)/Se plane. This suggests that
the superconductivity first forms in the corrugated plane and the bulk superconductivity eventually occurs via
coupling between the square planar layers. These data also show that either there are multiple superconducting
gaps or there is a single gap that does not fully open across the entire Fermi surface. These results clarify the
superconducting state in this material and will enable further measurements that require single-crystal specimens.

DOLI: 10.1103/PhysRevB.102.144522

I. INTRODUCTION

There is ongoing interest in the field of superconductiv-
ity, with efforts spanning from dense hydrogen systems with
high transition temperatures [1] to unconventional Cooper
pairing in f-electron systems [2] to potential topological su-
perconductors [3]. In many cases, initial progress has been
driven by surveys of families of materials, e.g., hydrogen
sulfide [4], UTe; [5], and chemically intercalated Bi,Se; [6,7],
where various crystal/chemical trends are often associated
with their attractive properties. A particularly deep reservoir
for superconductivity and other novel behaviors is systems
that feature quasi-two-dimensional structural units, e.g., the
PbFCI, ThCr,Si,, and CaBe,Ge, type structures [8]. Interest
in these families of materials has produced recurring surges of
effort, where an example is the discovery of high-temperature
superconductivity in the Fe-(As,S,Se,Te) systems [9,10].

This motivated work in the phosphide-chalcogenides
Ai_BP, X, (A=Zr, Hf; B=Y, Lu; and X =S, Se)
[11-14], which crystallize in the tetragonal PbFCI structure
and can be viewed as consisting of stacked corrugated Zr-
P(2c)/Se planes that are separated by P square nets. These
materials are type II superconductors where the transition
temperature varies with chemical substitution, and share some
similarities with other quasi-two-dimensional superconduc-
tors such as LaO;_,F,BiS, [15,16]. In addition, electronic
structure calculations [12] suggest that there are linearly
dispersing bands near the Fermi surface, similar to what
is seen in the topological nodal fermion semimetal ZrSiS
[17-19]. While it remains to be established that these bands
are not merely conventional, this potentially places these
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materials at a focal point between superconductivity and topo-
logical protection. In order to fully clarify the behavior of
these systems, it will be necessary to perform measurements
on well-characterized single-crystal specimens to determine
(1) the band structure and superconducting gap symmetry and
(ii) whether the possible Dirac bands exhibit nontrivial topol-
ogy.

Here we report on the electrical transport, magnetization,
heat capacity, and 3'P nuclear magnetic resonance (NMR)
for single crystals of ZrP; ,7Seo73 that were produced using
the iodine vapor transport method. Bulk superconductivity
emerges from disordered metallic behavior at 7, = 7.1 K,
which is larger than the value reported for polycrystalline [11]
and earlier single-crystalline specimens [13]. Measurements
of the upper critical field H., show a pronounced anisotropy
between the ab plane and the ¢ axis. We also report results
for the electrical resistivity under hydrostatic pressure (0 <
P < 1.7 GPa), where T, decreases with increasing P, similar
to many other conventional superconductors [20] (see Supple-
mental Material [21]).

3'p NMR measurements additionally provide microscopic
information about the superconducting state by showing that
the two crystallographic sites associated with the P nets are
separately identifiable. Importantly, the NMR signal whose
line shape, Knight shift, and spin-lattice relaxation are con-
sistent with superconductivity is found to originate from
the corrugated Zr-P(2c)/Se plane. The relaxation data in
the superconducting state suggests either a residual DOS in
the superconducting gap or a multiple-gap structure due to
anisotropy and strong hybridization of the electronic bands
at the Fermi energy. While the NMR data provide strong
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evidence that superconductivity initially exists solely on the
corrugated planes, we propose that bulk superconductivity
eventually occurs at low enough temperatures via coupling
between the square planar layers.

II. EXPERIMENTAL METHODS

Single crystals of ZrP;;Sey73 were grown using the
chemical vapor transport method. A polycrystalline precursor
was first prepared by solid-state reaction of the pure elements
Zr:P:Se in the ratio of 2:1:2 at 1000°C for 24 hours. The
resulting powders were subsequently sealed under vacuum
with 3 mg/cm? of iodine in quartz tubes with lengths [ =
10 cm and diameters d = 18 mm. The tubes were placed in a
resistive tube furnace with one end at 800 °C (source) and the
other at 900 °C (drain) for 21 days. Following this reaction,
platelike single crystals were produced with typical surface
dimensions a, b ~ 350 x 350 um and thickness t &~ 100 um
[Fig. 1(a) inset]. The stoichiometry and crystalline structure
were determined using energy-dispersive x-ray spectroscopy
and single-crystal x-ray diffraction measurements.

Magnetization M measurements were performed on
aligned single crystals of ZrP;,;7Sep73 using a Quantum
Design magnetic properties measurement system. Electri-
cal resistivity p and heat capacity C measurements were
performed on aligned single crystals using a Quantum De-
sign physical property measurement system for 1.8 K < 7 <
300 K. As shown in the Supplemental Material [21], similar
behavior was observed throughout the batch, revealing that
there is minimal chemical variation between crystals. The up-
per critical field H., was measured from p(H ) measurements
at constant temperatures and sweeping field for H < 9 T. The
pressure P dependence of p(7') was measured using a piston-
cylinder pressure cell (see Supplemental Material [21]) where
the crystal was immersed in Daphne 7474 oil as the pressure-
transmitting medium. P was determined by measuring the su-
perconducting transition of a slab of 6N polycrystalline lead.

A 45 ug single crystal was used for 3'p (I =1/2, y, =
17.2356 MHz/T) NMR experiments. Despite the small sam-
ple size, measurements were possible because the ! P isotope
has 100% natural abundance and a relatively large gyromag-
netic ratio (y,) thereby giving a strong signal that makes it an
ideal nuclear probe. The NMR spectra were obtained using
a homemade NMR spectrometer with quadrature detection
and fast Fourier transform of the Hahn echo. The typical /2
pulse is ~1 us which allows enough pulse bandwidth to cover
the entire spectrum. The relaxation time was obtained using a
single 90° saturation pulse followed by a detection sequence.
The resulting magnetization recovery was fitted with a single
exponential appropriate for an / = 1/2 system. A home-built
NMR probe with a single-axis goniometer was used in a
liquid “He flow cryostat. The temperature was monitored
and regulated by LakeShore-340 temperature controller. A
sorption-type *He refrigerator was used at temperatures below
1.5 K.

III. RESULTS AND DISCUSSION

ZrPy,7Sep73 exhibits disordered metallic behavior that
culminates in bulk superconductivity below 7. = 7.1 K, as
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FIG. 1. (a) Electrical resistivity p vs temperature 7. The su-
perconducting transition temperature 7. = 7.1 K is defined as the
temperature where p(7') reaches zero. The right inset shows a typical
single-crystal specimen. (b) The zero-field-cooled (ZFC) and field-
cooled (FC) magnetic volume susceptibility under magnetic field
H = 10 Oe. The ZFC susceptibility saturates to a maximum value of
—1(1/4x) for H || c and —0.9(1/4m) for H || ab. (c) Specific heat C
divided by T vs T for 1.8 K < T < 10 K. The right inset shows C/T
vs T? where the dotted line is a fit to the data as described in the text.
The left inset shows the electronic component of the heat capacity
C,/T. The dotted lines represent an equal entropy construction used
to define 7. and the size of the jump.

evidenced by electrical resistivity, magnetic susceptibility, and
heat capacity measurements (Fig. 1). As shown in Fig. 1(a),
the residual resistivity pg &~ 340 ©2/cm indicates large disor-
der scattering for T 2 T.. This is consistent with earlier results
from polycrystalline [11] and single-crystalline [13] samples
which were grown by sintering under a pressure of 2 GPa,
but we point out that here 7, is noticeably larger than the
previous maximum value (7; max = 6.3 K atx = 0.75). Taking
into account the demagnetization factor [22] d = 0.67 for
H || c and d = 0.15 for H | ab, the zero-field-cooled (ZFC)
and field-cooled (FC) magnetic volume susceptibility under a
magnetic field H = 10 Oe are shown in Fig. 1(b). The ZFC
curve displays complete diamagnetic shielding 4w x, =~ —1
for H | ¢ and —0.9 for H || ab; the FC curve shows 14%
(27%) of the full Meissner state for H || ¢ (H || ab) at T =
2 K. These suggest that the superconductivity is bulklike, but
that the Meissner effect does not fully expel the magnetic
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FIG. 2. Temperature dependence of the electrical resistivity p(7")
in various magnetic fields H close to the superconducting transition.
Panels (a) and (b) show H applied parallel || and perpendicular L
to the ¢ axis, respectively. Panels (c) and (d) show the upper critical
fields H, vs T for H || and L to the ¢ axis, respectively. The dashed
lines are fits to the data using the Ginzburg-Landau theory.

field upon cooling through T, under an applied magnetic field,
consistent with expectations for a type II superconductor.

That the superconductivity is bulklike is confirmed by heat
capacity measurements [Fig. 1(c)], where a lambda anomaly
is observed in C/T at T.. A linear fit to the data for T > T,
using the function C/T = y + BT? yields the Sommerfeld
coefficient y ~ 3.1 mJ/molK? and B = 0.105 mJ/mol K*
[right inset of Fig. 1(c)]. From B the Debye temperature
0p = 382 K is calculated. When the size of the jump in
C/T at T. is determined using the entropy-balance method
[left inset of Fig. 1(c)], we find that AC/yT, ~ 1.15-1.3,
which is reduced from the expected value for a typical BCS
superconductor in the weak electron-phonon coupling limit
(AC/yT. =~ 1.43). The uncertainty in this value originates
from ambiguity in defining the jump AC/T;. Similar behavior
has previously been observed for other BCS superconductors,
including MgB,, where AC/y T, ~ 0.8-1.1 [23,24].

The anisotropic suppression of 7, for magnetic fields ap-
plied parallel to the ¢ axis and the ab plane is summarized in
Fig. 2. T is defined as the temperature for 90% p,,, where p,
is the normal-state resistivity. From this, we find that H, . <
H,» 4. As shown in Figs. 2(b) and 2(d), the upper critical field
curves are fitted using the Ginzburg-Landau expression [25],
toHe(T) = joH2(0) x [1 = (T/T.)*1/[1 + (T /T.)*], from
which it is possible to estimate the upper critical field p©oH,;.
From this analysis, we find that yuoH,(0) = 1.1 T for H || ¢
and 3.1 T for H || ab. Alternatively, the upper critical field for
a single-band BCS-type superconductor is given by H,(T) =
—AET—TH(T:TC) where A = 0.69 in the dirty limit [26]. For
H | ¢ (H | ab), the slopes ddH—T’Z = —0.19T /K (-0.51T/K)
are determined for the temperature range 3K <7 < 6 K.
Taking T, = 7.1 K, the upper critical field can thus be esti-
mated 0.94 T for H || ¢ and H,, = 2.53 T for H || ab. Note
that following either method, these values for H,, are larger
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FIG. 3. (a) The zero-field-cooled (ZFC) and field-cooled (FC)
magnetic volume susceptibility under magnetic field H = 10 Oe.
The superconducting critical temperature 7, is about 7.18 K.
The maximum ZFC susceptibility is —0.9(1/4x) for H || ab and
—1(1/4m) for H || c. (b) Magnetization M vs magnetic field H at
various temperatures for ZrP; »;Seq73. The black solid line is fit to
the 2 K data in the low-field linear region. (c) Fitting H,; data by
the formula H, | (T) = H,,(0)[1 — (T /T.)?]. The red solid line is the
fitting curve.

than those previously reported for polycrystalline samples. It
is also useful to compare to the Pauli limited upper critical
fields H, = 1.84T, = 13.2 T, which shows that the supercon-
ductivity is orbitally limited. The coherence length can also
be calculated using the formula H 0”2"(0) = ®y/ [Znéazb(O)] and
H5"(0) = ®0/[27£,(0)E.(0)], where Bg = h/2e. The £,(0)
and £.(0) are calculated to be 17 nm and 6 nm, respectively
[25].

In Fig. 3 we show M (H) at various T where the behavior
is consistent with expectations for a type II superconductor.
Here, the black solid line is a linear fit to the low-field data,
from which H}] is defined as the field where M (H ) deviates
from linear behavior. Taking into account the demagnetiza-
tion factor and H.((T) = H};(T)/(1 — d), we extract the H,,
curve [Fig. 3(c)]. The zero-temperature lower critical field
can be found by fitting the data to uoH.(T) = poH:1(0) x
[1 — (T/T,)*] where joH"" = 47 Oe and poH!S = 124 Oe.
The in-plane superconducting penetration depth A, =
194 nm can be estimated by using the formula /L()HJ_‘]C =
o /(422 )[In k. + 0.5] where k, = Aap/Eqp = 11.4. The in-
terplane penetration depth A. = 745 nm can be estimated
by using the formula woH""" = o/ (@47 Aapre)In kg + 0.5]
where kg = /Aaphe /N EapEe = 55.8.

In order to further inspect the microscopic details of
the superconducting state, 3'P NMR measurements were
performed. A typical 3'P NMR normal-state spectrum, col-
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FIG. 4. (a) Crystal structure of ZrP,_.Se,. Typical 3'P NMR
spectra for x = 0.73. The narrow line A is identified as originating
from the square planar P(2a) sites and the broad line B from the
corrugated planar P(2c) sites. (b) Angular dependence of 3'P spectra
near 7, and close to H,,. The left peak A is saturated in these spectra
because of its long recovery time.

lected at H =2 T, is shown in Fig. 4(a). The spectrum
consists of 2 peaks, where there is an intense and narrow
line labeled “A” and a smaller and broader line “B” at higher
frequency. At 4.2 K, peak A exhibits a small frequency shift,
K4 = 0.06%, while peak B has about twice that value, Kz =
0.11%, with both being weakly temperature dependent. We
assign the narrow A peak to the P atoms on the P(2a) site
and the B peak to the P(2c) site. This assignment is made
because a much more uniform electronic environment in the
P(2a) sites suggests a narrow line (A) and the extra Se-injected
electrons into the P(2c) site would broaden the peak (B) and
would contribute to additional shifts as well. For x = 0.73,
it is expected that the peak intensity ratio B:A is close to
1/3 if all the Se atoms go to the P(2c) sites, but due to the
large difference in NMR relaxation between the two peaks,

site assignment using signal intensities are not always reliable.
Nevertheless, the contrasting spin dynamics demonstrated by
the two peaks corroborates this site assignment. We observed
that peak B has a very short spin-lattice relaxation 77 (and a
correspondingly short spin-coherence time, 7, as well) which
is more than an order of magnitude faster than peak A. Indeed,
the short 77 behavior is expected to occur in the carrier-rich
corrugated layer P(2¢) as fluctuations from hybridized Zr; /P,
electrons on these layers create magnetic relaxation channels
for the probe nuclei.

Figure 4(b) shows the spectral rotation pattern at 1.55 K,
close to transition temperature at low fields, H* = 0.97 T,
which is above Hy . but below Hy 4. At angles near 100°,
peak B suddenly becomes broadened while peak A re-
mains narrow. At the same time, peak B shifts toward lower
frequencies. This demonstrates that the system enters the
superconducting state as it is rotated in field. The B peak
broadens due to magnetic vortices. The shift toward lower
frequency is due to Cooper pairing which suppresses the spin
part of the Knight shift. The data also show that supercon-
ductivity exists on the B site but not on the A site. This
is reminiscent of planar (2D) superconductivity in high-T7;
cuprates. This observation is consistent with the relaxation
data as shown below.

Figure 5 shows the temperature dependence of the spin-
lattice relaxation rates 1/7] for peaks A and B measured at2 T
field parallel to the planes. Both sites exhibit Korringa behav-
ior above T.: T\T(A) = 16(2) sK and T;7(B) = 0.9(1) sK.
As mentioned earlier, the one order of magnitude difference
reflects the large electronic fluctuations occurring on the P(2c)
plane (B peak). Figure 6 shows the corresponding 1/77T
plots. Just below T, the slight bump, reminiscent of the co-
herence peak, is evident on this plot. It is then followed by
a sudden downturn toward lower temperatures as would be
expected from singlet pairing and formation of an energy gap.
Similar behavior has been found in the ”>As NMR in struc-
turally similar pnictide LiFeAs, but further work is needed to
establish that there is a common origin for the behavior in both
compounds [27].

In metals, the hyperfine interaction can be characterized
by the Korringa relation [28], (k*T1T)~' = «(0)ky, where
ky "= (ve/yu)*h/4mkp and the Stoner enhancement factor
«(0) = 1 for noninteracting electron gas. For the 3'P isotope,
ky !'= 1.6 x 107 sK. Using the experimental data for site B,
we found that the 3'P relaxation is slightly enhanced, by a
factor of ap(0) ~ 1.5. This enhancement is consistent with
the strong hybridization among P(2c),,, Zr4, and Se, bands at
the Fermi level. This result further justifies our site assign-
ment. Note that for site A, the enhancement is very small,
as(0) ~0.3.

Comparing the relaxation rates of the two peaks as a func-
tion of temperature, we see in Fig. 5 a change in slope at
T. ~ 3.7 K for the B site, while it remains Korringa (linear
in T') for the A site. This suggests that superconductivity ini-
tially occurs on the Zr-P(2c)/Se layer, a conclusion consistent
with the rotation data. Band structure calculation and doping
dependence suggest that the main conduction layer is on this
plane which leads to an increase in the density of states (DOS)
when Se is doped into the system [12].
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FIG. 5. (a) Temperature dependence of 3! P spin-lattice relaxation
in the P(2a) site (peak A) and (b) P(2c¢) site (peak B). For (b), the data
are fitted with various modified BCS functions.

The NMR relaxation rate 1/7) is related to the density of
states p(E, T) as follows:

1 oo
7 a[ lp(E, T f(E)[1 — f(E)E, ey

where f(E) is the Fermi-Dirac distribution function. For a
weak-coupling BCS superconductor the opening of a gap at
the Fermi energy below T, results in a spike of DOS on the
band edge. Concomitantly, the relaxation rate is enhanced, a
phenomenon known as the Hebel-Slichter peak or coherence
peak. The absence of the coherence peak suggests that the
Fermi energy is not fully gapped and the bands are strongly
hybridized around FS. For a simple band BCS model, the
density of states p(E, T') in the superconducting state may be
modeled as
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FIG. 6. (a) 3'P spin-lattice relaxation rate divided by temperature
in the P(2a) site (peak A) and (b) for the P(2c) site (peak B) for
H 1 c. The loss in density of states below T is clearly seen in peak
B but not in A. The dashed line in (a) is a guide to the eye. Lines in
(b) are the same fit as in Fig. 5.

where pq is the residual DOS and A(T) is the BCS order
parameter. Due to the finite-lifetime effects of the quasiparti-
cles on the gap edge, the thermal smearing factor I" is utilized
in our calculations to smoothen the singularities in the DOS.
Figures 5(b) and 6(b) show fits to the relaxation curve using
the above model as a basis. We note that a simple BCS gap
fails to fit the data but a model in which there are residual
states in the gap fits the data well. In order to explain the
doping dependence of T, it was earlier suggested [12] that
either an anisotropic gap or multiple gaps may exist. We fitted
the data to a two-gap model as shown. We obtained 6.1 K
and 1.0 K for the large and small gaps, respectively, with
75% of the weight on the small gap. The model fits the data
much better, especially at lower temperatures than the fit using
a finite residual DOS. However, the resolution of data does
not permit us to confidently discard one or the other. In any
case, it is clear that the low-temperature 1/7; behavior is
nonexponential which suggests that the superconducting gap
does not fully open in this material. It is worth noting that Fe
pnictides show a similar power-law behavior which is claimed
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to be from the strong-coupling effects and impurity scattering
[29,30].

IV. CONCLUSION

Single crystals of the compound ZrP »7Se( 73 prepared by
the chemical vapor pressure technique exhibit a superconduct-
ing transition near 7.1 K that has been confirmed in resistivity,
magnetic susceptibility, and heat capacity measurements. The
transition temperature 7, is suppressed anisotropically for
magnetic fields perpendicular and parallel to the ¢ axis. It is
also seen that 7, decreases as pressure increases, which might
suggest that the negative pressure could lead to larger 7, e.g.,
in ZrAs,_,Se,, HfAs,_,Se,, or HfAs,_,Te,. However, prior
results for ZrAs,_,Se, show that it is not a superconductor
and that the 7, of HfAs; 7Sep» and HfAs; ¢;Teg 12 are found
to be only 0.52 K and 1.67 K, respectively [14,31,32].

3'p NMR measurements provide microscopic information
about the nature of superconductivity in this system. The two
crystallographic sites have been separately identified in the
NMR spectra. The NMR line whose line shape, Knight shift,
and spin-lattice relaxation exhibit behavior consistent with
superconductivity is identified to originate from the

corrugated Zr-P(2c)/Se plane. The relaxation data in the
superconducting state suggest either a residual DOS in the
superconducting gap or a multiple-gap structure due to
anisotropy and strong hybridization of the electronic bands at
the Fermi energy. The NMR data provide strong evidence that
superconductivity initially exists solely on these planes, and
it is possible that bulk superconductivity eventually occurs
via tunneling mechanism through the square planar layers.
Taken together, these results clarify the superconductivity
of this material and will aid in further investigations of this
developing family of materials.
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