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Nearly-single-phase La3Ni 2B2N32d prepared by arc melting and subsequent annealing at 1100 °C is char-
acterized by x-ray powder techniques, electron microprobe analysis, and high-resolution electron microscopy.
A standardized set is provided for the crystallographic parameters, and structural chemistry is described from
the point of view of nonmetal-nonmetal interactions as well as of the metal coordination around the nonmetal
atoms. The superconducting properties of La3Ni 2B2N32d are studied by means of resistivity, magnetization,
and heat capacity measurements. The obtained critical fieldsm0Hc(0)50.16 T,m0Hc1(0)513(2) mT, and
m0Hc2(0)57.5(5) T classify La3Ni 2B2N32d as a hard type-II superconductor with a Ginzburg-Landau pa-
rameterk533(2), acoherence lengthj057.0(5) nm, and a penetration depthl(0) of about 210 nm. The
pressure dependence ofTc with dTc /dp52130 mK/kbar is found to be one order of magnitude larger than for
RNi 2B2C (R5Y, Lu!. Since the deviations of the thermodynamic ratios asDC/gTc , gTc

2/Hc
2(0),

Hc(0)/Hc8(Tc)Tc , andD(0)/kBTc from their BCS values are rather small, La3Ni 2B2N32d is characterized as
a phonon-mediated weak- to medium-coupling BCS superconductor.@S0163-1829~96!01638-4#

I. INTRODUCTION

The discovery of superconductivity in LuNi2B2C and
other quaternary lanthanide transition-metal borocarbides
with critical temperaturesTc up to 23 K ~Refs. 1–3! stimu-
lated the search for further intermetallic superconductors
with layered crystal structures. Recently, Cava and
co-workers4,5 reported new lanthanum nickel boronitrides
~LaN! nNi 2B2 with n52, 3 which are isostructural with the
homologous borocarbide series~YC! nNi 2B2 (n51,
. . . ,4!.5–7The structure of these compounds is body-centered
tetragonal and consists of Ni2B2 layers built from NiB4 tet-
rahedra separated byn LaN or YC rocksalt-type layers. For
the series ~YC! nNi 2B2 (n51, . . . ,4! superconductivity
could only be found for single-layer YNi2B2C (Tc.15 K!
whereas all others (n.1) are nonsuperconducting down to
4.2 K.7 Thus, it was speculated that the close contact of
Ni2B2 layers in YNi2B2C is a prerequisite for the appear-
ance of superconductivity. In the new quaternary boroni-
trides, however, superconductivity is observed for
La3Ni2B2N3 (Tc.12 K! where three LaN rocksalt-type lay-
ers separate the Ni2B2 layers. The two-layer compound
LaNiBN is reported to be nonsuperconducting down to
4.2 K.4 Recently, superconductivity up to 8.9 K was also re-
ported for the pseudoquaternary two-layer borocarbides

Y~Ni12xCux)BC and Lu~Ni 12xCux)BC by Gangopadhyay
and Schilling.8

The interesting question of whether the separation of the
Ni 2B2 layers by three LaN rocksalt layers gives rise to a
more two-dimensional character~as evidenced for many
high-Tc cuprates! was investigated via band structure calcu-
lations by Singh and Pickett9 and Mattheiss.10 They suggest
that the electronic properties are rather three dimensional.

The aim of the present paper is to characterize the ther-
modynamic properties of the superconducting state of
La3Ni2B2N32d and to compare the obtained results with
those of the single-layer borocarbide superconductors
RNi2B2C (R5Y, Lu!.

II. EXPERIMENT

Polycrystalline samples were synthesized by arc melting
on a water-cooled copper hearth using a tungsten electrode.
The starting materials were lanthanum ingots~Auer-Remy,
D, 99.9%!, Ni powder or ingots~Alfa-Ventron, D, 99.9%!,
and hexagonal boron nitride powder~Johnson Matthey &
Co., GB, 99.8%!, which was compacted to a small pellet
prior to use. In a first step, Ni and La were melted together in
an Ar atmosphere to produce a master alloy, which then was
reacted with the boron nitride pellet by dissolving it into the
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~La,Ni! melt heated by the arc. Reactions of La with pellets
made of Ni and BN powder resulted in rather poor speci-
mens. To ensure homogeneity the alloy buttons were broken
and remelted under Ar for several times. After changing the
gas in the arc-melting furnace to nitrogen~99.999%! the bro-
ken reguli were remelted again for several times. Alterna-
tively the first melting step, particularly of the La ingot, has
been carried out under nitrogen, and although this method
proved to be more difficult to prevent exothermic spitting of
the melt, a higher success rate in obtaining single-phase
products was achieved.

Rather large samples~'3.5 g! used for the specific heat
measurements were prepared in a final melting run under
nitrogen from individually homogenized smaller pellets,
each of about 1.5 g. For annealing, the samples were
wrapped in protective Mo foil, sealed in evacuated silica
capsules, and heated for 150 h at 1100 °C.

It should be mentioned that heat treatments, i.e., at 900 °C
under 105 Pa nitrogen, resulted in a pronounced formation of
LaN. Due to the high sensitivity of LaN to moisture, LaN-
containing samples decomposed quickly in air, while phase
pure bulk La3Ni 2B2N32d revealed a remarkable stability
and hardly changed even when stored for several weeks un-
der normal laboratory conditions. A small quantity of each
sample was powdered under cyclohexane, sealed in thin
quartz capillaries and exposed to CrKa radiation (lKa1
50.228 970 nm! in a Debye-Scherrer camera

(R5 57.296 mm!. Precise lattice parameters were deter-
mined by means of a least squares refinement of
Guinier-Huber photographs with CuKa1 radiation
(l50.154 056 2 nm! using an internal Ge standard
aGe50.565 790 6 nm.

A quantitative electron microprobe~EMP! analysis was
performed on a CAMEBAX SX 50 wavelength dispersive
spectrograph comparing theKa emissions of the elements B,
N, Ni, and theLa of La with those from standards of el-
emental Ni, VN, and LaB5.85. A deconvolution of Ni and La
had to be applied in addition to the general correction
procedure.11 The experimental parameters employed were
acceleration voltage of 15 kV, sample current of 15 nA, and
spectrometer crystals such as PET for LaLa , LiF for Ni
Ka, PC3 for BKa, and PC1 for the NKa.

Electron transparent areas of the specimens were obtained
by crushing under dry isopropanol, mounting the crushed
particles on a carbon-coated holey film, and then transferring
them into the electron microscope as quickly as possible.
High-resolution electron microscopy~HREM! was per-
formed with a Philips CM30ST electron microscope with a
field emission gun and Link energy-dispersive x-ray~EDX!
equipment operated at 300 kV.

Resistivity measurements in external magnetic fields up to
14 T were carried out in a conventional3He cryostat

FIG. 1. Low-resolution micrograph of La3Ni 2B2N32d showing
the absence of~planar! defects.

FIG. 2. HREM images of La3Ni 2B2N32d along @100# ~lower!
and@110# ~upper!. Averaged images are shown as insets. The bright
dots represent the La and Ni positions. The two images are aligned
in vertical direction such that Ni planes occur at the same height.
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~300 mK to 100 K! using a calibrated CERNOX temperature
sensor. Additionally, zero-field measurements were per-
formed up to room temperature. High-pressure resistivity
measurements up to 12 kbar were performed in a liquid pres-
sure cell with a 4:1 methanol-ethanol mixture as pressure-
transmitting medium. All resistivity measurements were per-
formed on bare-shaped samples employing a four-probe dc
method.

ac- and dc-susceptibility measurements were performed in
a calibrated ac susceptometer~80 Hz and field amplitudes up
to 1 mT! and in a 6 T superconducting quantum interference
device~SQUID! magnetometer, respectively.

Specific heat measurements up to 11 T were carried out
on 2 – 3 g samples in the temperature range 1.5–100 K and
in zero magnetic field from 80 to 300 K. Both experiments
employ a quasiadiabatic step heating technique.

III. RESULTS

A. Compound formation and structural chemistry

The quantitative analysis of the polycrystalline
La3Ni2B2N32d sample by EMP essentially revealed rather
stoichiometric La3Ni 2B2N3 as the bulk phase intergrown
with a few small areas of LaNiBN and with a few small
particles of nitrogen-free ternary lanthanum nickel borides.
From a line scan of more than 500 individually measured
points in intervals of 2mm we observe a variation of the N
content between 25 and 30 at. % whereas the corresponding
variation of the B, Ni, and La concentrations was less than 2
at. % in each case. In a further investigation of the micro-
structure of La3Ni 2B2N32d by transmission electron mi-
croscopy about 200 small crystals~0.5–5mm! were ana-

lyzed by EDX. All crystals had a La/Ni ratio which is
consistent with the composition La3Ni 2B2N3 except for one
which could be identified as LaNiBN. Crystals of the phase
La3Ni 2B2N32d were studied by HREM to check whether
any planar defects do occur. All crystals investigated did not
show any planar defects. About 30 crystals with an average
size of 5mm were investigated such that on a length scale of
0.15mm along thec axis no stacking fault was observed,
suggesting that the density of these defects is less than
10 ppm and thus not relevant for the physical properties. The
difference of this specimen with La3Ni 2B2N32d prepared
with rather short annealing times is remarkable. Whereas in
the latter specimens many planar defects do occur,5 such
defects are absent in the present specimen, as in other speci-
mens annealed for a relatively long time.

Figure 1 shows a transmission electron microscopy
~TEM! image of La3Ni 2B2N32d in @100# which is typical
for the material; no planar defect is present in this image.
Figure 2 shows HREM images along@100# and@110#. In the
@100# image the typical three rows of bright dots due to La
atoms in the triple LaN layers. The Ni atoms are imaged less
dominant~due to a smaller scattering potential and a short
distance between the Ni columns! but in the averaged image
they appear as bright dots too. In the@110# image the Ni and
La atoms are imaged approximately equally bright due to a
ratio of two Ni atoms per one La atom.

X-ray photographs of the alloy specimens prepared ac-
cording to the description given in Sec. II revealed an inten-
sity pattern which was successfully and completely indexed
on the basis of the crystal structure of La3Ni 2B2N3 ~see
Ref. 12! in combination with small amounts of secondary
phases~mainly unreacted BN; traces of LaNiBN found in the

FIG. 3. The crystal structure of La3Ni 2B2N3 in a three-dimensional perspective view.
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EMP analysis could not be resolved in the x-ray pattern!.
Using the atom positions as derived from a neutron powder
diffraction study,12 agreement between observed and calcu-
lated x-ray powder intensities is excellent.

The crystal structure of La3Ni 2B2N3 as a member of the
general family~LaN!m~NiB! n is usually described as a com-
bination of rocksalt LaN units with NiB-fluorite blocks.
These structure descriptions usually focused on the coordi-
nation of the metal atoms. Proper classification of ternary
metal borides, carbides, or nitrides, however, is usually
based on the metal coordination around the nonmetal atoms
~see Fig. 3!. The classification of ternary metal borides in-
cluding borocarbides and boronitrides was successful on the
basis of the type of the boron-boron aggregation as a func-
tion of the metal to boron ratio.13,14 In such a way the mani-
fold of about 900 ternary representatives of borides crystal-
lizing with about 130 various structure types is reduced to a
mere of only three different structural units:~a! the Archi-
median antiprismM8B, ~b! the trigonal prismM6B eventu-
ally enlarged to a tetrakaidekahedral coordinationM613B

with three additionalM atoms facing the rectangular prism
faces, and~c! in rather rare occasions, i.e., for typical metal
host structures, the octahedronM6B. As typical for binary
and ternary borides, the Archimedian antiprism is usually
observed for the structure typesM2B to M5B3 andM3B2.
This pattern not only holds for the ThCr2Si2-type borides
but also for the series (MN!m(M 8B! n , where the Archime-
dian antiprism again is the characteristic metal coordination
M4M48B around the B atom for the LuNiBC, and
YNi 2B2C as well as for the La3Ni 2B2N3 types. As usual
tight Ni-B bonds are formed, while La-B bonds~0.295 nm!
are slightly exceeding the sum of the atom radii
(RB1RLa50.274 nm! when we takea/2 as the structure in-
herent La radius and 0.088 nm for the radius of the boron
atom. In most of the hitherto known metal borocarbides and
boronitrides, carbon and nitrogen atoms~if not isolated! are
covalently bonded to the boron sublattice, forming either
single, double, or even higher bond orders. As a conse-
quence, carbon and nitrogen atoms when isolated are at the
centers of triangular prisms or metal octahedra, when at-

TABLE I. Crystallographic data of La3Ni 2B2N32d @standardized setting, calculated by the program
STRUCTURE TIDY ~Ref. 15! using the crystallographic data given in Ref. 12#.

Lattice parameters a50.37207~6! nm, c52.0514~6! nm, V50.2840~1! nm3, c/a55.514
Space group I4/mmm, No. 139, origin at center,Z52
Structure type La3Ni 2B2N3

Atom parameters, Atom Site x y z Occupation
standardized setting

N1 4e 0.0000 0.0000 0.1246 1.00
B 4e 0.0000 0.0000 0.1946 1.00
La1 4e 0.0000 0.0000 0.3705 1.00
Ni 4d 0.0000 0.5000 0.2500 1.00
N2 2b 0.0000 0.0000 0.5000 0.91
La2 2a 0.0000 0.0000 0.0000 1.00

Interatomic distances Central atom: Central atom: Central atom:
~nm! N1 B La1

Ligand Distances Ligand Distances Ligand Distances
atoms ~nm! atoms ~nm! atoms ~nm!

1 B 0.1436 1 N1 0.1436 4 N1 0.2632
1 La2 0.2556 4 Ni 0.2179 1 N2 0.2656
4 La1 0.2636 4 La1 0.2949 4 B 0.2949

4 Ni 0.3093
1 B 0.3608
4 La1 0.3719
4 La2 0.3738

Central atom: Central atom: Central atom:
Ni N2 La2

Ligand Distances Ligand Distances Ligand Distances
atoms ~nm! atoms ~nm! atoms ~nm!

4B 0.2179 4 La2 0.2630 2 N1 0.2556
4 Ni 0.2630 2 La1 0.2656 4 N2 0.2630
4 La1 0.3093 4 La2 0.3719

8 La1 0.3738

Bonding angles N-B-Ni Ni-B-Ni Ni-B-Ni B-Ni-B B-Ni-B N-B-La
121.39° 74.25° 117.21° 117.21° 105.75° 63.08°
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tached to the boron sublattice, are found in a sixfold coordi-
nation where one boron atom assumes the remaining vertex
of an octahedron which is thus rendered a tetragonal double
pyramid @M5B#N or @M5B#C. In these cases, the B, N non-
metal also appears to approach the center of the tetragonal
metal pyramideM5 out of the center of its basal square
M4. The B-N distance of 0.144 nm being rather short com-
pared to a single-bond distance ofRB1RN50.088
10.07750.165 nm ensures via a higher bond order a rather
tight binding between the LaN units with N in La6N octahe-
dra and the Archimedian antiprismatic La4Ni 4B blocks. As
typical for borides with 1,M /B,2, there is no direct B-B
connectivity. A summary of the crystallographic data of
La3Ni2B2N32d is given in Table I.

B. Magnetic and resistivity measurements

The temperature dependence of the magnetization upon
zero-field and field cooling of a bulk La3Ni 2B2N32d speci-
men with approximate dimensions of 0.53132.5 mm3 is
shown in Fig. 4~a! for applied fields of 3 mT and 30 G. In the
low-field limit ~3 mT! the shielding signal is in good agree-
ment with the value expected for perfect diamagnetism~us-
ing the theoretical density of 6.99 g/cm3 and the correction
for demagnetization of the macroscopic sample geometry,
D;0.15). The irreversibility upon field and zero-field cool-
ing is typical for hard type-II superconductivity. The Meiss-
ner ratio attains 16% at 0.1 T similar to the borocarbides.

Isothermal magnetization measurements were performed
subsequent to zero-field cooling of the sample. The lower
critical field m0Hc1 at various temperatures was first deter-
mined as the field whereM deviates from the linearM -H
relationship. The obtained result was additionally checked by
measuring minor isothermal hysteresis loops to progressively
higher magnetic fields. The field at which the loop begins to
open indicates flux penetration and, hence, the upper limit of
the Meissner state.

The magnetization loop determined at 2 K is shown in
Fig. 4~b!. The initial part of the magnetizationM (H) at vari-
ous temperatures is displayed in Fig. 4~c!. Analyzing the
deviations ofM (H) from linearity, we obtain an estimate for
the lower critical field at zero temperature,
m0Hc1(0)513(2) mT. The upper critical fieldm0Hc2 was
studied by means of resistivity and specific heat measure-
ments becauseHc2 exceeds the field regime covered by mag-
netic measurements.

The electrical resistivityr of La3Ni 2B2N32d ~measured
in zero magnetic field! is shown in Fig. 5. The resistive tran-
sition temperatureTc

r512.25(5) K is determined by the
mean of the temperatures corresponding to 10% and 90% of
the resistive jump. The difference between these tempera-
tures yields a transition width of 0.6 K. The normal state
resistivityr(T) can be accounted for by the Bloch-Gru¨neisen
relation

r~T!5r01
4B

QD
S T

QD
D 5E

0

QD /T z5dz

~ez21!~12e2z!
. ~1!

A least squares fit according to this model~shown as the
solid line in Fig. 5! yields an electron-phonon coupling con-
stantB58.52 mV cm K, a Debye temperatureQD

r 5330 K,

and a residual resistivityr0 of 9.5mV cm. The latter value is
slightly too high because the low-temperature part ofr(T) is
not properly described.

The suppression of superconductivity with rising external
magnetic fields monitored by resistivity measurements down
to 300 mK is depicted in Fig. 6. These results yield an upper
critical field m0Hc2(0) of 7.5~5! T.

Resistivity measurements under hydrostatic pressure up to
12 kbar displayed in Fig. 7 reveal a linear decrease
of the superconducting transition temperatureTc with
dTc /dp52130 mK/kbar~see inset of Fig. 7! and significant
pressure-induced changes of the normal state resistivity. As
can be seen from Fig. 7, hydrostatic pressure of 12 kbar in-
creases the residual resistivityr0 by about 10%. The upper
temperature range of the 12 kbar measurement~see the inset
in Fig. 5! further reveals a significant reduction of the resis-
tivity r(T.100 K! with respect to the results at ambient
pressure. The analysis of these results in terms of the Bloch-
Grüneisen law@see Eq.~1!# yields a pressure-induced in-
crease of the Debye temperatureQD

r by about 5% ~at
12 kbar!. We note that these pressure-induced changes of
r(T) are strictly reversible within the accuracy of the experi-
ment.

C. Specific heat measurements

The low-temperature specific heat of La3Ni 2B2N32d de-
termined for various external magnetic fields is shown in a
Cp /T versusT2 representation in Fig. 8. As demonstrated by
the resistivity measurements~see Fig. 5! a magnetic field of
9 T is sufficient to suppress superconductivity to below 2 K.
Thus, the 9 T measurement represents the normal state heat
capacityCp5Ce1Cph.gT1bT3, whereg is the Sommer-
feld parameter andb is related to the low-temperature value
of the Debye temperature byQD

LT5(19443N/b)1/3 (N is the
number of atoms per formula unit!. From the low-
temperature linear fit of the 9 T data~10– 30 K2) we obtain
g526~1! mJ/mol K2 andQD

LT5303~3! K. The slope of the
normal state specific heat,Cp /T versusT2, changes signifi-
cantly at about 40 – 50 K2, indicative of a low-temperature
softening of acoustic phonon modes as also observed in
Nb3Sn.

16 The linear extrapolation of the normal state specific
heat,Cp /T versusT2, from aboveTc yields an erroneously
too highg value of 37 mJ/mol K2; however, the interpreta-
tion of the corresponding slope in terms of an increased De-
bye temperatureQD5345 K might reflect a temperature de-
pendence of the low-energy phonon dispersion.

The idealization of the superconducting transition obeying
the constraint of entropy conservation yields the height of the
specific heat jump (DC)Tc5(Cs2Cn)Tc50.43~2! J/mol K
and the thermodynamic mean value of the superconducting
transition temperatureT̄c511.7 K. The normalized specific
heat jump (DC)Tc /gTc51.4(1) coincides with the BCS

value (DC)Tc /gTc51.43.
In order to analyze the temperature dependence of the

electronic specific heat in the superconducting stateCeS, we
subtracted the phonon contributionsCph ~derived from the
normal state heat capacity! from the zero-field measurement.
The result is displayed in Fig. 9 in the usual semilogarithmic
plot of the normalized electronic specific heatCeS/gTc ver-
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sus Tc /T where we also include the data of LuNi2B2C
~taken from Ref. 17! for comparison and refer to a discussion
of their different features in Sec. IV B.

The temperature dependence ofCeS in the BCS theory is
given by the interpolation formula

CeS~T!58.5gTcexpS 20.82
DBCS~0!

kBT
D ~2!

for intermediate temperatures (2.5,Tc /T,6). SinceCeSof
La3Ni 2B2N32d exhibits an exponential temperature depen-
dence rather than a power law as, e.g., for the borocarbides,
Eq. 2 can be modified by replacingDBCS by aDBCS where
a5D(0)/DBCS is a phenomenological parameter introduced
to fit the experimental data. Thereby one obtains an experi-

mental estimate for the gap to critical temperature ratio
D(0)/kBTc . As the accuracy of the experimental determina-
tion of CeS is best for 2,Tc /T,3 ~i.e., T54–6 K because
CeS;Cph!, we use this temperature range to estimate
D(0)/kBTc51.85(5), yielding the dotted line in Fig. 9.

For a more detailed investigation of the lattice properties
of La3Ni 2B2N32d , we extended the heat capacity measure-
ments up to room temperature~see Fig. 10! and analyzed the
obtained specific heat contribution of the lattice vibrations by
a similar procedure as described in Ref. 17 where a simple
model phonon spectrumF(v) was derived from the experi-
mental specific heat of several borocarbide superconductors.
As the lattice heat capacity of La3Ni 2B2N32d provides no
indication for low-energy Einstein modes, the number of free
parameters could be reduced with respect to the analysis of
RNi 2B2C compounds. Thus, the model spectrum for
La3Ni2B2N3 consists of a rather soft Debye spectrum and just
two Gaussian contributions representing the 3 acoustic and
27 optical branches of the phonon spectrum, respectively. By
analogy to the model spectrum used for the borocarbides~see
Ref. 17!, the high-energy Einstein contribution (QE2

) is cut
FIG. 4. ~a!–~c! The temperature-dependent susceptibility of

La3Ni2B2N32d subsequent to zero-field and field cooling as indi-
cated by the arrows~a!, the isothermal magnetization loop deter-
mined at 2 K~b!, and the initial part of isothermal magnetization
measurements~subsequent to zero-field cooling! taken at various
temperatures as labeled~c!.

FIG. 5. The resistivity of La3Ni 2B2N32d up to room tempera-
ture; the dotted line shows the Bloch-Gru¨neisen fit of the normal
state resistivity. The results obtained with the liquid pressure cell
are displayed in the inset.

FIG. 6. The resistivity of La3Ni 2B2N32d for various external
magnetic fields as labeled.
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off at the peak position in order to obtain a high-energy limit.
The ‘‘hidden’’ parameters of the model spectrum~adjusted
by hand! are listed in Table II together with the ‘‘character-
istic frequencies’’ obtained by a least squares fit. The overall
features of the experimental 9 T data are reasonably well
described by the heat capacity corresponding to the model
spectra of La3Ni 2B2N32d and LuNi2B2C ~Ref. 17! incor-
porating the normal state electronic contributions shown as
solid lines in Fig. 10. However, the simple model spectrum
of La3Ni 2B2N32d does not provide such a satisfactory ac-
count for the low-temperature range as for LuNi2B2C ~see
inset of Fig. 10!. We emphasize that the model spectrum of
La3Ni 2B2N32d cannot be improved by including low-lying
Einstein modes as is the case for the borocarbides. This
might either arise from a temperature dependence of the low-
energy phonon dispersion or from distinct detailed features
of the low-energy phonon spectrum which are not properly
described by the simple Debye spectrum.

The proposed model phonon density of statesF(v), how-
ever, yields sufficient information about the distribution of
the spectral weight to evaluate the moments of the phonon
spectrum. Spectral moments are suited to characterize
F(v) in a quite simple way~e.g., by the ratiov ln /v̄2; see

Ref. 18!. As the shape of the electron-phonon spectral func-
tion a2F(v) and that of the phonon spectrum,F(v), is usu-
ally similar, we calculated the moments of the phonon spec-
trum, v ln

p , v̄1
p , and v̄2

p , according to the definition of the
generalized momentsv ln , v̄1, and v̄2 of the electron-
phonon spectral function~see Ref. 18! takinga251. In the
case of a frequency-independent electron-phonon matrix el-
ementa2(v), the moments ofF(v) anda2F(v) are iden-
tical. Hence, the superscriptp refers to the special case of

FIG. 7. Resistivity measurements under hydrostatic pressure as
labeled; inset, the pressure dependence of the superconducting tran-
sition temperatureTc .

FIG. 8. The specific heat of La3Ni 2B2N32d for various external
magnetic fields as labeled.

FIG. 9. The normalized electronic specific heatCeS of
La3Ni2B2N32d graphed as a function of the inverse reduced tem-
peratureTc /T. The exponential temperature dependence according
to BCS @with D(0)/kBTc51.76 and 1.85# and the result of the
two-fluid model,CeS53gTc(T/Tc)

3, are shown by the solid and
dashed lines, respectively. The normalized electronic specific heat
of the borocarbide superconductor LuNi2B2C is shown for com-
parison.

FIG. 10. The normal state specific heat of La3Ni 2B2N32d and
LuNi 2B2C ~9 T data! up to room temperature. The solid lines show
the heat capacities corresponding to the model phonon spectra~in-
cluding the normal state electronic contributions!.
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frequency-independent matrix elementsa2(v). The model
phonon spectrum of La3Ni 2B2N32d yields the average fre-
quenciesv ln

p5218 K, v̄1
p5273 K, and v̄2

p5333 K which
also enter the formula by Allen and Dynes18 via the shape
factor f 2 ~see Sec. IV A!.

D. Critical fields

1. Thermodynamic critical field

The temperature dependence of the thermodynamic criti-
cal fieldHc(T) shown in Fig. 11 is obtained by integrating
the entropy difference between the normal and the supercon-
ducting states derived from the 0 T and 9 T data shown in the
inset:

m0Hc
2~T!

2
5E

Tc

T E
Tc

T8~Cs2Cn!

T9
dT9dT8. ~3!

The extrapolation ofm0Hc(T) to zero temperature gives the
thermodynamic critical fieldm0Hc(0)5161(1) mT. Close to
Tc we used the idealized data of the specific heat jump
and obtained the slope of m0Hc at Tc ,
m0Hc8(Tc)5224(1) mT/K, which satisfies the Rutgers
formula19 (DC)Tc5m0(dHc /dT)Tc

2 Tc within the given error

bars.
For a further analysis of the temperature dependence of

Hc(T) we graph in Fig. 12 the function
D(t)5hc(t)2@12t2# which describes the deviation of the
normalized thermodynamic critical fieldhc(T)5Hc(T)/
Hc(0) from a purely quadratic temperature dependence as a

function of the reduced temperaturet5T/Tc squared. The
maximal deviation of about22% is of similar magnitude as
predicted by the BCS weak-coupling theory~23.8%!. This
indicates that the electron-phonon coupling strength of the
boronitride superconductor La3Ni2B2N32d is close to the
weak-coupling limit while the borocarbide superconductors
are characterized as moderately strong-coupling supercon-
ductors due to their small positive or negative maximum
values of the deviation function@YNi2B2C,20.6%~Ref. 17!
and20.7% ~Ref. 20!, and LuNi2B2C 10.7% ~Ref. 17!#.

2. Upper and lower critical field

The upper critical fieldHc2(T) was studied with resistiv-
ity and specific heat measurements. In the case of the resis-
tivity measurementsTc is taken as the mean of the 10% and
90% resistive transition. Since the results of resistivity mea-
surements might be influenced by surface effects, we per-
formed a further evaluation ofHc2(T) from the gradual shift
of the specific heat anomaly with rising external magnetic
fields displayed in Fig. 8 and additional measurements with
fields ranging between 10 mT and 0.5 T. As mentioned
above the transition temperatureTc was determined from an
idealized sharp specific heat jump under the constraint of
entropy conservation. As external magnetic fields up to
300 mT hardly alter the shape of the specific heat anomaly,
these measurements yield a reliable value for the initial slope
of Hc2 at Tc , m0Hc28 (Tc)520.37(6) T/K which is nearly
independent from the particular way of evaluatingTc . An
estimation ofm0Hc2(0) with the Werthamer formula yields
m0Hc2(0)50.7m0Hc28 (Tc)Tc;3 T, a value significantly
smaller than that obtained from the high-field resistivity
measurements@m0Hc2(0)57.5(5) T#.

The temperature dependence ofHc2 obtained from spe-
cific heat and resistivity measurements is shown in Fig. 13.
The dashed line corresponds to the clean limit calculations of
Helfand and Werthamer21 rescaled to fit the experimental
data. As can be seen from this comparison,Hc2(T) exhibits
a significant decrease of the slope below 2 T which is remi-
niscent of the borocarbide superconductors and remains to be
resolved.

FIG. 11. The thermodynamic critical fieldm0Hc(T) of
La3Ni2B2N32d . The dotted line shows the parabolic temperature
dependence subtracted to obtain the deviation function; inset, the
specific heat of La3Ni 2B2N32d in the superconducting and normal
state. The solid line accounts for an ideally sharp transition.

FIG. 12. The deviation function of the thermodynamic critical
field D(t)5Hc(t)/Hc(0)@12t2# vs the reduced temperature
t5T/Tc squared.

TABLE II. The parameters of the model phonon spectrum
F(v).

Contribution QD QE1
QE2

~cutoff!

Width ~K! 75 120
Weight 3 19 8
Position~K! 156 290 890
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The temperature dependence of the lower critical field
Hc1 obtained from isothermal magnetization measurements
~see Sec. III B! is shown in Fig. 14. A BCS fit which can
simply be approximated by a@12(T/Tc)

3/2# dependence
yields a low-temperature extrapolation of the lower critical
field m0Hc1(0)513(2) mT.

E. Ginzburg-Landau parameter k and the characteristic
lengths j and l

The above-described extrapolations of the thermodynamic
and the upper critical fieldsHc(0) andHc2(0) are used to
determine the ratio of the spatial variation length of the local
magnetic field lGL(0) to the coherence lengthjGL(0)
via Abrikosov’s relation lGL(0)/jGL(0)[kGL(0)
5Hc2 /@A2Hc(0)# from which we obtain the Ginzburg-
Landau parameterkGL533~2! for La3Ni 2B2N32d .

The absolute values of the coherence lengthj0 and the
penetration depthl(0) can be evaluated with the basic equa-
tions of the isotropic Ginzburg-Landau-Abrikosov-Gor’kov
~GLAG! theory:

k~T!5
2pA2m0Hc~T!lGL

2 ~T!

F0
, ~4!

Hc2~T!5
F0

2pm0jGL
2 ~T!

, ~5!

Hc1~T!5
F0

4pm0lGL
2 ~T!

lnk, ~6!

with F05h/2e the fluxoid quantum.
The first two relations are used to determine the charac-

teristic lengthsjGL(0) and lGL(0) from the experimental
results ofHc(0) andHc2(0) and the third one yields a proof
for the consistency of the data set obtained. It has to be noted
that although the GLAG theory is valid in the vicinity of
Tc , the basic conclusions are valid at any temperatures.22

The use of the isotropic formulas is justified by the band
structure results by Singh and Pickett9 and Mattheiss,10

which indicate that the electronic properties of
La3Ni2B2N32d are rather isotropic.

The values forjGL(0) andlGL(0) are collected in Table
III together with the experimental results characterizing the
thermodynamics of the superconducting state in
La3Ni2B2N32d . Good agreement is obtained between
Hc1512.7 mT calculated from Eq.~6! and the experimental
value 13~2! mT derived from magnetization measurements.

IV. DISCUSSION

A. Electron-phonon coupling strength

A comparison of the thermodynamic ratiosDC/gTc and
Hc(0)/Hc8(Tc)Tc with the values predicted by the weak-
coupling ~BSC! theory ~see Table III! shows rather good
agreement within the given error. Moderate deviations from
the universal BCS values are obtained for the ratios
gTc

2/Hc
2(0) andD(0)/kBTc . As already discussed above, a

small deviation from the weak-coupling predictions is also
evident from the shape of the functionD(t). Within the phe-
nomenologicala model by Padamseeet al.23 the shape of

FIG. 13. The upper critical field of La3Ni 2B2N32d obtained
from specific heat and resistivity measurements; dashed line,
~scaled! temperature dependence ofHc2 according to Helfand and
Werthamer~Ref. 21! ~labeled as WHH theory!.

FIG. 14. The lower critical field of La3Ni 2B2N32d determined
with isothermal magnetization measurements. The extrapolation of
Hc1 to zero temperature by a@12(T/Tc)

3/2# dependence is indi-
cated by the dotted line.

TABLE III. The basic quantities describing the thermodynamic
properties of the superconducting state of La3Ni 2B2N32d .

Tc 11.7 K

g 26(1) mJ/mol K2

QD
LT 303(3) K

(DC)Tc 0.43(2) J/mol K
m0Hc(0) 161(1) mT

DC/gTc 1.4(1) ~BCS: 1.43!
gTc

2/Hc
2(0) 0.159(6) ~BCS: 0.168!

Hc(0)/Hc8(Tc)Tc 0.573(10)~BCS: 0.576!
D(0)/kBTc 1.85(5) ~BCS: 1.76!

m0Hc1(0) 13~2! mT
m0Hc2(0) 7.5~5! T
kGL(0) 33~2!

jGL(0) 7.0~5! nm
lGL(0) 213~10! nm
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the deviation functionD(t) of La3Ni 2B2N32d is correlated
to a gap to critical temperature ratioD(0)/kBTc51.9 which
is slightly larger than the value estimated from an exponen-
tial fit to the electronic specific heatCeS(T).

The discussion of the electron-phonon coupling strength
in terms of the strong-coupling parameterTc /v ln requires a
reliable determination of the logarithmic moment of the
electron-phonon spectral functiona2F(v). For the borocar-
bide superconductors17 v ln could be estimated via the ap-
proximate relations by Carbotte.24 For La3Ni 2B2N32d the
strong-coupling corrections to the thermodynamic ratios are
rather small; nevertheless, the moderate deviation of the ra-
tios gTc

2/Hc
2(0) and D(0)/kBTc from their BCS values

yields an upper limit for the ratioTc /v ln<0.05 and accord-
ingly a lower limit for the momentv ln>235 K, being
slightly higher but of same magnitude as the pure phonon
momentv ln

p5218 K derived from the model spectrum. The
estimate of the lower limitv ln>235 K is in agreement with
the empirical relationv ln'0.83QD proposed by Dynes25

which yieldsv ln'251 K for La3Ni 2B2N32d . In this con-
text it is important to note that for the borocarbide supercon-
ductors a similar estimation ofv ln using the Debye tempera-
ture QD

LT yields significantly too large valuesv ln and thus
too small ratiosTc /v ln which are not sufficient to account
for the strong-coupling corrections to the thermodynamic ra-
tios.

The thermodynamic properties of the superconducting
state characterize La3Ni 2B2N32d as a typical weak-
coupling BCS superconductor. However, the transition tem-
peratureTc511.7 K is rather large among intermetallic su-
perconductors. Thus, it is worth evaluating the electron-
phonon mass enhancementl with the McMillan formula26

Tc5
QD

1.45
expS 2

1.04~11l!

l2m!~110.62l! D . ~7!

Taking m!50.1–0.13 we obtainl50.8–0.9, which is in
good agreement with an estimation of the mass enhancement
l[g/gbs2150.85 resulting from a comparison of the ex-
perimentalg value with theg value corresponding to the
bare density of states calculated by Mattheiss,10 who ob-
tained gbs514 mJ/mol K2 for La3Ni 2B2N3 . Note that
l'0.85 can also be obtained via the formula by Allen and
Dynes18 ~using v ln5251 K! because for La3Ni 2B2N3

(v̄2
p/v ln

p;1.5) the corrective factors to the McMillan formula
are close to 1, while these are significantly larger for the
borocarbides.17 Hence, we emphasize that both the McMillan
and the Allen-Dynes formulas are appropriate for
La3Ni2B2N32d while for the borocarbides only the Allen-
Dynes formula provides satisfactory description.

B. Comparison of La3Ni 2B2N32d with the borocarbide
superconductors

The compounds~LaN! nNi 2B2 (n52, 3! were found to be
isostructural with the homologous series (RC!mNi 2B2
(R5Y, Lu andm51, . . . ,4!;5 thus it is illuminating to dis-
cuss the physical properties of the boronitride with respect to
the borocarbide superconductors.

The analysis of the thermodynamic properties of the su-
perconducting state of La3Ni 2B2N3 and, e.g., LuNi2B2C

~Ref. 17!, in terms of the dimensionless BCS ratios
DC/gTc , gTc

2/Hc
2(0), Hc(0)/Hc8(Tc)Tc , and D(0)/kBTc

shows that La3Ni 2B2N32d fits well to the BSC weak-
coupling predictions~see Table III! whereas the borocarbides
are moderately strong-coupling superconductors and the de-
viation of their thermodynamic ratios from the BCS values
due to strong-coupling effects is described satisfactorily in
terms of the strong-coupling parameterTc /v ln ranging be-
tween 0.06 and 0.1.17 For La3Ni 2B2N3 we estimate
Tc /v ln to be below 0.05 which is close to the weak-coupling
limit. A further significant difference emerges from a com-
parison of the electronic specific heatCeSdisplayed in Fig. 9
~see Sec. III C!. The electronic heat capacity of
La3Ni2B2N32d exhibits an exponential temperature
dependence as predicted by the BCS theory while that of
LuNi2B2C and related borocarbide superconductors~see,
e.g., Refs. 27 and 28! follows a power law with an exponent
close to 3. The latter may be attributed to strong-coupling
effects and/or to gapless regions at the Fermi surface.

According to the above-mentioned results it is obvious
that La3Ni 2B2N3 should be classified as a typical weak-
coupling superconductor; however, an estimation of the
electron-phonon coupling strength~see Sec. IV A! shows
that the electron-phonon mass enhancementl;0.85 is only
slightly smaller than that of YNi2B2C (l;0.95).17 Since
the thermodynamic properties of the superconducting state
are related to particular features of the Eliashberg function
a2F(v), it is instructive to compare the model phonon spec-
tra of La3Ni 2B2N32d and LuNi2B2C ~Ref. 17! displayed in
Fig. 15.

The significant difference between the two model spectra
is twofold: A remarkable reduction of the high-energy opti-

FIG. 15. Comparison of the model phonon spectrum of
La3Ni2B2N32d with that of the borocarbide superconductor
LuNi2B2C. Both spectra are normalized to 1.
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cal modes of La3Ni 2B2N32d with respect to those of the
single-layer borocarbides which can be attributed to the ab-
sence of the rigid B-C-B chains in the former. Second, the
pronounced low-energy Einstein contribution (QE1,QD)
situated within the Debye spectrum, which appears to be
typical for the borocarbidesRNi 2B2C (R5Y, La, Lu! and
LaPt1.5Au0.5B2C,

17 could not be resolved in our analysis of
La3Ni 2B2N32d . In particular, with respect to the low-lying
Einstein modes inelastic neutron scattering~INS! measure-
ments by Dervenagaset al.29 support our model phonon
spectra of the borocarbides: The low-lying phonon disper-
sion curves of LuNi2B2C along the@j00# and @00j# high-
symmetry directions provide evidence that the low-energy
maximum ofF(v) of LuNi 2B2C atv;120 K correlates to
a transverse optical phonon branch (D4) and to a flat part of
the transverse acoustic branches. Dervenagaset al.29 further
reported a significant low-temperature softening of these two
phonon branches in the vicinity of the zone-boundary point
G1, indicative of a pronounced interaction between these
particular phonons and conduction electrons. We note that
the lattice heat capacity of LuNi2B2C and related borocar-
bides does not give any hint of phonon softening belowTc
while such a feature may be anticipated from the low-
temperature heat capacity of La3Ni 2B2N32d ~see below!.
This apparent discrepancy between specific heat and INS re-
sults for the borocarbide superconductor LuNi2B2C is prob-
ably caused by the rather small Brillouin zone areas where
phonon softening is closely related to a nesting feature at the
Fermi surface.30

For La3Ni 2B2N32d , however, the downward bending of
the normal state specific heat in theCp /T versusT2 plot
below T;Tc/2 indicates a reduction ofQD

LT by more than
10% ~see Sec. III C!, implying a low-temperature softening
of the acoustic phonon modes. As this heat capacity feature
is just opposite to that observed for the borocarbides17 we
suggest that either the low-energy Einstein modes present in
the borocarbides mask the phonon softening in the heat ca-
pacity data and/or that the softening of acoustic phonon
modes in La3Ni 2B2N32d involves not only modes at the
Brillouin zone boundary but also those with smaller wave
vectors which primarily determine the low-temperature heat
capacity. The latter implies that the phonon softening should
be more isotropic ink space for La3Ni 2B2N32d than in the
case of LuNi2B2C and the related borocarbides. On the
other hand the downward bending of the heat capacity in the
Cp /T versusT2 plot might also be caused by distinct details
of the low-energy phonon spectrum of La3Ni 2B2N32d .

31

The effect of hydrostatic pressure uponTc of
La3Ni2B2N32d and the borocarbides provides further infor-
mation about the phononic and electronic properties of these
compounds. In general, pressure dependences ofTc are
mainly caused by two effects: First, the volume compression
generally gives rise to a lattice stiffening, yielding an in-
crease of the mean phonon frequency and, second, causes a
broadening of the bandwidth concomitant with a change of
N(Ef) either in the positive or negative direction. Both quan-
tities, the mean phonon frequencyv̄2 andN(Ef), enter the
McMillan formula for Tc @Eq. ~7!# via the electron-phonon
coupling strength parameterl5N(Ef)^I

2&/(M v̄2
2) with

^I 2& the average of the electron-phonon matrix elements and

M the mean atomic mass. Thus, in a first approach ignoring
the pressure dependence of^I 2& and m* , the effect of
pressure-induced lattice stiffening leads usually to a decrease
of Tc , whereas electronic changes may either give rise to an
increase or to a decrease ofTc depending on whether
N(Ef) is enhanced or reduced.

Resistivity measurements under hydrostatic pressure up to
12 kbar ~see Sec. III B! reveal a significant reduc-
tion of Tc for La3Ni 2B2N32d with an initial slope
dTc /dp52130 mK/kbar that is about one order of magni-
tude larger than the correspondingdTc /dp values of the bo-
rocarbide superconductors as, e.g., LuNi2B2C @118
mK/kbar ~Ref. 32!# and YNi2B2C @13 mK/kbar ~Ref. 33!,
26 mK/kbar ~Ref. 33!, and29 mK/kbar ~Ref. 34!#. From
the analysis the normal state resistivity in terms of a simple
Bloch-Grüneisen law we obtained an increase ofQD

r (p) by
about 5% at 12 kbar for La3Ni 2B2N32d ~see Sec. III B!
which we use as a first estimate for the stiffening of the mean
phonon frequencyv̄2 andQD under hydrostatic pressure. In
terms of the McMillan formula these purely phononic
changes yielddTc /dp;2150 mK/kbar, being of the same
magnitude as the experimentally determined value
dTc /dp52130 mK/kbar. This agreement indicates that
electronic effects play a minor role; i.e., pressure-induced
changes ofN(Ef) are rather small for La3Ni 2B2N32d .
Hence, under the assumption of similar compressibilities for
both the borocarbides and La3Ni 2B2N32d phononic
changes alone cannot account for the small positive or nega-
tive pressure dependence ofTc observed for the borocar-
bides. In this context it is worth noting that not only the
compressibility of YNi2B2C dlnV/dp520.82(8)31023

kbar21 but also its anisotropy with respect to thea and c
axes (dlna/dp520.2231023 kbar21, dlnc/dp520.4
31023 kbar21! ~Ref. 35! is practically the same for
CeCu2Si2 ~Ref. 36! and CeRu2Si2 ~Ref. 37!, with the un-
filled ThCr2Si2 structure where the rigid B-C-B chains are
missing. This is unexpected since the chemical pressure due
to the lanthanide contraction causes an anomalous counter-
acting variation of thea and c axes across theRNi 2B2C
series while in theRCo2B2 series with the unfilled
ThCr2Si2 structure both thea and c parameters show the
usual lanthanide contraction.38 The intriguing anomaly of the
c anda axis variation was successfully explained in terms of
a structural model where the B-Ni-B bond angle accommo-
dates the strain produced by a growing size of the rare-earth
ions in theRC layer. This causes a reduction of thec axis
while thea axis expands if one proceeds from Lu to La in
this series.38

As superconductivity is proposed to be associated with
the optimal B-Ni-B tetrahedral angle of about 109o which
movessp levels down to the Fermi level giving rise to high
N(Ef),

40 hydrostatic pressure may affect this angle in a dif-
ferent way in the borocarbides and La3Ni2B2N32d . Thus, an
interpretation of the distinct pressure effects uponTc differ-
ing by one order of magnitude between La3Ni 2B2N32d and
the borocarbides remains speculative due to the lack of elas-
tic constants of the former. However, under the assumption
of similar compressibilities for both systems, the small posi-
tive or negativedTc /dp values of the borocarbides indicate
that electronic changes compensate the effect of lattice stiff-
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ening under external pressure which seems to be the domi-
nant effect in La3Ni 2B2N32d .

V. CONCLUSION

Magnetization, resistivity, and specific heat measurements
were carried out on thoroughly prepared La3Ni 2B2N32d
characterized by x-ray diffraction, electron microprobe
analysis, and high-resolution electron microscopy. The re-
sults obtained for the three critical fields allow the classifi-
cation of La3Ni 2B2N32d as a typical hard type-II supercon-
ductor with a Ginzburg-Landau parameterkGL533(2), a
coherence lengthjGL(0)57.0(5) nm, and a penetration
depthlGL(0)5210(10) nm. According to the small devia-
tion of the four thermodynamic ratiosDC/gTc ,
gTc

2/Hc
2(0), Hc(0)/Hc8(Tc)Tc , and D(0)/kBTc from their

universal BCS values La3Ni 2B2N32d can be regarded as a
weak-coupling BCS superconductor although the estimate of
the electron-phonon mass enhancementl;0.85 is of com-
parable magnitude as that of the moderately strong coupling,
YNi 2B2C (l;0.95), which, however, shows together with
the other superconducting borocarbides significantly differ-
ent thermodynamic characteristics. This is also manifested
by the electronic specific heat of La3Ni 2B2N32d following
the usual BCS exponential behavior while that of the boro-
carbides can be described by a power law with an exponent
close to 3 which may be attributed to strong-coupling effects
and/or to gapless regions at the Fermi surface.

A comparison between the lattice heat capacities of
La3Ni2B2N32d and the borocarbide superconductors reveals
distinctly different features of the model phonon density of
statesF(v). In particular with respect to the low-energy part

of the phonon spectra we suggest for La3Ni 2B2N32d that
the Debye spectrum is dominating while for the borocarbides
additional low-lying Einstein modes are present. The latter is
in agreement with a phonon softening of low-lying acoustic
and optical branches observed by inelastic neutron scattering
on LuNi2B2C.

29

The pressure dependence ofTc (dTc /dp52130
mK/kbar! in La3Ni 2B2N32d is found to be one order of
magnitude larger than that of the borocarbides and in a first
attempt can be explained in terms of the McMillan formula
by a lattice stiffening derived from the pressure dependence
of the normal state resistivity while under the assumption of
similar compressibilities of the borocarbides electronic
changes seem to compensate the effect of the pressure-
induced lattice stiffening uponTc in the latter.

Finally, the significantly different thermodynamic proper-
ties of the borocarbide and boronitride superconductors show
that despite the layered crystal structure~triple LaN layers
separating the Ni2B2 layers! La3Ni 2B2N32d is a rather iso-
tropic superconductor and its electron-phonon interactions
are more BCS-like than in the borocarbides.
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