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Compositions in the series Ni2-xCoxGeMo3N (0e xe 2), Co2Ge1-xGaxMo3N (0 < xe 0.7), Co2-xFexGeMo3N (0e
x e 2), and Co2-xFexGe0.5Ga0.5Mo3N (0 e x e 0.8) have been synthesized by the reductive nitridation of binary
oxides and studied by appropriate combinations of magnetometry, transport measurements, neutron diffraction, and
M€ossbauer spectroscopy. All of these compositions adopt the cubic η-carbide structure (a ∼ 11.11 Å) and show a
resistivity of ∼10-3 Ω cm. No long-range magnetic order was observed in Ni2-xCoxGeMo3N, although evidence of
spin freezing was observed in Co2GeMo3N. The introduction of gallium into this composition leads to the onset of
antiferromagnetic ordering at 90 K in Co2Ge0.3Ga0.7Mo3N. The magnetic structure consists of an antiferromagnetic
arrangement of ferromagnetic Co4 groups, with an ordered magnetic moment of 0.48(9) μB per cobalt atom. The same
magnetic structure is found in Co0.5Fe1.5GeMo3N and Co1.2Fe0.8Ge0.5Ga0.5Mo3N. The former orders above room
temperature with an average moment of 1.08(3) μB per transition-metal site, and the latter at 228 K with an average
moment of 1.17(4) μB per site. The magnetic behavior of these compounds is discussed in terms of the electron count
within each series.

Introduction

The cubic interstitial carbide Fe3Mo3C was the first com-
pound to be described as an η-carbide phase.1 The interest in
thismaterial and related compositions originally stemmed from
their hardness, although recent attention has focused on their
potential as catalysts.2 Many nitrides, for example, Fe3Mo3N,
belong to the same structural family and also show significant
catalytic activity.3-5 They have usually been synthesized via a
mixed-metal oxide, which is then nitrided by reaction with
ammonia. FeMoO4, for example, can be prepared as a pre-
cursor and subsequently converted to Fe3Mo3N.6,7 The success
of the synthesis depends in part on the relative stability of the
target structure and its competitors. This in turn depends on the
particular chemical elements that are present. For example,

attempts to prepareNi3Mo3Nhave resulted in the formation of
Ni2Mo3N,8-10 which adopts the filled β-Mn structure. In
contrast, Fe3Mo3N forms more readily than Fe2Mo3N; the
latter has never been fully characterized.11 The available evi-
dence suggests that electron-rich metals from group 10 of the
periodic table stabilize the β-Mn structure. Indeed, the use of an
alternative synthesis route, in which a mixture of binary oxides
was heated under a flow of 10% dihydrogen in dinitrogen gas,
resulted in the formation of complex β-Mn phases in which a
relatively high concentration of iron could be stabilized by the
presence of a group 10 metal. Many of the resulting composi-
tions, all of which are metallic, showed ferromagnetic ordering
below relatively highCurie temperatures (Tc), for example,Tc=
225 K in the case of Fe1.25Pt0.75Mo3N, with a saturation
magnetization (Msat) of 2.10(2) μB per formula unit.12-15
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However, Tc and Msat were found to be very sensitive to the
chemical composition.
In contrast to the β-manganese phases, the η-carbide

phases studied to date have shown neither ferromagnetic
nor antiferromagnetic ordering. Fe3Mo3N and Co3Mo3N
are metallic, but their magnetic behavior is complex.6,16 The
susceptibilities do not obey the Curie law, nor are they
consistent with Pauli paramagnetism. The marked increase
in magnetization that occurs on cooling compositions in the
solid solution Fe3-xCoxMo3N below 30 K was interpreted17

in terms of superparamagnetic-cluster formation, suggesting
the presence of strong interatomic interactions. Neutron
diffraction experiments failed to provide any convincing
evidence of long-range magnetic ordering.
The crystal chemistry is probably responsible for some

aspects of the complex behavior. The chemical formula
M3Mo3N ismore informatively written asM2

32eM016dMo3N
to indicate that the first-row transition metals are distributed
over two inequivalent sites in the space group Fd3m. In any
study where two such elements are present, allowance must
be made for the possibility of atomic ordering over the two
sites; in the case of Fe3-xCoxMo3N, the iron atoms were
shown to occupy preferentially the 16d sites. The arrange-
ment of the two types of site is illustrated in Figure 1. The
atoms on 32e sites form tetrahedra which are capped over
each face by those occupying 16d sites to form supertetra-
hedra or stellae quadrangulae; the supertetrahedra share
vertices to form an infinite diamondoid net. Groups of four
Mo6N octahedra share vertices to form tetrahedral clusters

which are vertex-linked to give a second diamondoid net. The
two nets interpenetrate, the empty space within one being
filled by the polyhedra of the other. The high concentration
of Fe4 tetrahedra in Fe3Mo3N is likely to result in the
frustration of any antiferromagnetic coupling that is present,
thus reducing the likelihood of amagnetic ground state being
adopted.
The aim of the present study was to synthesize new

η-carbide compositions in order to investigate the extent to
which the magnetic properties were sensitive to the chemistry
of the system. We were encouraged by the observation of
both chemically sensitive, high Tc values in β-Mn phases
and the enhanced low-temperature magnetization of
Fe3-xCoxMo3N. Our intention was to manipulate the com-
position, and hence the electron concentration and intera-
tomic distances, in order to induce long-range magnetic
ordering in η-carbide compositions. Our initial strategy was
to simplify the problem by placing a nonmagnetic element on
the 16d sites, thus reducing the level of frustration in the
infinite net by creatingmagnetically isolatedM4 (M=Fe,Co,
Ni) tetrahedra. We took as our starting point the composi-
tion Ni2GaMo3N, which has previously been shown17 to
have an ordered distribution of nickel and gallium over the
32e and 16d sites, respectively. This compound is a weak
Pauli paramagnet with a resistivity of 1.2(1)mΩ cm at 290K.
We have now extended our study of compositions in which
the 16d site is occupied by a p-block element, and we describe
below the synthesis and characterization of new composi-
tions in the system (Fe, Co, Ni)2(Ga, Ge)Mo3N, many of
which adopt magnetically ordered ground states.

Experimental Section

Polycrystalline samples of target compositions were syn-
thesized by firing intimately ground, stoichiometric mixtures
of iron(III) oxide, cobalt(II,III) oxide, nickel(II) oxide,
germanium(IV) oxide, and hydrated gallium(III) nitrate in
an alumina crucible under a flow of 10% dihydrogen in
dinitrogen; the reactionswere unsuccessful when gallium(III)
oxide was used as a source of gallium. The mixtures were
initially fired as loose powders at 973K and then pressed into
pellets for subsequent firings at temperatures of up to 1248K.
The reactionproductwas always cooled to room temperature
under the gas flow. The progress of the reactions was moni-
tored by X-ray powder diffraction. Data suitable for use in
Rietveld analysis18 were collected with a step size Δ2θ=
0.0084� over the angular range 5e 2θ/dege 125 on a Philips
X’Pert PROdiffractometer usingCuKR1 radiation.Thedata
wereanalyzedusing theGSASprogramsuite.19Themagnetic
properties of selected samples were studied using a Quantum
Design MPMS 5000 SQUID magnetometer. The sample
magnetization was measured in a field of 100 Oe over the
temperature range 2 e T/K e 350 after cooling the sample
from room temperature to 2 K in both zero applied field
(ZFC) and 100 Oe (FC). When appropriate, the sample
magnetization was measured at a constant temperature over
the field range-50eH/kOee 50; the sample was cooled to
the measuring field in a field of 50 kOe.
Electrical resistivity measurements were carried out over

the temperature range 80eT/Ke 300 using a four-probe dc
technique; datawere collected onwarming.The sampleswere
in the form of rectangular blocks, approximately 10 � 4 �
2 mm in size, which had been cut from sintered pellets of the

Figure 1. Structural subunits in the η-carbide structure. (a) Atoms on
32e sites (white circles) form tetrahedra which are face-capped by atoms
on 16d sites (hatched circles) to form supertetrahedra; the latter are linked
by shared vertices. (b) Mo6N octahedra share vertices to form tetrahedral
units.
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reaction product. Copper wires were attached to the block
using a silver-loaded epoxy adhesive resin. Each measure-
ment was carried out using a constant current, selected to lie
in the range 10 e I/mA e 90. Duplicate measurements on
blocks cut from different pellets showed the same qualitative
temperature dependence, but the magnitude of the resistivity
varied by approximately 25%. Our ability to offer a quanti-
tative interpretation of the resistivity data given below is
limited by this variability, which presumably stems from
grain-boundary effects in the sintered blocks.
The most interesting samples were studied by neutron

diffraction using the powder diffractometer D2b at ILL,
Grenoble; the instrument was configured to give a high flux
andmediumangular resolution.Datawere typically collected
using awavelength of∼1.59 Å, if the principal purpose of the
experimentwas to study the crystal structure, or∼2.4 Å, if the
principal purpose was to search formagnetic scattering; unit-
cell parameters determined from X-ray data were used to
determinemoreaccurate values for theneutronwavelength in
each case. The sample, typically of mass ∼1.5 g, was con-
tained in a vanadium can of diameter 5 mm. The can was
mounted in a Displex refrigerator when data were to be
collected below room temperature. The data were analyzed
using the GSAS program suite. The peak shape wasmodeled
using a pseudo-Voigt function and the background level by a
12-term Chebyshev polynomial.
The M€ossbauer spectrum of a selected sample was mea-

suredat10and295K ina JanisSupervaritempcryostatwitha
constant-acceleration spectrometer which utilized a rhodium
matrix cobalt-57 source and was calibrated at 295 K with
R-iron powder. The M€ossbauer spectral absorber contained
40 mg/cm2 of powder mixed with boron nitride. The stati-
stical errors associated with the isomer shifts, quadrupole
shifts, and linewidths are tabulatedbelow; the absolute errors
of these parameters are approximately twice the statistical
errors.

Results

i. Ni2-xCoxGeMo3N. Our initial strategy was to at-
tempt to substitute cobalt for nickel in Ni2GaMo3N. This
approach usually resulted in the formation of an η-car-
bide phase contaminated by aβ-manganese impurity, and
it was therefore not pursued. However, when gallium was
replaced by germanium, we were able to replace nickel
with cobalt in a stepwise manner. The X-ray diffraction
patterns of samples across the whole composition range
were consistent with the presence of only a highly crystal-
line η-carbide phase. The unit-cell parameter showed a
near-linear variation with composition x = 0, a =
11.08745(4) Å; x=2.0, a=11.0993(2) Å. The resistivity
of each sample was ∼1 mΩ cm and almost constant
over the measured temperature range; F(T) is shown
in Figure 2 for a number of compositions in the
Ni2-xCoxGeMo3N system. Figure 3 illustrates the typical
temperature dependence of the magnetic susceptibility of
compositions having x<2. The temperature dependence
shown in Figure 3 cannot be modeled using a Curie-
Weiss law, nor is it consistent with simple Pauli para-
magnetism; the increase in susceptibility observed at low
temperature becomes more marked as the cobalt content
increases. It appears that localized and itinerant electrons
coexist in these compositions. Figure 4a illustrates the
temperature dependence of the magnetic susceptibility of
Co2GeMo3N. Both the ZFC and FC susceptibilities
suggest that a magnetic phase transition occurs at 8 K.
Unfortunately, hysteresis, probably attributable to the

presence of a low concentration of ferromagnetic cobalt
metal, is apparent over the whole of the measured tem-
perature range, and it is not clear whether the suscept-
ibility maximum represents a transition to an antiferro-
magnetic state or to a more complex magnetic state, for
example, a spin-glass state. The variation of M(H) at
300 K, shown in Figure 4b, supports the supposition that

Figure 2. Temperature dependence of the resistivity of
Ni2-xCoxGeMo3N.

Figure 3. Temperature dependence of the molar magnetic susceptibility
of Ni2-xCoxGeMo3N for (a) x = 0.4 and (b) x= 1.7.
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the sample contains a low concentration of a ferro-
magnetic impurity. No impurity was detected in our
diffraction data, but the quantity of cobalt metal needed
to produce the magnetization apparent in Figure 4b
would be below the detection limit of our diffraction
experiments.
In order to resolve the nature of the magnetic phase

transition, Co2GeMo3N was studied by neutron diffrac-
tion. Data were collected at room temperature using a
wavelength of ∼1.59 Å and at 80 and 3.7 K using a
wavelength of ∼2.4 Å. In all cases, the data could be
accounted for in terms of the nuclear scattering expected
from an η-carbide structure with cobalt and germanium
occupying the 32e and 16d sites, respectively. The results of
the profile analysis of the data collected at room tempera-
ture are shown in Figure 5, and the refined structural
parameters are listed in Table 1. The most important
interatomic distances are listed in Table 2. Figure 6 shows
a superposition of the low-angle portion of the diffraction
patterns collected at 80 and 3.7 K; no additional Bragg
peaks are observed on cooling the sample, nor do any of
the peaks observed at room temperature showa significant
increase in intensity. These data suggest that Co2GeMo3N
does not show long-range magnetic order at 3.7 K, and
that the susceptibility maximum at 8 K therefore does not
signal a transition to a long-range ordered ground state.

However, we note that our data are of limited sensitivity;
the Bragg scattering from an ordered moment of less than
∼0.3 μB per 32e site would not be detectable above the
background level.

ii. Co2Ge1-xGaxMo3N.The observation of amagnetic
phase transition, albeit ill-defined, at 8 K in Co2GeMo3N
encouraged us tomodify the composition in an attempt to
raise the transition temperature. We were able to prepare
monophasic (as judged by X-ray diffraction) samples of
the η-carbide Co2Ge1-xGaxMo3N over the composition
range 0 < x e 0.7, a β-Mn impurity phase formed at
higher concentrations of gallium.Unit cell parameters are
listed in Table 3, and the temperature dependence of the
resistivity for four pure samples is shown in Figure 7.
The temperature dependence of the magnetic suscepti-

bility of selected compositions in the Co2Ge1-xGaxMo3N

Figure 4. (a) Temperature dependence of the molar magnetic suscept-
ibility of Co2GeMo3N and (b) field dependence of the magnetization of
Co2GeMo3N at 300 K.

Figure 5. Observed, calculated, and difference neutron powder diffrac-
tion patterns of Co2GeMo3N at room temperature. Reflection positions
are marked.

Table 1. Structural Parameters of Co2GeMo3N Derived from Neutron Diffrac-
tion Dataa

temperature/K

295 80 3.5

a/Å 11.0993(2) 11.0694(4) 11.0685(1)
Rwp, χ

2 8.0, 1.5 6.2, 2.4 6.2, 2.5
Co, 32e x 0.2912(2) 0.2910(2) 0.2911(2)

Uiso/Å
2 0.0057(8) 0.000(2) 0.005(2)

Ge, 16d Uiso/Å
2 0.0088(4) 0.0023(7) 0.0032(7)

Mo, 48f y 0.3179(1) 0.3181(1) 0.3179(1)
Uiso/Å

2 0.0061(3) 0.0014(4) 0.0018(5)
N, 16c Uiso/Å

2 0.0059(4) 0.0017(6) 0.0030(6)

aSpace group Fd3m; Co, 32e x, x, x; Ge 16d 0.5, 0.5, 0.5; Mo 48f y,
0.125, 0.125; N 16c 0, 0, 0.

Table 2. InteratomicDistances (Å) in Co2GeMo3N as a Function of Temperature

temperature/K

295 80 3.5

Co-Co �3 2.632(8) 2.629(7) 2.626(7)
Co-Ge �3 2.406(2) 2.401(1) 2.400(1)
Co-Mo �3 2.625(4) 2.616(3) 2.617(3)
Co-Mo �3 2.806(1) 2.796(1) 2.798(1)
Ge-Mo �6 2.8170(9) 2.808(1) 2.809(1)
Mo-Mo �4 3.027(2) 3.022(2) 3.020(2)
Mo-Mo �4 2.9160(6) 2.9074(6) 2.9077(7)
N-Mo �6 2.1017(5) 2.0968(5) 2.0962(5)
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system is shown in Figure 8. In each case, both the ZFC
and the FC susceptibilities show amaximum at a tempera-
ture that initially rises quickly as a function of gallium
concentration before reaching a maximum value of 90 K
when x=0.7.No significant hysteresis is apparent between
the ZFC and FC susceptibilities at 300K for any composi-
tion, suggesting that these samples do not contain the
ferromagnetic impurities that complicate the interpreta-
tion of the data presented in section i. Interestingly,
hysteresis only becomes apparent in the susceptibilities of
the compositions x=0.1 and 0.3 below the temperature of
the susceptibility maximum observed in the case of x=0.7.

For each composition, attempts weremade to fit χ(T) over
the temperature range 150 < T/K < 300 to the equation
χ=C/(T- θ)þ R, that is, to the Curie-Weiss law with an
additional temperature-independent term. The tempera-
ture-independent term, R, models both the diamagnetism
of the core electrons and any Pauli paramagnetic contri-
bution from the conduction electrons. The resulting para-
meters are presented in Table 3.
The temperature dependence of the susceptibility of

Co2Ge0.3Ga0.7Mo3N indicated the existence of an anti-
ferromagnetic state below 90K, and a neutron diffraction
study of this composition was therefore undertaken. A
diffraction pattern collected at room temperature using a
wavelength of 1.59 Å could be interpreted using a model
based on the η-carbide structure with a disordered
arrangement of germanium and gallium over the 16d
sites. The refined structural parameters are listed in
Table 4, and the most important interatomic distances
are listed in Table 5. The observed and calculated diffrac-
tion profiles are shown in Figure 9. An increase in
the intensity of some low-angle Bragg reflections, most
notably 111, was apparent (Figure 10) when diffraction
patterns collected at room temperature and 5 K using a
wavelength of ∼2.4 Å were compared. This additional
intensity could be accounted for if Co2Ge0.3Ga0.7Mo3N
was assumed to adopt the spin arrangement shown in
Figure 11. The spins within each individual Co4 tetra-
hedron are ferromagnetically aligned but the resultant
moment of each tetrahedron is aligned antiparallel to
those of the four nearest-neighbor tetrahedra. The mag-
netic structure can thus be said to consist of an antiferro-
magnetic arrangement of ferromagnetic Co4 tetrahedra.
The magnetic unit cell is the same size as the structural
unit cell, and the face-centered symmetry is retained.
However, the d glide plane is lost, and the configurational
symmetry20 belongs to the space group F43m, with the
origin located at the center of a Co4 tetrahedron. This
model was able to account for the observed diffraction
pattern, as can be seen in Figure 12, the ordered compo-
nent of the magnetic moment on the 32e site refined to
0.48(9) μB. Note that the use of a polycrystalline sample
limits the amount of information that can be deduced
about the magnetic structure of a cubic material; we are
not able to determine the direction along which the spins
align. The structural parameters and bond lengths in the
antiferromagnetic phase are included in Tables 4 and 5,
respectively.

iii. Co2-xFexGeMo3N. Having established that the
temperature of themagnetic transition could be increased
from the value of 8 K observed in Co2GeMo3N by the
partial replacement of germanium by gallium, our next
step was to attempt to induce an enhancement by the
partial replacement of cobalt by iron. We were able to
prepare polycrystalline η-carbide samples of both
Co0.5Fe1.5GeMo3N and Fe2GeMo3N with unit cell para-
meters of 11.14886(8) and 11.15984(4) Å, respectively.
The resistivity of Fe2GeMo3N was found to be 0.8 �
10-3 Ω cm at 300 K and almost constant over the
temperature range 80 e T/K e 300. The resistivity of
Co0.5Fe1.5GeMo3N was 1.6 � 10-3 Ω cm at 300 K and
increased steadily to a value of 2.1 � 10-3 Ω cm on

Figure 6. Low-angle region of the observed neutron diffraction patterns
of Co2GeMo3N at 3.5 (blue �) and 80 K (red b). A difference curve is
shown below.

Table 3. Unit-Cell and Magnetic Parameters of Co2Ge1-xGaxMo3N

x

0.1 0.3 0.5 0.7

a/Å 11.10484(9) 11.10899(9) 11.1100(1) 11.1194(1)
C/cm3 K mol-1 0.57(3) 0.76(3) 1.19(2) 2.6(1)
θ/K 16(5) 19(3) -52(3) -146(7)
R/cm3 mol-1 0.00155(8) 0.00094(7) 0.00017(5) -0.0018(1)

Figure 7. Temperature and composition dependence of the resistivity of
Co2Ge1-xGaxMo3N.

(20) Shirane, G. Acta Crystallogr. 1959, 12, 282.

http://pubs.acs.org/action/showImage?doi=10.1021/ic902069w&iName=master.img-005.jpg&w=239&h=154
http://pubs.acs.org/action/showImage?doi=10.1021/ic902069w&iName=master.img-006.png&w=233&h=211


1138 Inorganic Chemistry, Vol. 49, No. 3, 2010 Sviridov et al.

cooling to 80 K. The temperature dependence of the
molar magnetic susceptibility of Co0.5Fe1.5GeMo3N is
shown in Figure 13. A paramagnetic tail is apparent at the
lowest temperatures, but the susceptibility is almost con-
stant over the temperature range 50 < T/K < 200. A
gradual increase with increasing temperature is apparent
above 250 K. This behavior was taken as evidence that
Co0.5Fe1.5GeMo3N is in an antiferromagnetic state
throughout the measured temperature range, with the
hysteresis being attributable to a very low concentration
of an impurity or to the glass-like freezing of some
disordered spins. Neutron diffraction data were therefore
collected at 295 K using a wavelength of 2.4 Å. The
diffraction pattern could be interpreted in terms of an

η-carbide phase with a disordered arrangement of cobalt
and iron over the 32e sites and an ordered magnetic
moment of 1.08(3) μB per site; the magnetic structure is
the same as that of Co2Ge0.3Ga0.7Mo3N described above
and illustrated in Figure 11. The observed and calculated
diffraction patterns are illustrated in Figure 14. The
structural parameters and interatomic distances are listed
in Tables 6 and 7, respectively.
Iron-57M€ossbauer spectra of Co0.5Fe1.5GeMo3Nwere

measured at 10 and 295 K and are shown in Figure 15.
The spectra confirm that this composition exhibits long-
range magnetic order at 10 and 295 K. Our neutron
diffraction study indicated that both the iron and cobalt,
and only iron and cobalt, are found randomly distri-
buted on the 32e site of Co0.5Fe1.5GeMo3N. In its crystal-
lographic structure, each 32e site has three 32e sites as

Figure 8. Temperature dependence of the molar magnetic susceptibility of Co2Ge1-xGaxMo3N for x= (a) 0.1, (b) 0.3, (c) 0.5, and (d) 0.7.

Table 4. Structural Parameters of Co2Ge0.3Ga0.7Mo3N Derived from Neutron
Diffraction Dataa

temperature/K

295 5

a/Å 11.1194(1) 11.1004(2)
Rwp, χ

2 7.8, 3.1 5.7, 2.0
Co, 32e x 0.2909(2) 0.2903(3)

Uiso/Å
2 -0.0006(7) 0.004(2)

Ge/Ga, 16d Uiso/Å
2 0.0054(4) 0.0033(9)

Mo, 48f y 0.3187(1) 0.3189(2)
Uiso/Å

2 0.0029(2) 0.0020(6)
N, 16c Uiso/Å

2 0.0026(3) 0.0033(8)

a Space groupFd3m; Co, 32e x,x,x;Ge/Ga 16d 0.5, 0.5, 0.5;Mo48f y,
0.125, 0.125; N 16c 0, 0, 0.

Table 5. Interatomic Distances (Å) in Co2Ge0.3Ga0.7Mo3N as a Function of
Temperature

temperature/K

295 5

Co-Co �3 2.643(6) 2.658(9)
Co-Ge/Ga �3 2.412(1) 2.412(2)
Co-Mo �3 2.628(3) 2.615(4)
Co-Mo �3 2.802(1) 2.794(2)
Ge/Ga-Mo �6 2.8156(9) 2.809(1)
Mo-Mo �4 3.046(2) 3.044(3)
Mo-Mo �4 2.9174(6) 2.9114(9)
N-Mo �6 2.1089(5) 2.1062(7)
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near-neighbors. As a consequence of the random binomial
distribution of iron and cobalt on the 32e site, both the 10
and 295 K M€ossbauer spectra of Co0.5Fe1.5GeMo3N
exhibit a rather broad magnetic sextet. The magnetic
spectra of Co0.5Fe1.5GeMo3N have been fit with four
components whose relative areas have been obtained
from a binomial calculation and constrained to 42.19%
for three iron near neighbors, 42.19% for one cobalt and

two iron near neighbors, 14.06% for two cobalt and one
iron near neighbor, and 1.56% for three cobalt near
neighbors. The results of these fits are shown as the four-
component sextets in Figure 15, and the corresponding
hyperfine parameters are given in Table 8. These fits were

Figure 9. Observed, calculated, and difference neutron powder diffrac-
tion patterns of Co2Ge0.3Ga0.7Mo3N at room temperature. Reflection
positions are marked.

Figure 10. Low-angle region of the observed neutron diffraction pat-
terns of Co2Ge0.3Ga0.7Mo3N at 5 K (blue�) and room temperature (red
b); a difference curve is shown below.

Figure 11. Magnetic structure ofCo2Ge0.3Ga0.7Mo3N.Black andwhite
circles represent Co atoms with opposite spin directions. Atoms less than
2.8 Å apart are joined by straight lines.

Figure 13. Temperature dependence of the molar magnetic susceptibi-
lity of Co0.5Fe1.5GeMo3N.

Figure 14. Observed, calculated, and difference neutron powder dif-
fraction patterns of Co0.5Fe1.5GeMo3N at room temperature. Reflection
positions are marked for, in descending order, the magnetic structure, the
molybdenum impurity, and the crystal structure.

Figure 12. Observed, calculated, and difference neutron powder dif-
fraction patterns of Co2Ge0.3Ga0.7Mo3N at 5 K. The upper line of
markers indicates the magnetic reflections.

http://pubs.acs.org/action/showImage?doi=10.1021/ic902069w&iName=master.img-008.png&w=239&h=159
http://pubs.acs.org/action/showImage?doi=10.1021/ic902069w&iName=master.img-009.jpg&w=239&h=158
http://pubs.acs.org/action/showImage?doi=10.1021/ic902069w&iName=master.img-010.png&w=209&h=135
http://pubs.acs.org/action/showImage?doi=10.1021/ic902069w&iName=master.img-011.png&w=240&h=170
http://pubs.acs.org/action/showImage?doi=10.1021/ic902069w&iName=master.img-012.png&w=240&h=157
http://pubs.acs.org/action/showImage?doi=10.1021/ic902069w&iName=master.img-013.png&w=240&h=157
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constrained to have the same line width for each compo-
nent sextet; no attempt was made to constrain the isomer
shifts of the four components.
The assignment of the two sextets of equal relative areas

given in Table 8 takes into consideration the observed21,22

variation in the hyperfine field in iron-cobalt alloys as
the number of cobalt near neighbors about an iron
increases; that is, the hyperfine field increases as the
percentage of cobalt increases from 0 to 33% and then
decreases as the percentage of cobalt further increases. In
a similar fashion, in Co0.5Fe1.5GeMo3N, the iron nuclides
with one cobalt and two iron near neighbors experience a

larger hyperfine field than those with three iron near
neighbors, and the iron nuclides with two or three cobalt
near neighbors experience smaller hyperfine fields. At
295K, the ratio of the weighted average hyperfine field of
9.37 T to the average 32e magnetic moment of 1.08 μB
amounts to 8.68 T/μB, a value that is substantially smaller
than the value of 15 T/μB commonly used in discussing
iron intermetallic compounds. A comparison of the
values measured in this work with those observed and
calculated23-25 in a series of ZFe3N nitrides with the
antiperovskite structure indicates that the small hyperfine
fields observed herein and for the ZFe3N nitrides result
from the addition of two contributions, the core and
valence contributions, with opposite sign. Hence, the
ratios of the observed and calculated total hyperfine field
to the iron magnetic moment are reduced from the usual
value of 15 T/μB to a value between 6.15 and 12.7 T/μB.
Both magnetometry andM€ossbauer spectral data indi-

cated that Fe2GeMo3N also shows long-range magnetic
order at room temperature. However, the behavior of
this composition is clearly more complex than that of
Co0.5Fe1.5GeMo3N, and a full account will be presented
at a later date.

iv. Co2-xFexGe0.5Ga0.5Mo3N. The results described
above demonstrate that the introduction of iron increases
the strength of the magnetic interactions in these systems,
as did the introduction of gallium into the Co2Ge1-x

GaxMo3N system. We therefore investigated the system
Co2-xFexGe0.5Ga0.5Mo3N in order to study the con-
sequences of the cosubstitution of iron and gallium into
Co2GeMo3N. The attempted syntheses of compositions
x=0.5, 0.6, 0.8, 1.5, and 2.0 all resulted in the formation
of an η-carbide phase, but an additional β-manganese
phase was always present at a low concentration (∼3 wt
%). The composition x=1.5 also containedmolybdenum
metal, and x =2 contained additional, unidentified im-
purities. A number of trial syntheses demonstrated that
the β-manganese structure is not readily stabilized by
germanium and iron; attempts to introduce the two
elements into the structure simultaneously resulted in
the formation of FeMo4Ge3, which was shown to be
isostructural with Mo5Ge3.

26 Gallium can partner iron

Table 6. Structural Parameters of Co0.5Fe1.5GeMo3N at Room Temperature
Derived from Neutron Diffractiona

a/Å 11.14886(8)
Rwp, χ

2 5.6, 2.6
Co/Fe, 32e x 0.29202(9)

Uiso/Å
2 0.0060(9)

Ge, 16d Uiso/Å
2 0.0070(9)

Mo, 48f y 0.3181(2)
Uiso/Å

2 0.0054(5)
N, 16c Uiso/Å

2 0.0066(7)

a Space groupFd3m; Co/Fe, 32e x, x, x; Ge 16d 0.5, 0.5, 0.5;Mo 48f y,
0.125, 0.125; N 16c 0, 0, 0.

Table 7. Interatomic Distances (Å) in Co0.5Fe1.5GeMo3N at Room Temperature

Co/Fe-Co/Fe �3 2.617(3)
Co/Fe-Ge �3 2.4116(6)
Co/Fe-Mo �3 2.649(1)
Co/Fe-Mo �3 2.818(2)
Ge-Mo �6 2.828(1)
Mo-Mo �4 3.045(3)
Mo-Mo �4 2.9280(8)
N-Mo �6 2.1121(6)

Figure 15. The M€ossbauer spectra of Co0.5Fe1.5GeMo3N observed at
295 and 10 K.

Table 8. M€ossbauer Spectral Parametersa Obtained for Co0.5Fe1.5GeMo3N

T, K 32e near neighbors H, T δ, mm/sb QS, mm/s Γ, mm/s area, %

295 Fe3 9.29(3) 0.112(3) 0.00 0.407(5) 42.19

CoFe2 10.92(2) 0.140(3) 0.059(5) 0.407(5) 42.19

Co2Fe 5.80(5) 0.21(1) 0.00 0.407(5) 14.06

Co3 1.9(4) 0.24 0.00 0.407(5) 1.56

10 Fe3 14.21(2) 0.244(2) -0.016(4) 0.251(5) 42.19

CoFe2 15.32(2) 0.238(2) 0.056(3) 0.251(5) 42.19

Co2Fe 12.68(4) 0.238(5) -0.01(1) 0.251(5) 14.06

Co3 10.8(2) 0.24 0.00 0.251(5) 1.56

aThe statistical errors are given. The lackof an error indicates that the
parameter was constrained to the value given. bThe isomer shifts are
given relative to R-iron powder at 295 K.

(21) Johnson, C. E.; Ridout, M. S.; Cranshaw, T. E.; Madsen, P. E. Phys.
Rev. Lett. 1961, 6, 450.

(22) Mancier, V.; Delplancke, J.-L.; Delwiche, J.; Hubin-Franskin,M.-J.;
Piquer, C.; Rebbouth, L.; Grandjean, F. J. Magn. Magn. Mater. 2004, 281,
27.

(23) Mohn, P.; Schwarz, K.; Matar, S.; Demazeau, G. Phys. Rev. B 1992,
45, 4000.

(24) Paduani, C. J. Magn. Magn. Mater. 2004, 278, 231.
(25) Kuhnen, C. A.; de Figueiredo, R. S.; dos Santos, A. V. J. Magn.

Magn. Mater. 2000, 219, 58.
(26) Baker, P. J.; Battle, P. D.; Blundell, S. J.; Grandjean, F.; Lancaster,

T.; Long, G. J.; Oldham, S. E.; Prior, T. J. Phys . Rev. B 2008, 77, 134405.
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in the β-manganese structure, although Fe1.25Ga0.75Mo3N
was the only composition that could be prepared in the
system Fe2-xGaxMo3N. The Co2-xGaxMo3N system
has been less thoroughly studied, but we have prepared
amonophasic sample of composition Co1.04Ga0.96Mo3N.
No N�eel or Curie point was seen in the magnetic suscept-
ibility of either of these β-manganese phases. On the basis
of these data, we assumed that the β-manganese impurity
phase in Co2-xFexGe0.5Ga0.5Mo3N (x e 0.8) probably
contained iron, cobalt, and gallium in an unknown ratio
and, more importantly, that it did not order magnetically
above 5 K; any magnetic transition in the susceptibility
of the impure reaction product can then be attributed to
the η-carbide phase. With this assumption, we proceeded
to characterize more fully Co2-xFexGe0.5Ga0.5Mo3N for
x=0.5 and 0.8; the unit-cell parameters of the η-carbide
phases in these two samples refined to 11.12799(5) and
11.13765(5) Å. The temperature dependence of the molar
magnetic susceptibility of each composition is shown in
Figure 16, together with a fit to a Curie-Weiss law with a
constant term added. The susceptibility shows a max-
imum at 156 and 228 K for x=0.5 and 0.8, respectively.
As a consequence of the relatively high transition tem-
peratures, the data above the transitions could only be
fitted over a limited temperature range, particularly in the
case of x=0.8. This, together with the presence of an
impurity, raises doubts about the validity of the fitted
parameters which were, for x=0.5 and 0.8, respectively

C=1.80(6) and 2.3(2) cm3Kmol-1,θ=49(4) and 21(9)K,
and R=0.0104(1) and-0.001(3) cm3 mol-1. The positive
Weiss temperatures are clearly incompatible with the
antiferromagnetic ordering suggested by the susceptibil-
ity maximum. Co1.2Fe0.8Ge0.5Ga0.5Mo3N was studied by
neutron powder diffraction at 5 and 295 K; a wavelength
of 2.4 Å was used in both experiments. The data collected
at ambient temperature contained strong peaks from an
η-carbide phase and weak peaks from a β-manganese
phase. The structure of the former was refined using the
target stoichiometry, although it is likely to be slightly
germanium-rich. The structure of the latter was not
refined because of the relatively large uncertainty in the
composition. The observed and calculated diffraction
patterns are shown in Figure 17a; the most obvious
positive features in the difference curve (2θ ∼ 64, 73,
and 84�) correspond to the unfitted Bragg peaks of the
β-manganese phase. Additional Bragg scattering was
apparent in the data collected at 10 K. This could be
accounted for by assuming that the η-carbide phase
adopts the magnetic structure shown in Figure 11 at
low temperatures; the ordered component of the mag-
netic moment then refined to 1.17(4) μB per 32e site. The
low-temperature diffraction profiles are shown in
Figure 17b, and the coordinates and interatomic dis-
tances at both room temperature and 10 K are listed in
Tables 9 and 10, respectively.

Figure 16. Temperature dependence of the molar magnetic susceptibi-
lity of (a) Co1.5Fe0.5Ge0.5Ga0.5Mo3N and (b) Co1.2Fe0.8Ge0.5Ga0.5Mo3N.

Figure 17. Observed, calculated, and difference neutron powder dif-
fraction patterns of Co1.2Fe0.8Ge0.5Ga0.5Mo3N at (a) room temperature
and (b) 10K.The upper line ofmarkers indicates themagnetic reflections.
Unmarked reflections (2θ ∼64, 73, and 84�) derive from a second phase
with a β-Mn structure.

http://pubs.acs.org/action/showImage?doi=10.1021/ic902069w&iName=master.img-015.png&w=239&h=346
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Discussion

The results described above demonstrate the chemical
flexibility of the η-carbide structure with respect to nitride
formation. Germanium is readily accommodated on the 16d
site, and some substitution by gallium can be tolerated.
However, the presence of gallium makes the formation of a
β-manganese phase more competitive, and the composition
range over which pure η-carbide materials could be prepared
was limited in mixed Ge/Ga systems. We shall return to this
point below. The unit cell parameters of those compositions
containing a p-block element were systematically larger than
those of compositions containing only d-block elements, for
example, Fe3-xCoxMo3N.17 This can be attributed to the
occupation of states derived from the 4s and 4p atomic
orbitals of the p-block element, and as a consequence the
distance between neighboring 32e sites is increased by ∼4%.
The distance between the 32e site and the 16d site also
increases, but by only ∼1.5%. The mean distance between
the 32e site and the 48f (Mo) site increases, but not in a
uniform manner. The increased unit-cell parameter has little
consequence for the mean Mo-Mo distance, although the
difference between the two distinct values that contribute to
the mean is always smaller in the presence of germanium or
gallium.TheMo-Ndistance is essentially independent of the
composition. The most significant structural changes thus
occur around the site occupied by the magnetic atoms, an
observation that is consistent with the marked changes in
magnetic behavior that our strategy has produced.
The resistivity of all compositions in the series

Ni2-xCoxGeMo3N shows a positive temperature coefficient
and a magnitude of ∼10-3 Ω cm. This justifies their being
described as “bad metals”. In view of the dependence of the
measured resistivity on the sample preparation, it is impos-
sible to identify with confidence a clear trend with the
composition. The magnetic susceptibility of compositions

in this series shows amarked increase on cooling below 50K,
although the effect is on a much smaller scale than that
observed previously in Fe3-xCoxMo3N;17 the magnitude of
the susceptibility at 2 K increases with increasing cobalt
concentration. One possible explanation for this is that, with
increasing concentration, nearest-neighbor cobalt atoms
couple to each other ferromagnetically to form superpara-
magnetic tetrahedra, which, unlike in the Fe3-xCoxMo3N
solid solution, are isolated from each other by diamagnetic
atoms on the 16d sites. It is then the resultant magnetic
moments of the tetrahedra that are aligned by the applied
field at low temperatures. The extreme case, in which tetra-
hedra of d-block metals are truly isolated, has been consid-
ered in detail for iron, with the conclusion that ferromagnetic
Fe4 tetrahedra are relatively stable.

27 Themagnetic transition
seen at 8 K in Co2GeMo3N can then be ascribed to a spin-
glass-like freezing of the magnetic moments on the isolated
Co4 tetrahedra.
The introduction of gallium into the system increases the

unit-cell parameter and decreases the number of electrons in
the orbitals having 4p parentage. Extensive band-structure
calculations on these disordered systems will be necessary in
order to understand how the additional hole in the p levels
modifies the electronic structure, but it is clear that the
strength of the magnetic coupling between cobalt atoms in
different tetrahedra increases and our neutron diffraction
data prove the existence of a long-range ordered ground state
in Co2Ge0.3Ga0.7Mo3N, albeit with a very low ordered
magnetic moment on each 32e site. The parameters derived
from fitting χ(T) in the high-temperature region illustrate the
change in magnetic behavior with the composition. The
Weiss temperature, θ, is positive for x=0.1 and 0.3, but
negative for x=0.5 and 0.7. This decrease indicates that
ferromagnetic interactions dominate at low gallium concen-
trations but that antiferromagnetic coupling dominates at
higher concentrations. The increase in the Curie constant,C,
and the decrease in R suggest that the number of unpaired
electrons increases as gallium is added. However, the mean
ordered moment at the 32e site in Co2Ge0.3Ga0.7Mo3N is
much lower than would be expected on the basis of the Curie
constant. This suggests that there is some residual spin
frustration, which might be responsible for the low-level
hysteresis seen in the susceptibility of x=0.7 below the N�eel
temperature. The absence of hysteresis at temperatures
higher than that of the maximum in the susceptibility of
Co2Ge0.5Ga0.5Mo3N suggests that this composition might
also show long-range magnetic order. The susceptibilities of
Co2Ge1-xGaxMo3N with x=0.1 and 0.3 show hysteresis
below the N�eel temperature of x=0.7, perhaps indicating
that the interatomic exchange interactions that cause long-
range magnetic order in Co2Ge0.3Ga0.7Mo3N are not negli-
gible in the germanium-rich compositions, but neither are
they strong enough to induce long-range order. Muon spin
relaxation studies might be able to clarify these issues in the
future.
The proposed magnetic structure and the variation of the

Curie-Weiss parameters with composition are both consi-
stent with the hypothesis that ferromagnetic Co4 tetrahedra
play a central role in the magnetism of these compounds; the
structure drawn inFigure 11 consists of an antiferromagnetic

Table 9. Structural Parameters of Co1.2Fe0.8Ge0.5Ga0.5Mo3N Derived from
Neutron Diffractiona

temperature/K

295 5

a/Å 11.13765(5) 11.1264(3)
Rwp, χ

2 5.3, 2.5 5.5, 2.6
Co/Fe, 32e x 0.2918(1) 0.2919(2)

Uiso/Å
2 0.010(1) 0.008(1)

Ge/Ga, 16d Uiso/Å
2 0.0072(9) 0.004(1)

Mo, 48f y 0.3184(2) 0.3182(2)
Uiso/Å

2 0.0065(6) 0.0030(6)
N, 16c Uiso/Å

2 0.0080(8) 0.0044(9)

a Space group Fd3m; Co/Fe, 32e x, x, x; Ge/Ga 16d 0.5, 0.5, 0.5; Mo
48f y, 0.125, 0.125; N 16c 0, 0, 0.

Table 10. Interatomic Distances (Å) in Co1.2Fe0.8Ge0.5Ga0.5Mo3N as a Function
of Temperature

295 K 5 K

Co/Fe-Co/Fe �3 2.622(5) 2.616(5)
Co/Fe-Ge/Ga �3 2.4107(9) 2.408(1)
Co/Fe-Mo �3 2.644(2) 2.642(2)
Co/Fe-Mo �3 2.813(2) 2.812(2)
Ge/Ga-Mo �6 2.823(1) 2.821(2)
Mo-Mo �4 3.046(3) 3.040(3)
Mo-Mo �4 2.9238(8) 2.9217(9)
N-Mo �6 2.1110(7) 2.1082(7)

(27) Chen, J. L.; Wang, C. S.; Jackson, K. A.; Pederson,M. R.Phys . Rev.
B 1991, 44, 6558.
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arrangement of these ferromagnetic tetrahedra. A compari-
son of Figures 1a and 11 reveals that the resultantmoment of
each tetrahedron is aligned antiparallel with respect to those
of the four tetrahedra to which it is linked by face-capping p-
block atoms. We propose that the changes in the electronic
structure brought about by the introduction of gallium
cause the ferromagnetic Co4 clusters to couple together
in an antiferromagnetic manner and that this coupling is
strong enough to create an antiferromagnetic ground state
when x=0.7.
Band-structure calculations should also be able to eluci-

date the parentage of the orbitals which contribute to the
Fermi surface and, hence, account for the coexistence of
magnetic order and the metallic conductivity apparent in
Figure 7. These transport data, like those in Figure 2, show a
low metallic conductivity, but the limited accuracy of our
experiment again precludes detailed interpretation of the
composition dependence. The local minimum in the resisti-
vity of Co2Ge0.3Ga0.7Mo3N at a temperature close to the
N�eel point is likely to reflect the onset of domain-wall
scattering. Our transport data do not extend to low enough
temperatures to reveal similar features in the behavior of
other compositions.Wedonot presently have an explanation
for the increase in the resisitivity of the same composition at
∼275 K, but both of these features were reproduced in data
collected on a second sample.
The introduction of iron into Co2GeMo3N produces a

more dramatic effect than the introduction of gallium. The
atom pairs (Co, Ga) and (Fe, Ge) are isoelectronic, but as a
result of the relative multiplicities of the 16d and 32e sites,
together with the apparent preference of gallium for the
β-manganese structure, the substitution of iron for cobalt
allows awider range of electron concentrations to be sampled
than does that of gallium for germanium. The reduction in
the total electron count results in an increase in the N�eel
temperature to an as-yet undetermined value above 350K for
Co0.5Fe1.5GeMo3N; a similar increase occurs in the more
complex case of Fe2GeMo3N. The mean ordered magnetic
moment on the 32e site of Co0.5Fe1.5GeMo3N is larger at
295 K than that measured for Co2Ge0.3Ga0.7Mo3N at 5 K,
and the M€ossbauer spectral data in Table 8 show that the
moment on the iron sites of Co0.5Fe1.5GeMo3N increases by
∼50% on cooling to 10 K. Co0.5Fe1.5GeMo3N is the only
sample studied in this work to show a negative temperature
coefficient of resistivity. The significance of this difference is
not yet clear.
The cosubstitution of cobalt by iron and germanium by

gallium also leads to an enhancement of the N�eel tempera-
ture. The electron count of Co0.7Fe1.3GeMo3N would be

equal to that of Co1.2Fe0.8Ge0.5Ga0.5Mo3N, and that of
CoFeGeMo3N to that of Co1.5Fe0.5Ge0.5Ga0.5Mo3N. The
antiferromagnetic ordering temperature thus increases as the
electron count in these systems decreases. The behavior of
Co2Ge0.3Ga0.7Mo3N, which has has a higher electron count
than any of the iron-containing systems, is consistent with
this observation. It is thus possible to develop a model to
correlate the N�eel temperature with the total electron count,
and then to hypothesize that Fe3Mo3N and the solid
solution Fe3-xCoxMo3N are too electron-rich to show
long-range order. This simplistic model ignores the fact that,
in Fe3-xCoxMo3N, the highest occupied orbitals associated
with the 16d site will derive largely from atomic 3d orbitals,
whereas in the gallium and germanium compounds, they will
derive from4s and 4porbitals, whichare likely to give rise to a
larger bandwidth. Co2GeMo3N, with a total of 22 valence
electrons on the atoms occupying the 16d and 32e sites,
perhaps provides a better definition of a nonmagnetic elec-
tron-rich composition in this context. Band-structure calcu-
lations should be able to clarify the situation, and it is
certainly possible to test the model by synthesizing further
compositions in the solid solutions discussed above. It should
also be noted that the ordering temperature increases as the
unit-cell parameter increases. In ametallic systemwherein the
RKKY interaction is likely to dominate the exchange inter-
actions, the strength of the interatomic coupling will be
sensitive to the interatomic distance. However, the intera-
tomic distance will be partly determined by the number of
occupied states in the conduction band, that is, whether the
electrons at the Fermi level are occupying bonding or anti-
bonding states. The introduction of too much gallium leads
to a paucity of electrons, hence weaker bonding and instabil-
ity with respect to the β-manganese structure.
To conclude, our strategy of introducing a p-block element

onto the 16d site of the η-carbide structure has enabled us to
prepare a number of new,magnetically ordered phases. Their
electronic properties are clearly sensitive to the total electron
count and to the parentage of the orbitals near the Fermi
energy. However, a number of issues concerning these
materials remain unresolved. Further experimental and theo-
retical studies which address them are underway.
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