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Some pseudobinary and pseudoternary oxidenitrides (CeN—-CeQ,; LaN-Ln,Qy; CeN-Lm Oy, Ln =
La, Y:and YN-Lm0,, La = La, Lu, Y, Sc) were prepared in Ta, Nb, or Mo containers at temperatures
between 1500 and 1800°C and characterized by X-ray powder difTraction. Electrical and magnetic
propertics of two oxidenitrides, LaOy Ny g (1) and LaQy <Ny 55 (11}, were determined over the tempera-
ture range 2-300 K. Both are weakly paramagnetic and metallic. Room temperature (300 K) resistivities
for Tand I arc 4.8 X 1073 and 5.9 % 107 {) cm, respectively. As the temperature is lowered, resistivities

of LaQ}, N _, initially decrcasc linearly.

Introduction

Structure—~composition relationships have
been reported for the NaCl-type oxideni-
tride systems, LnO N, _., Ln = La-Er, ex-
cept Pm, Gd, and Dy (/-3). In most systems
the cubic nitride lattice paramecter is re-
ported to decrease almost linearly as oxygen
content increases. Magnetic and electrical
transport propertics of some of these com-
pounds, principally NdO,N,_, and the Eu-
related systems, Euf La?tO,_ N, (La =
Nd, Eu, Gd) (4-6), have been studied exten-
sively as a function both of composition and
of temperature. The NdO,N,_, phascs are
ferromagnetic and metallic. Conductivity
increascs with increasing oxide content and
resistivities vary from 107 Q cm for x =
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0.09 to 10 * Qemtforx = 0.22. The transport
properties of Eu,_ . Ln,O,_ N, compounds
differ from those of the NdO,/N,_, ana-
logues. The oxygen-rich Eu,_,Ln O, N_
oxidenitrides for La = Gd, Eu are ferromag-
netic semiconductors; that for Ln = Ndis a
ferrimagnetic semiconductor. The nitrogen-
rich specimens are metallic. Europium is
found in both the +2 and +3 oxidation
states. Magnelic properties are closely re-
lated to the predominantly localized f elec-
trons.

Since La** has no unpaired electrons, the
LaO,N,_, oxidenitrides should differ from
the sysiems mentioned above. Both LaN
and LaO have the NaCl-type structure
(7-9). The conductivity of LaN is probably
that of a small band overlap semimetal (/0).
Superconductivity has been reported for
LaN with a transition temperature of 1.35 K
(/1). LaO prepared under high pressures-is
metallic and the La ion trivalent (9); it is
better formulated as La"(O, ¢}, where ¢ rep-
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resents a free clectron. Since La'(O,e) is
reported to be soluble in LaN to the ~45
mole% level (1), substitution of oxygen for
nitrogen in LaN was expected to enhance
its conductivity by increasing the electron
carrier density, We synthesized numerous
oxidenitride phases in which the La was par-
tially or completely replaced by Group 3
elements devoid of unpaired electrons and
measured the magnetic properties of all
specimens in the 2-10 K temperature range
and the electrical and magnetic properties of
two LaO N _, specimens over the 2-300 K
temperature range. We report the results of
these studies.

Experimental

The LaN compounds, £.n = La, Ce, and
Y, were prepared from L# chips {>99.5%
pure, Research Chemicals, Phoenix, AZ)
confined in AL, crucibles and heated in
flowing NH,(g) (Matheson) at 700°C for 12
hr (900°C for Y; lower temperatures yielded
YH,). The LaN contained ~5% La,O;, the
CeN ~10%% CeO,, and the YN ~20% Y,0,
as well as ~5% YH,. Oxidenitride speci-
mens were prepared by grinding intimately
LaN-oxide mixtures, confining them in
closed 6 mmi.d. Ta, Nb, or Mo tubes, heat-
ing them inductively for 2-3 hr in vacuo
at 1500-1800°C, and quenching them. The
LaN-Ln,0; mixed compositions, which
typically were heated at 1500-1550°C, are
indicated in Table I; the CeN and YN mixed
compositions and their synthesis tempera-
tures are presented in Table 1. The two
La(O,N) specimens that were examined in
detail were synthesized from mixtures that
contained ~7.0 (I) and ~12 mole% (I}
La,0,. The products, sintered rods ~4 mm
o.d. and 6-8 mm long, were used as synthe-
sized for resistance measurements, but
crushed for magnetic and X-ray character-
ization. Samples were manipulated in an
argon-filled glove box whose moisture and
oxygen content were {typically <3 and
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2000-3000 ppm,, , respectively, for the LaN
specimens, but the moisture content ranged
to ~30 ppm, for the CeN and YN speci-
mens. The nitrides and oxidenitrides are
moisture sensitive.

Direct current resistances of [ and 11 were
measured with a four probe arrangement on
a Quantum Design SQUID magnetometer
from 2-300 K; copper wires were spot-
welded to the samples. To eliminate the
thermal emf contribution to the voltage
readings measurements were performed
with positive and reversed polarities for 20
sec each and then averaged. Resistivity er-
rors are estimated to be less than 5% and
resulted principally from inaccuracies in the
size measurement of the irregular-shaped
specimens. Magnetic susceptibilities of I
and IT were also measured with the SQUID
from 2-300 K at various magnetic fields be-
tween 200 and 20000 G. A diamagnetism
correction was applied to the susceptibilities
of I and II as described by Selwood (12}
and the susceptibilities were extrapolated to
zero reciprocal field. The magnetic suscepti-
bilities of all other specimens were mea-
sured typically from 2 to 10 K, at 200 and at
20 G to check for superconductivity. The
magnetic susceptibility of one specimen to
which elemental La had been added was
also determined.

Powder X-ray diffractograms were deter-
mined with a 114.59 mm diameter Guinier
camera with monochromated CuKe, radia-
tion (Ae; = 1.54050 A) and NBS certified
silicon (@ = 5.43082(4) A) as internal stan-
dard as described previously (13).

Results and Discussion

Phases observed. 1 and 1l were cubic
single-phase products; reflections assign-
able to neither elemental La nor to La,04
were observed in the X-ray powder diffrac-
tion patterns. 1 was dark blue while 11 was
deep red; similar colors were reported by
Brown and Clark ({) for La{O,N) phases.
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TABLE 1

Mixep CoMPOSITION, LATTICE PARAMETER, AND IMPURITY PHASE DATA FOR SOME LANTHANUM-
CoNTAINING OXIDENITRIDES SYNTHESIZED IN Ta CONTAINERS UNLESS INDICATED OTHERWISE

Mixed composition

{mole% Ln,Oy) Oxidenitride a (A) T, (K) M. F.° Comment
LaN- 7.0% 12,0;  LaOg,Noe 52545 6 0.09%.2K pure
LaN-12.2% La,0;  LaOyNyss 5.22738) 6 42%,2K  pure
LaN-38.% CeO,  LagCe,s(ON) 10.4161(8) — pure
LaN- 7.7% Lu,0 {La,Lu}O.N) 5.2230(5) — La,04(T), ~50% LuO,N,_,
LaN-14.% Y0, LagYon(ON)  5.1456(3) 6 495%, SK  ~10% (La,Y)0,
LaN- 7.4% Y0, Lage Yo ((ON) 515794 — ~5% (La,Y)0,
LaN- 6.8% Sc.0q unidentified® 6 12%, 5 K La,0; (major)
LaN- 7.4% Y,0, (La,Y)}0O.N) 5.2160(5) 4! Mo container
LaN-14.%  Y,0, (La,Y)O.N) 515537 6% Mo container
lLa —— 6
LaN- 74% Y.0, La chips added
La ] 6 to oxidenitride

¢ Meissner fraction; varied from sample to sample.

¢ Ten reflections indexed by (J8) with a = 14.527(7), b = 7.327(1), ¢ = 5.680(1) A; M(10) = 12.

¢ Unassigned X-ray diffraction reflections: 3.375 (vw), 3.270 (vw), 3.046 (w), and 2.263 A {vs}). The first can
be assigned to Ta0 (3.371 A, (100, retative intensity)) {79). Although the second and third reflections correspond
1o the 3.29 A (60) and 3.04 A (100) values for a-La, the 2.86 A (BD) spacing is absent {20). A siniilar situation
prevails for the high temperature (hexagonal} form of Y.0; (21). The phase responsibie for these reflections could

not be identified.

¢ Unassigned X-ray diffraction reflections: d1: d = 6.039 and 5.215 A; d2: 4 = 5.968 and 5.177 A.

The nitrogen content of these specimens
was deduced from a least-squares fit of the
published LaO.N,_, nitrogen composi-
tion—lattice parameter data (/); synthesis
conditions used in this work were similar (o
those reported in (), The formulas derived
forlandITare LaQy 3 Ny g and La0g 45Ny 55
respectively. In the LaO N, _, study (/) the
lattice parameter remained invariant at a =
5.223 A when x = 0.46. Specimen 11, whose
lattice parameter is slightly larger than this
value, i1s presumed to have the maximum
oxygen content. Lattice parameters of all
the oxidenitrides characterized and formu-
las of other phases identified in the X-ray
diffraction patterns are presented in Table
[. (The composition of phases other than I
and II was assumed to be close to the mixed
composition.) The lattice parameter of
(La,Lu)O,N), a = 5.2230(5) A, is relatively
close to that of LaQ, N, 55, suggestive of

minimal Lu solubility. Such a result is not
surprising in view of the large size difference
between the La** and Lu** ions.

Although Ta reduced La-containing spec-
imens well, it was only marginally capable
of reducing Y-containing samples, Conse-
quently, elemental Y was added to effect
reduction when YN was mixed with Lu,0,
and Sc,0;.

Both the LaN-CeO, and CeN-Ce0, fired
samples possessed a doubled cubic lattice
parameter (see Tables I and II) as a result of
one extra low-angle retlection. This doubled
parameter is difficult to understand; it was
not reported in previous Ce{O,N) studies
(2}). However, the lattice parameter change
from 10.416 A to 10.229 A (Tables I and
II) when Ce replaces La in the oxidenitride
supports the reflection’s being integral to
the system.

Upon exposure to the laboratory atmo-
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TABLE 11

Mixep CoMPOSITION,

LATTICE PARAMETER, AND IMPURITY PHASE DATA FOR

SELECTED OXIDENITRIDES SYNTHESIZED IN Ta CONTAINERS

Mixed composition

Reaction temperature (*C):

(weight % Lm(0,") Impurity? a (A) specimen color

YN 4.877 (22, 23)

YN - 9.1% Y0, Y,04(L) 4.8580(1) 1850: brown

YN -17.4% YO, Y,04(L) 4.8631(2) 1850; brown

YN - 9.0% SGOJ Y040 4.818(1) 1700; dk purple
3.7%

YN -16.4% 30101 Y.04L) 4.7889(3) 1760; purple
2.7%

YN - 9.2% '~U101 Y, 04(T) 4.8632(5) 1850; dk blue
3.2%

YN -‘7;;0% '—”’03} Y:04(L) 4.8526(4) 1760; purple

CeN-25.0% CeO, Ce,04(M) 10.229(1)

CeN- 99% Y,0, —3 5.0749(7) L515; purple-red

CeN-18.0% Y,0, —ct 5.0539(6) 1515; purple-red

CeN— 9.9% La,0, s 5.1182(2) 1500; purple

CeN-18.0% La,04 — 5.154004) 1500; purple-blue

“ Mass Lu,(};/total specimen mass. See text regarding addition of Y.

¥ L: significant impurity level; T: trace impurity level.

¢ Unassigned X-ray diffraction reflections: ¢1: d = 5.595 and 4.834 Aic2:d=5621 and 4873 A, c3: d =

5.874 and 5.098 A; cd: d = 5.858 A; ¢5: d = 5.940 A.

sphere all products decomposed gradually
with evolution of NH,(g). The X-ray powder
diffraction reflections were broad and did
not sharpen upon annealing, suggestive of
small particle size, inhomogeneous solid so-
lution over a narrow range of compositions,
or, less likely, ordered phases with extended
cells which formed when the specimens
were quenched (2). The Ta container which
served as the reducing agent was brittle after
reaction. However, it separated easily from
every specimen except those which con-
tained Sc¢,O; where melting had occurred,
and no more than one X-ray reflection ¢ould
ever be assigned to a Ta oxide phase. Tanta-
lum is too poor a reducing agent to produce
elemental lanthanum during the oxidenitride
synthesis, but Ta is known to reduce
La,04(s) to LaO(g) and be converted to
TaO.(g) and LaTaO,(s) (I4). After an
La,0,—14 mole% YN specimen synthesized

in a Nb container exhibited a superconduct-
ing transition with 7, = 8 K, suggestive that
container impurities were present in the re-
action products, nonsuperconducting Mo
was used as a container.

Flectrical properties of 1 and 11. Resis-
tivity—~temperature data for 1 and II are
given in Figs. 1 and 2. Room temperature
{300 K) resistivitiesare 4.8 x 10~3and 5.9 x
107% Q cm, respectively. Both samples ex-
hibit characteristic metallic conductivity in
the temperature range 6-300 K. In this nor-
mal conducting state the resistivities of both
specimens initially decrease linearly as the
temperature is lowered. A sharp supercon-
ducting transition was observedat 7. = 6 K
for both specimens.

The more oxide-rich LaQ, ;sNp o5 (II) is a
better conductor than LaQy 3Ny ¢, (I} in the
normal state. At room temperature the re-
sistivity of 1l is nearly two orders of magni-
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tude less than that of I, but the thermal coef-
ficient values are reversed. The greater
electrical conductivity value of the higher
oxygen content specimen suggests that an
increase in the oxygen content increases the
number of electrons in the conduction band,
consistent with the formulation La™Q,
N,_.e,. Similar behavior has been observed
for NdO N, _, (3).

Even though resistivities measured on
powders are usually greater than those of
single crystals, our data on sintered speci-
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mens are considered gquantitative since
grain-boundary resistances should be negli-
gible. The temperature and composition de-
pendencies are well resolved, Based on the
deduced compositions, the lattice parame-
ters, and the free electron formulation, elec-
tron mobilities can be estimated from the
equation o = ney, where o is the conductiv-
ity, n the electron density, e the electronic
charge, and u the carrier mobility. Mobili-
ties calculated at 10, 150, and 300 K, respec-
tively, are for 1 3.04, 0.376, and 0.168 cm? -
V! sec™!, and for II 23.3, 13.4, and 8.39
cm? - V71 sec™!, These data suggest that 11
(LaOy 45Ny ss}is nearly a free carrier conduc-
tor, The reason for the substantially lower
mobilities of the less oxygen-rich
La0y, ;;Ng o is unclear; they may result from
the filling of the conduction band only below
the mobility edge. However, as is described
below, the 4.2% Meissner fraction of
LaOy ,sNyss suggests that specimen may
contain up to 4% elemental La. Conversely,
the negligible Meissner fraction of I suggests
a specimen essentially devoid of elemental
La, and suggests this lower value more
closely corresponds to the conductivity of
the pure oxidenitride.

Above 6 K the resistivity—temperature
plots of both specimens can be described in
terms of two linear regions with different
slopes. The slopes of the two linear regions
intersect at ~50 K for LaO,4 Ny and
~85 K for LaQy 45N, 55, with the thermal co-
efficients below these temperatures smaller
than those above it. The resistivity data for
La0y 4sNyss show more scatter than those
for LaQgNye with a less pronounced
break and when the estimated 5% resistivity
measurement error is included, the former
data can equally well be considered linearly
related to temperature, and hence, metallic
in character. Any transition that is present
is probably related to a structural change,
such as an anion ordering as was observed
in CeO,N,;_, by electron diffraction (2), or
a cubic to tetragonal transformation as was
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observed for NdQ,Nge (3). Structural
studies—especially neutron or electron dif-
fraction as a function of temperature—must
be undertaken to reveal the reason for these
changes.

Magnetic properties. The reciprocal mo-
lar susceptibilities of I and Il are plotted
against temperature in Fig. 3 and the suscep-
tibility of II is plotted against temperature
in Fig. 4. As the insert in Fig. 4 illustrates,
the flux exclusion phenomenon is observed
with transition temperatures consistent with
those observed in the electrical measure-
ments. At 2 K the Meissner fraction of
LaOy 45Ny 55 (11) is 4.2%:; that of LaOy 3Ny 40
is 0.09%. These data suggest that the super-
conductivity is produced by a small concen-
tration of impurity phase which we believe
to be La metal. The superconductivity can-
not be attributed to a Ta impurity, even
though Ta was the reductant, because com-
parable data were obtained with specimens
synthesized in nonsuperconducting Mo con-
tainers. Elemental lanthanum becomes su-
perconducting below 6 K (/5) and at the 4%
or lower level could not be detected by the
Guinier X-ray powder technique. The
NH;(g) synthesis procedure could leave un-
reacted elemental La encapsulated by ni-
tride in the specimen, but the ensuing reac-
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tion with oxide at 1500-1600°C should
consume any remaining free element. Addi-
tionally, a LaN specimen prepared by re-
acting the hydride with N,{g) was not super-
conducting at 2 K (/5). Another probable
source of elemental La is decomposition of
the LaO,_ N, phase into La(s), a less oxy-
gen-rich La'(e)(O,N)(s) and La,O4(s) dur-
ing the quench, as is indicated in Eq. (1):

X
LaOl__rNI—> (m) Laol_'\.__\.N'\,_,_'\.

¥
+
3x+y)

¥
+ L4,0,.
3T 30t y) P40

(D
Since the Meissner fraction for specimen I
was negligible, we presume that prepara-
tions more oxygen-rich than I could be
quenched without undergoing dispropor-
tionation.

The temperature dependence of the mag-
netic susceptibility of LaO,_ N, proves the
presence of paramagnetic impurities with lo-
calized valence electrons, The susceptibility
remains almost constant above ~40 K for |
and above ~80 K for 11, while below these
temperatures Curie—Weiss behavior is ob-
served (see Fig. 3). The diamagnetically cor-
rected and zero reciprocal field-extrapo-
lated susceptibilities (x vs. T) for II are
shown in Fig. 5. The nearly constant and
small extrapolated susceptibilities in the
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Fig. 4. Plot of the magnetic susceptibility of
LaQy 45Ny 55 (11) against temperature. The onset of flux
exclusion at 6 K is illustrated in the insert.
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higher temperature regions are in agreement
with a Pauli-type electron gas model of me-
tallic materials. However, the values of
7-10 x 107° emu - mol™" are significanily
larger than expected. The electron densities
calculated for the formulation La"™O, N __e,
allow the magnetic susceptibility to be esti-
mated from the Pauli-Peierls equation (/6):

2
My
Im*)’

In this equation g, is the Bohr magneton of
electrons, » the electron density, 7.72 x 10%!
and 1,26 x 10?? electrons + ¢cm™, respec-
tively, for I and 1I, m, the electronic rest
mass, and m* the effective mass, here taken
as m,. Even neglecting the diamagnetic term
(—m33m*h), with a volume of 21.50
cm® - mol™!, the molar Pauli susceptibility
for LaO, 4Ny ss would be about 1.1 x 1077
emu - mol~!, at least seven times lower than
the observed value. The observed high sus-
ceptibilities are probably an indication of a
narrow 3dt,, band structure (/6).

The magnetic properties of other lanthan-
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(3 2 )IB(I _

LIU, CHEN,

AND EICK

oid-substituted lanthanum oxidenitrides
La,_ .Ln (O,N) are summarized in Table I;
those of Y,  Ln (O,N) and Ce,__Ln,(O,N)
are given in Table 1. The bulk specimens
that were subjected to magnetic analysis
were also analyzed by X-ray diffraction; the
cubic lattice parameters are listed in the ta-
bles. Some spurious interplanar d-spacings
that could not be assigned to any anticipated
phase are also listed. They probably result
from trace amounts of unknown quaternary
oxidenitride phases. The transition temper-
ature of all the specimens found to be super-
conducting is essentially the same and only
the amount of the superconducting phase
varies among preparations, consistent with
the superconducting species being elemen-
tal La which precipitated during quenching.
Superconductivity is not observed for com-
pounds that contain Ln’* {ons with f elec-
trons, probably because their observed
susceptibilities are dominated by the sus-
ceptibilities of the f electrons.

Metal nitride superconductors with the
NaCl-type structure have long been known;
NbN has the highest T, (~18 K) (/7). The
increase of electrical conductivity of the
LaO,N,., phases with increasing oxygen
content appears due to increased electron
densities. Further studies on oxidenitrides
of different compositions are necessary to
determine unequivocally the source of the
superconductivity.
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