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Superconductivity at 2.2 K in the layered oxypnictide La;Ni,P,0,
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We report the observation of superconductivity in LasNiyP,0, at 2.2 K. The layer stacking in this compound
results in an asymmetric distribution of charge reservoir layers around the Ni,P, planes. The estimated Wilson
ratio, Ry =35, indicates the presence of strongly enhanced normal-state susceptibility, but many of the basic
superconducting characteristics are conventional. The estimated electronic contribution to the specific heat,
y~6.2 mJ mol-Ni~! K2, is about 2/3 of that found in layered nickel borocarbide superconductors.
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Like the high-T. copper oxides,! the oxypnictide
superconductors®>* are based on square metal layers. Several
structural classes of these superconductors (with X-M,-X
layers, where M=Fe or Ni, and X=P, As, or Se), are cur-
rently known. The simplest is based on 8-FeSe,> which con-
sists of Se-Fe,-Se layers only, and can be considered as the
parent compound of the family. A related compound,
Li,FeAs, also superconducts.®’ Others, typified by BaNi,P,
(Ref. 8) and K-doped BaFe,As,,° are derived from the
B-FeSe-like parent by inserting layers of alkali earth ions
between X-M,-X layers. Superconducting LaFeAsO and La-
NiPO (Refs. 2 and 3) are derived instead by inserting whole
La-O,-La layers between the X-M,-X layers. Here we show
that La;NiyP,0,, a compound that has a mixed-layer struc-
ture between LaNi,P, and LaNiPO, is superconducting with
a T. of 2.2 K. The stacking of inequivalent charge reservoir
layers in LasNi P,O, leads to an asymmetric distribution of
ionic layers around the Ni,P, planes, a structure-derived
electronic feature that is not observed in any other known
member of the superconducting oxypnictides.

Polycrystalline La;Ni P,0, samples were prepared from
NisP,, elemental P, and dry La,0;.!° Physical property char-
acterization was performed on a Quantum Design physical
property measurement system (PPMS). Neutron-diffraction
data were collected at the NIST Center for Neutron Research
on the BT-1 powder neutron diffractometer.! The crystal
structure was determined by a Rietveld fit'>!3 to powder
neutron-diffraction data. The diffracted peak positions and
intensities were well fit by a tetragonal Pr;Cu,P,O,-type
crystal structure.'* The fractional occupancies of each crys-
tallographic site were independently refined and, within two
standard deviations, were all found to be equal to one. There-

PACS number(s): 74.70.Dd, 74.62.Bf

seen throughout the superconducting oxypnictide family.
The M-X bond lengths and M-X-M bond angles within
these covalent layers are under discussion as important
chemical influences on the electronic properties in this fam-
ily of compounds (see, e.g., Ref. 15), as is X-X bonding.'®
These layers are separated in the new compound by an alter-
nating pattern of layers of La and La-O,-La. Figure 1 shows
the crystal structure, which is an ordered structural mixture
of LaNiPO (Ref. 3) and LaNi,P,,'7 and its relationship to
those phases and the parent SB-FeSe structure type. These
compounds form a homologous series with the formula
(La,0,),,[La/Ba],(NiyP;),.;,»» and, including La;Ni,P,40,,
the m,n pairs (1,0), (0,1), and (1,1) are known to support
superconductivity. In Fig. 1, the La** and O~2 ions are drawn
using ionic radii and the M and X atoms are drawn using
covalent radii. This rendering reflects a chemically interest-
ing aspect of the oxypnictide superconductors—the intimate
intergrowth of highly ionic layers such as La** and
(Lay0,)?* with highly covalent X-M,-X layers such as Ni,P,
or Fe,As,. These ionic layers are the “charge reservoirs;”
completely analogous to those in the layered high-7,. copper

TABLE 1. Refined structural parameters for LazNiyP,O, at 298
K. Space group I4/mmm (139), a=4.0107(1) A, ¢
=26.1811(9) A. Calculated density 6.36 gm cm™. Ui, =thermal
vibration parameters in 1072 A2 Figures of merit: goodness of fit
(x*)=1.073, weighted profile residual (Ryp)=4.87%, profile re-
sidual (R,)=3.98%, and residual on structure factors [R(F?)]
=5.45%.

La3Ni4P402 T=298 K

fore the structure can be considered stoichiometric, and for Atom Uiso Position z

the final refinement, all site occupancies were fixed at unity.

The refined structural parameters are summarized in Table I. Lal 0.88(5) 2a (0,00

Small quantities of two impurity phases are present in the La2 0.88(5) 4e (0,0,2) 0.7013(1)

best preparations; 10.0(2)% of LaNiPO and 6.1(2)% LaNisP; ~ Ni 1.15(4) 8g (0,1/2,2) 0.09278(7)

were included in the final fit for the sample characterized in P1 0.84(7) 4e (0,0,2) 0.1335(2)

this study. P2 0.84(7) 4e (0,0,2) 0.5493(2)
The crystal structure of LazNi,P,O, is made from co- o) 1.2(1) 4d (0,1/2,1/4)

valently bonded P-Ni,-P layers, the common structural motif
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oxides. What is unique about La;Ni,P,O, among the oxyp-
nictide superconductors is that the distribution of charge res-
ervoir layers around the Ni,P, plane is highly asymmetric;
i.e., the sequence of layers is [La**]-[P-Ni,-P]-[La-O,-La]**.
Thus, the Ni,P, layer is sandwiched between two different
ionic layers—an arrangement that should lead to the pres-
ence of a local electric-dipole field across the superconduct-
ing plane.

Figure 2 shows the superconducting transition for
La;Ni P40, characterized by magnetic susceptibility (Hpc
=10 Oe). The critical temperature (7) is about 2.2 K. The
minor diamagnetism visible in the temperature range 2.5 K
to 4 K is associated with the presence of the 10% LaNiPO
impurity phase. As is the usual case, pinning of vortices pro-
duces a smaller field-cooled (FC) signal compared to zero-
field cooling (ZFC). The diamagnetic response in ZFC mea-
surements is substantially larger than 1/4, which we
attribute to demagnetization effects of the rectangular-shaped
sample. To estimate the demagnetization factor (d), measure-
ments of the low-field magnetization were made at 1.9 K,
shown in Fig. 3. Assuming that the initial linear response to
fields less than 50 Oe is perfectly diamagnetic, that is, that
the slope dM/dH is —1/4m, we obtain a demagnetization
factor that is consistent with the sample’s shape. Applying
this demagnetization factor gives the maximum ZFC suscep-
tibility in Fig. 2 of approximately —1.1(1/4). As shown in
the inset of Fig. 3, M(1.9 K) begins to deviate from a fitted
linear dependence on H at a field H* =60 Oe, giving a lower
critical field,'® taking into account the demagnetization fac-
tor, of He (1.9 K)=H*/(1-d)=90=* 10 Oe. The estimated
uncertainty reflects criteria that H* is either the field above
which M first deviates from the fitted line or the field where
M deviates by 2.5% above the fitted curve. On the basis of
this H at 1.9 K and T, in zero field, a crude estimate of the
zero-temperature lower critical field is about 520 Oe, which
would imply a Ginzburg-Landau superconducting penetra-
tion depth of approximately \g; of 55050 A.'®

The inset of Fig. 2 shows the temperature dependence of

the estimated normal-state magnetic susceptibility. Low-field
(H=1 kOe) measurements indicated the presence of small
amounts of ferromagnetic impurity with a low coercive field,
likely elemental nickel, in the best samples. This makes the
usual low-field measurement of susceptibility invalid due to
the relatively high contribution of the ferromagnetic impurity
to the measured magnetization at low fields. Therefore, to
approximate the intrinsic susceptibility of La;NisP,0,, the
difference in magnetization AM between applied fields of 50
and 40 kOe, well above the coercive field of the ferromag-
netic impurity, was employed to estimate the susceptibility

=AM/AH. Above 250 K La;Ni P40, exhibits temperature-
independent  Pauli  paramagnetism  with  y,=1.8
X 10™* emu mol™!. Below 250 K, x(T) increases with de-
creasing temperature and reaches maximum at about 14 K.
This may reflect the existence of a magnetic transition in this
phase, but the presence of LaNiPO and LaNisP; impurities

02 4
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FIG. 2. (Color online) Superconducting transition measured in
zero-field-cooled (closed circles) and field-cooled mode (open
circles) under applied magnetic field 10 Oe. Inset of the figure
represents magnetic susceptibility (AM/AH) in the wide tempera-
ture range. x=AM/AH was calculated as the difference in magne-
tization AM between applied fields of 50 and 40 kOe (see text).
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FIG. 3. Magnetization (M) versus applied magnetic field (H) at
constant temperature 1.9 K. The solid line corresponds to linear
relation (~H) for H<50 Oe. The inset shows deviation from a
fitted linear dependence on H at a field H* (obtained from the fit
between 5 and 50 Oe),

precludes more detailed analysis at this time.

Specific-heat (C,) measurements performed at 0 and 90
kOe magnetic fields are shown in Fig. 4. The data in zero
field (closed circles) show an anomaly at 7,.=2.3 K, close to
the T, determined by susceptibility measurement. (There is
also a small anomaly near 4 K due to the LaNiPO impurity.)
The normal-state specific heat measured at wuoH=9 T,
shown by open circles, was fitted to C,=T+ BT3+A/ 72,
where the first, second, and third terms represent electronic,
lattice, and nuclear Schottky contributions, respectively.
The fit to these data allows us to estimate 7y
=6.2 mJ mol-Ni~! K2, B=0.14 m] mol-Ni~' K™, and A
=0.49 mJ mol-Ni~! K. The value of 7y is smaller than those
found in the layered nickel borocarbide superconductors,
e.g., LuNi,B,C (8.9 mJ mol-Ni~! K72),'° which also have
significantly higher Ts (16.5 K for LuNi,B,C). Given both
v and x,, the Wilson ratio can be estimated for La;Niy,P,O,,

C (mkg)*xo _
yielding Rw=ﬁ ~5 [e=2.76 X 102! erg/Oe was cal-
> Freff
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FIG. 4. (Color online) Heat capacity data under O T and 9 T
applied magnetic field. The green line represents a fit to the data
(see text). The inset shows electronic specific heat (C /T) in the
low-temperature range. The entropy conservation construction gives
AC,/ yT.=1.25, underestimated due to the presence of the impurity
phases.
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FIG. 5. (Color online) Temperature dependence of electrical re-
sistance R(7)/R(300 K). The upper inset shows the temperature
dependence of the upper critical field (H¢,) from the midpoint of
the superconducting transition [p(7.)=1/2p,. ]. Lower inset shows
resistance data at low temperature, illustrating the changes in the
superconducting transition with applied magnetic field. The pres-
ence of the LaNiPO minority phase results in a partial transition
starting near 4.5 K that is suppressed quickly in the applied field.

culated from the x(7) fit of 50-350 K to Curie-Weiss law].
This is significantly higher than the free-electron value (R,
=1) and indicates a spin-enhanced susceptibility. The nor-
malized specific-heat jump at 7. can also be calculated from
v. The experimental value for La;Ni P,O,, AC,, / yT.=1.25,
is lower than the BCS prediction?® of 1.43, likely due to the
influence of the impurity phases on the measured 7. The
simple Debye model connects the B coefficient and Debye

temperature (©,) through ®D=(152—;:nR)”3%360 K, where
R=8314 Jmol"' K™!, B,=48=0.56 mJ mol K* and n
=13 for LazNi P,0,. With this value for ® ), we can estimate
the electron-phonon coupling constant (\,) from McMil-
_ L04+p* In(©,/1.45T,)
P (1-0.62u%)In(O /1.45T,)~1.04°
Coulomb repulsion constant. Taking a typical value for u*
=0.10, we estimate A.,~ 0.5, which implies that La;Ni,P,O,
is a weakly to moderately coupled superconductor, consistent
with the specific-heat jump at 7.

Electrical resistivity measurements are shown in the main
panel of Fig. 5. Between room temperature and 5 K, the
resistivity decreases by nearly a factor of 10, which is rea-
sonable for a polycrystalline sample. The lower inset shows
the resistivity near T, for representative applied fields. The
higher transition is associated with the LaNiPO impurity,
which superconducts near 4 K. Due to the presence of this
superconducting impurity phase, we use the temperature at
which the resistivity reaches half its normal-state value,
p(T)=1/2 p to define the midpoint 7. of LazNiy,P,0,.
With this definition of T, the upper inset of Fig. 5 presents
the temperature dependence of the estimated upper critical
field (H). The initial slope —dH,/dT,=0.31(1) T/K per-
mits an estimate the zero-temperature upper critical field
H»(0) from 0.7T, dH/dT.~6 kOe.?> With this estimate
for H¢,(0), the zero-temperature superconducting coherence
length can be estimated® as &=[¢y/27H(0)]"?
~240+20 A, where ¢, is the flux quantum. This is a rea-
sonable value, but is significantly larger than that found in

lian’s relation:2! \ where u* is a
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the related Ni-based superconductors YNi,B,C (65 A) (Ref.
23) and MgCNiy (47 A).2* The present analysis does not
reveal any overtly unconventional behavior in La;Ni P,0,
beyond the presence of a spin-enhanced susceptibility. While
there is widespread belief that there is a relationship between
superconductivity and magnetism in the Fe-based oxypnic-
tides, early band-structure calculations on LaNiPO (Ref. 25)
have been interpreted as indicating that the nickel oxypnic-
tides are conventional superconductors. The issue of conven-
tional vs unconventional superconductivity in the Ni-based
superconductors—the layered borocarbides and
MgCNis;—continues to be an open one, however. Arguments
both for and against conventional superconductivity in this
family, based on detailed experiments, continue to be
presented.'?2>-28 Thus, future detailed characterization of the
nickel-based  oxypnictide  superconductors  BaNi,P,,
La;NiyP,O,, and LaNiPO will be of interest. The crystal
structure of La;NizP,4O, is unique among the superconduct-

PHYSICAL REVIEW B 79, 012505 (2009)

ing oxypnictides due to the asymmetric distribution of charge
reservoir layers around the Ni,P, plane. For the one copper
oxide superconductor in which a similar structural asymme-
try is known, Y,Ba,Cu,0;5, unexpected behavior has been
predicted.”” Whether this asymmetry may be the reason why
the T, in LasNi P40, is approximately half that of BaNi,P,
and LaNiPO is an issue that will require further study. The
growth of single crystals will be required to provide more
precise characterization of the normal state and supercon-
ducting properties.
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