Chem. Mater2005,17, 1867—1873 1867

Ferromagnetic Nitrides with the Filled #-Mn Structure:
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The introduction of group 10 metals into the hypothetical compositioiMBgN allows the isolation
of the solid solutions FexMMosN (M = Ni, Pd, Pt), which crystallize with the fille@-manganese
structure (space group4,32, a ~ 6.7 A). These materials display ferromagnetism with the Curie
temperature and saturation magnetization being dependent on the iron coniegftoFé/0sN shows
the highest ordering temperature in each series (maximizéd=at225 K for M = Pt) and the highest
magnetization is always observed for= 0.5 (maximized at 2.44z per formula unit for M= Pd).

Introduction

The search for new electronic materials remains one of
the major driving forces in contemporary solid state chem-
istry. Metal nitrides are emerging in this area as a class of
compounds which frequently displays structures and proper-
ties which differ from those of the better-known and more
widely studied oxides. They are technologically and aca-
demically interesting because of their hardnesthermat
and electrical® conductivity, superconductivityand mag-
netism! and they find wide-ranging applications in the
electronics industry. Small changes in structure or composi-
tion lead to significant changes in electrical behavior; for
example, the change from metal to insulating behavior of Figure 1. The filled f-Mn structure, MTsX. Space within the (10,3)-a
the rock-salt structured TaNean be achieved by varying network of M atoms (black) is filled by corner-sharingXioctahedra (gray).
the heating regime and nitrogen pressure during synthésis,
ZrNy displays a metatinsulator phase changexat 1.331°
and GaN becomes metallic under presstiréernary and
higher mixed-metal nitridé3'3 have diverse structures and
offer greater scope for control of physical properties through
control of electron concentration.

The synthesis of mixed-metal nitrides containing d-block
elements has frequently involved the use of precursor
materials which require rather laborious preparatio,
while the range of products accessible is limited by the
stoichiometry of available precursors. We have shown that
the synthesis of interstitial mixed-metal nitrides may be

greatly simplified: our method employs reductionitrida-
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symmetryP4,32 forming a single (10,3)-a netwofk.TeX structures was carried out using the GSAshd FULLPROP>26
octahedra share corners to fill the space within this network. suites of programs. Backgrounds were fitted using a shifted
We have previously reported the structure and magnetismCh_EbySheV polynomial of thgfirst kin_d. Peak shapes were modeled
of FersPchsMosN, the first filled f-manganese phase to using a pseudo-\{mgt function. Unit cell paramgter; and atom
display ferromagnetisi? Here we present a full descrip- positions were refined for all samples. An isotropic displacement

fi f th thesis of the fill h parameter was initially refined for each atom. In analyses of X-ray
lon o € syn eSIS.O e filleg-manganese phases data where these values became negative they were set to zero and
FexMMosN (M = Ni, Pd, Pt; 0.5< x < 2) and the

not refined; this problem did not arise in the analysis of neutron
characterization of their electrical and magnetic properties. gjffraction data.

This allows us to compare the electronic properties of  pagnetic measurements were carried out using a Quantum
compounds adopting this structure when the 8c site is pesign MPMS 5000 SQUID magnetometer. The sample magne-
partially occupied by elements having 3d, 4d, or 5d valence tization (M) was measured as a function of temperatures (5/K
orbitals, with consequent changes in atomic size and the < 300) during warm up after coolingt5 K in either zero field

degree of electron delocalization. (ZFC) or in the measuring field of 100 Oe (FC). In selected cases,
the magnetization was measured as a function of fiel8Q( <
Experimental Details H/kOe < 50) after cooling to the measuring temperature in a field
of 50 kOe.
Synthesis.Polycrystalline samples of EgMxMosN (M = Ni, Four-probe conductivity measurements were performed using an

Pd, Pt) were prepared by standard ceramic techniques. Stoichio-apparatus constructed within the laboratory. Bars were cut from
metric mixtures of the appropriate binary metal oxides were pellets which were sintered at 80C under the synthesis gas.
intimately ground, pelletized, and fired under a flow of 10%it Contacts were attached using silver paint. Conductivity was
N> gas (ca. 4.2 dfhh™?) for 48 h at 700°C, 24 h at 750 and 875 measured as a function of temperature in the range 30K <

°C, and twice at 978C, with intermittent regrinding. All reactions  29g.

were carried out using the above procedure except those involving Nitrogen analysis was performed by the analytical service of the

Pt, when the reaction mixtures were first heated at S00n air Inorganic Chemistry Laboratory, Oxford, using a Carlo Erber 1106
for 30 min as loose powders to effect initial decomposition of PtO CHN analyzer

to PtO« (Reagent purities: iron oxide (Alfa Aesar) 99.998%,
molybdenum trioxide (Alfa Aesar) 99.9995%, nickel oxide (Johnson R |
Matthey) 99.95%, palladium oxide (Johnson Matthey) 99.9%, and esults

Elat(i'zil;rgr(ggsic(i:)()Alfa Aesar) 99.9%. Synthesis gas: 10%rH Structure Analyses. Seven compositions in the series
2 ) Fe,_«NixMosN were obtained by reductiemitridation of

In all cases furnaces were purged with the synthesis gas prior to, . . . .
. binary metal oxide mixtures. Analysis of X-ray powder
heating and samples were cooled to room temperature under gas

flow by switching the furnace off. No study of the effects of dlffracthn data sho_vved thatamanganese pha_se was always
variation of cooling rate was carried out. No special handling the dominant reaction product and that the unit cell parameter

techniques were applied to samples following their removal from Varied inve_rsely W?th the Ni content. GOOd fits to the data.
the furnace. were obtained using models with disordered Fe and Ni
Characterization. The progress of each synthesis was charted 0ccupying the 8c positions and Mo (12d site) formingeMo
by X-ray powder diffraction using a Philips PW1750 diffractometer octahedra with the interstitial nitrogen atom on the 4a site.
operating with Cu K« radiation. Relatively high resolution datato  Crystal data for these compounds derived from X-ray data
be used in quantitative analyses were collected using a Siemensare contained in Table 1. Chemical analysis of the nitrogen
D5000 diffractometer nominally operatl_ng with CLquadlatlon content, shown in Table 3, suggested full occupancy of the
over the angular range 1026/° =< 125 with a step size h20 = 45 interstitial site in each case. For the compositiprs
0.02. However, imperfect monochromation introduced a contribu- 1.9, 1.8, and 1.5 small amounts wt %) of a binary iron
tion of approximately 2% K, which was allowed for in the data ; "d s ) . . in th d
analysis. nitride (Fel\t,_x_ ~0.5) |mpur|ty were prese_nt in the pro uc_:t.
The composition ke Ni; 2.9VIosN was obtained pure and is

Neutron powder diffraction data were collected from ca. 4.6 g he f i for this familv of d
of polycrystalline samples of selected compositions using thet e focus of measurements for this family of compounds.

instruments D1b and D2b, at the Institut Laue Langevin, Grenoble, 1ne€ products of the more Fe-rich compositiors<(1, 0.75,
France. D1b is a high-flux, medium-resolution instrument operating 0.5) contained increasing amounts of impurities with the
with a mean wavelength of 2.5219 A. Data were collected over an 77-carbide structure observed for Jo3N, illustrating the
angular range 18< 20 < 98° with a step sizé\20 = 0.2°. Samples preference of Fe for thg-carbide structure over th&Mn
were contained within vanadium cans which were mounted in a structure. Clearly the composition of tfieMn phase differs
He cryostat during data collection. Scattering attributable to the slightly from the ideal value in those samples which contain
cans occurs at2~ 72° and data in this region were excluded  an impurity.

from the analysis. D2b is a medium-flux, high-resolution diffrac-

tometer which was employed with a mean wavelength of 1.594 A. (23) Rietveld. H. M.J. Appl. Crystallogr 1969 2, 6571

U§eful data yvere collected over an angular rang’e_ﬂ.?@ = 150)'_ (24) Larson, A. C Vén-%?’éele?/R. E;geﬁeral Structure Analysis System
with a step size\20 = 0.05". Samples were loaded inside vanadium (GSAS), Report LAUR 86-748; Los Alamos National Laboratories:

cans for data collection. Rietveld refinem&nbf the crystal Los Alamos, NM, 1990. _ _
(25) Rodriguez-Carvajal, FULLPROF: A Program for Rieteld Refine-
ment and Pattern Matching Analysis, Abstracts of the Satellite Meeting

(21) Wells, A. F.Three-dimensional nets and polyhegVvdiley: New York, on Powder Diffraction of the XV Congress of the IJQioulouse,
1977. France, 1990; p 127.
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Table 1. Crystal Data for Fe,-xMxMosN (M = Ni, Pd) Derived from X-ray Diffraction Data Collected at Room Temperature

8c site (Fe/M) 12d site (Mo) 4a site (N)
compositios alJA X Uiso/A2 y Uiso/A2 Uisd/A2 impurity Rup (D)

Fep.1Niz.gMosN 6.63740(3)  0.0668(2)  0.0013(5) 0.20161(7)  0.0020(2) 0.003(3) 1.02(4)86 Fe 0.1166 (0.784)

Fep 2Niz.gMosN 6.63918(5) 0.0671(2) O 0.20180(8) O 0 pure 0.1037 (0.935)
Fep.sNizsMosN 6.64797(4)  0.0677(2) O 0.20223(8) O 0 pure 0.0807 (0.826)
Fep7Nii2gMosN  6.65673(5)  0.0679(1)  0.0171(6)  0.20242(8)  0.0169(4)  0.022(4) pure 0.0652 (1.215)
FeNiMosN 6.66346(4) 0.0688(2) 0.0161(8)  0.2029(1) 0.0135(3) 0.025(6) 2.5(1)08d=0 0.0712 (1.083)

Fer 29Nig79MosN 6.67217(4)  0.0689(2)  0.0096(8)  0.2030(1) 0.0092(3) 0.0096(8) 5.7(1)MdzN 0.0658 (1.069)
FersNigsMosN 6.68077(4)  0.0694(3)  0.0079(9)  0.2033(1) 0.0111(3)  0.0079(9)  9.5(2)Mdzdl 0.0612 (1.171)
Fep.sPdi.sMosN 6.79416(3) 0.0635(1) O 0.2042(1) 0 0 pure 0.0998 (0.977)
Fep7PdhgMosN  6.78010(5)  0.0648(2)  0.0104(6)  0.2045(2) 0.0083(4) 0 pure 0.1003 (1.058)
FePdMeN 6.76367(1) 0.0656(2) O 0.2046(1) 0.0011(3) 0 pure 0.0720 (0.790)
FeoPth7gMosN  6.74792(6)  0.0666(2)  0.0088(7)  0.2046(2) 0.0081(5) 0 pure 0.1250 (1.722)
Fer.sPchsMosN 6.72852(1)  0.0675(3)  0.0170(9)  0.2042(2) 0.0164(4)  0.016(7) pure 0.0479 (1.045)
FergPh MozN 6.7090(1) 0.06793) O 0.2041(2) 0 0 9.2(1)%MesN 0.0586 (1.205)
Fer.oPch.1MozN 6.70554(5)  0.0686(3) O 0.2039(2) 0.0020(4) 0 ~17% FeMosN + Mo 0.0507 (1.092)
FeroPhoMosN  6.70287(6)  0.0693(3) 0 0.2039(2) 0.0030(5) 0 ~24% FeMosN + Mo 0.0520 (1.047)

a5-Mn structure MT3X: space grougP4:32; M (8c) x,x,x T (12d) 1/8,y, 0.25+ y; X (4a) 3/8, 3/8, 3/8.

Table 2. Crystal Data for Fe,—xPtyMo3sN Derived from X-ray Diffraction Data Collected at Room Temperature

8c site (Fe/Pt) 12d site (Mo/Pt) 4a site (N)
atom type atom type

compositiod alJA (atom %) X Us/A2  (atom %) y Uiso/A2 Uisd/A2 impurity Rup(3?)
FesPtisMosN  6.80440(6) Fe (28.0(1)) 0.0663(1) 0.0040(4) Mo (92.1(4))2039(2)  0.0058(5) 0 16.3(5)% ¢ 0.1062

Pt (72.0(1)) Pt (7.9(4)) + 1.4(1)% PiMo,  (1.381)
FeozPtsMosN  6.78091(9) Fe (41.1(2)) 0.0644(2) 0 Mo (93.6(3)).20145(2) 0 0 0.43(7)% Mo 0.1092
Pt (58.9(2)) Pt (6.4(3)) (1.134)
FePtMaN 6.7623(2)  Fe (50) 0.0653(2) 0.0032(6) Mo 0.2051(2) O 0 2.75(8)% Mo 0.1001
Pt (50) (1.183)
FeoPlhsMosN  6.7513(1) Fe (62.5) 0.0662(3) 0.0037(8) Mo 0.2046(3)  0.0052(6) 0 pure 0.1119
Pd (37.5) (1.069)
FersPosMosN  6.7348(1)  Fe (75) 0.0666(3) 0.0061(8) Mo 0.2045(2)  0.0068(6) 0 pure 0.0819
Pt (25) (1.223)

a 5-Mn structure MT3X: space groufP4:32; M (8c) x,x,x T (12d) 1/8,y, 0.25+ y; X (4a) 3/8, 3/8, 3/8.

The introduction of Pd into the hypothetical compound Table 3. Chemical Analysis Data for FgxMxMosN
FeMosN proved possible by reductiemitridation. Five composition calculated %N observed %NQ.02)
compositions in the series FgPdMosN with 0.5 < x < Fep.iNi1gMosN 3.34 3.46

; ; ; Fey.Nip gMosN 3.35 3.47

1.5 were obtained in greater _than 99.5% purotyz_( 1.5, FQ)f_)NiisMozN 335 352
1.25, 1.0, 0.75, 0.5). Analysis of X-ray diffraction data Fey 7eNi19V0sN 3.36 3.20
FeNiMosN 3.36 3.38

coIIectgd frgm the_se compounds showed thqt they too For o dMOaN 35 354
crystallize with the fillegs-manganese structure with Fe and Fe, eNig :MosN 333 336
Pd disordered on the metal (10,3)-a network and the space E%.sPdLsM%NN g-gg %-gg
in this network filled by MeN octahedra (Table 1). Very Fg"ggﬁﬁgﬁ“% 301 301
small amounts €1%) of molybdenum or F#osN impuri- Fer 2P th 79Mo3N 3.13 3.10
ties were sometimes observed. There was no evidence in Eg-jngﬂ&ﬂ o 3o
the X-ray diffraction patterns for ordering of the Fe and Pd  Fey 8Pt »MosN 2.38 2.38

ithin thi i FePtMaN 253 2.58
wlthln_ this network or for any substitution of Mo on the .12d For Pl rMoaN 570 5
sites in the MeN octahedra by these elements. Consistent  Fe, Pt :sMosN 290 3.05

with the relative sizes of the metals, the unit cell parameter
increased almost linearly with increasing Pd content. Chemi-x = 1 and 1.25 contained small amounts0(8%) of

cal analysis of nitrogen content (Table 3) again showed full molybdenum metal, and 5Pt sMosN contained significant
occupancy of the 4a interstitial site by nitrogen. It also proved amounts {£18%) of FeN (x ~ 0.5) and an alloy with
possible to synthesize phases which were much richer in Fe,composition PiMo,. Crystal data for thgg-Mn phases are

albeit in impure form. Compositions with= 0.05, 0.1, and  given in Table 2. Nitrogen analysis (Table 3) showed full
0.2 yielded mixtures in which a compound with the filled occupancy of the 4a site. The refinement of structural models
B-manganese structure was dominant, although an impurityagainst X-ray diffraction data initially proceeded smoothly
(~15%) with they-carbide structure was also present. for these phases with Fe and Pt being disordered on the 8c
Five compositions in this series FgPtMozN (x = 1.5, site and Mo located on the 12d site. However, for the
1.25, 1, 0.75, 0.5) were obtained by nitridation of metal compositionsx = 1.25 and 1.5, the fits, particularly at low
oxides under reducing conditions. Analysis of X-ray dif- angle, were rather poor. A much better fit (Figure 2) was
fraction data showed that g-manganese phase is the obtained in both these cases when a small amount of Pt (ca.
dominant component in each product.; e sMosN and 5%) was introduced on the 12d site, consistent with the
Fe .Ph7gMosN were obtained pure, compositions with observation of a molybdenum impurity. The Fe:Pt ratio was
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Table 4. Magnetic Properties of Fe_yMxMosN (M = Ni, Pd, Pt)

M
Ni Pd Pt
X TJ/K usatlug per f.u. usat per Fe TJK usatlus per f.u. usat per Fe TJdK usatlug per f.u. usat per Fe
0.5 170 2.06(2) 1.37 160 2.44(2) 1.63 160 2.10(1) 1.40
0.75 180 1.82(2) 1.46 175 2.10(2) 1.68 225 2.10(2) 1.68
1 175 1.52(2) 1.52 160 1.73(2) 1.73 220 1.80(1) 1.80
1.25 150 1.10(2) 1.47 145 1.30(2) 1.73 200 1.46(2) 1.95
15 100 0.76(2) 1.52 110 0.83(1) 1.66 130 0.84(1) 1.68

1.8 15 0.25(2) 1.25

maintained by increasing the concentration of Fe on the 8c
site.

Magnetic Properties. SQUID magnetometry data col-
lected for the F&NiyMosN compositionsX= 1.8, 1.5, 1.25,
1, 0.75, 0.5) suggested these were all ferromagnets at low
temperature; magnetic datasqr, Tc) are given in Table 4.
Measurements of magnetization as a function of field showed
the samples all saturated in a field of approximatell and 1000 |
displayed almost no hysteresis about the originMegN is l
a Pauli paramagn®tand the transitions observed for the L | 4y f, i AT
impure samples having 0.5 x < 1 can therefore be R R

r

attributed to the8-Mn phase. Magnetometry data forgzg T T T T T AN
Ni; 2gVMo3N, which are typical of those collected from all 20/°
compositions, are given in Figure 3. Neutron diffraction data (a)
were collected from RgNi; 2.gMosN at 200 and 5 K using
the instrument D1b. Analysis of data collected at 200 K
affirmed the structure determined from the X-ray data and
full occupancy by nitrogen of the 4a interstitial site. The data
collected &5 K showed additional Bragg scattering in the
diffraction pattern, most notably in the 110 and 111 peaks,
indicative of long-range magnetic order. This could be
accounted for using a magnetic model with a ferromagnetic
arrangement of spins on the 8c positions of the (10,3)-a net. . .
The magnitude of the magnetic moment on each site was i l 1
refined to 0.52(8us, which is in good agreement with the o] - A Jl i “‘; ook
value of 0.55ug per 8c site obtained from magnetometry. e
SQUID magnetometry data for the four samples in the A A a0 2 100

series FePdMosN with 0.5 < x < 1.5 suggested these 20/°
materials were also ferromagnetic at low temperature. Data (b)
are given in Table 4. Measurements as a function of field
showed the samples all saturated in a field of approximately
1 T and displayed almost no hysteresis about the origin. Our
previoush#? published neutron study of E€PchsMosN
affrmed the structure determined from the X-ray data,
including full occupancy by nitrogen of the 4a interstitial
site, and data collectedt & K showed the presence of
ferromagnetic order with a magnetic moment of 1.2Q(5)
on each 8c site, in good agreement with the value of 1.22 2000 -]
ug obtained by magnetometry. l [ l

N Y N "

SQUID magnetometry data for compounds in the series L

3000 —
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8000 —
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Fe—_PtMosN are also given in Table 4. All the compounds : a ' - . '
were found to be ferromagnets with transition temperatures 20 40 & 8 100 120
higher than the analogous Ni or Pd compounds. Once again, 200

measurements of magnetization as a function of field showed (c)

very little hysteresis about the origin and showed that samples

saturate in fields of 1 T. Neutron diffraction data were Figure 2. Observed @), calculated £), and difference X-ray powder

collected for the compositions FePtyb and Fg 7Pt o5 diffraction profiles for (a) FexsPt.73VlosN, (b) Fe.78Pt 23VlosN, with some

Pt on the 12d site and a Mo impurity present, and (q)78®d 2sMo3N.
The angular range 15 260/° < 25 is particularly sensitive to the metal
(27) Panda, R. N.; Gajbhiye, N. 3. Alloy Compd1997, 256, 102-107. distribution. Positions of allowed reflections are indicated by tick marks.
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Mo on the 12d site in ket 29Mo3N was fixed at the value
determined from the analysis of X-ray data because of the
greater contrast in scattering lengths in this technique. Low-
temperature data contained additional Bragg intensity at low
angles which could be accounted for by a ferromagnetic
arrangement of spins on the 8c site. The fit for FePiViz
displayed in Figure 4. The refined value of the moment on
the 8c site was 1.05(3) and 0.91(fy for thex = 1 and
1.25 compositions, respectively; these values are somewhat
higher than those of 0.9 and 0.7@ obtained from
magnetometry.

Electrical Conductivity. At 273 K all the samples studied
display metallic behavior with a resistivity of the ordex1
10°% Qcm as detailed in Table 5, and on cooling the

(@) resistivity of all samples intially falls. However, the behavior
in the three series is not uniform and these materials can be
classified into three basic types (A, B, and C) as illustrated
in Figure 5. For Fg ;\MMo3N, when M= Ni, the composi-
tionsx =1, 1.25, and 1.5 display metallic conductivity down
to low temperatures~20 K), but with an increase in the
gradient of p(T) on cooling. This Type A behavior also
10 R occurs forx = 0.5 andx = 0.75 when M= Pd andx = 0.5
05 o when M= Pt. For the remainder of the compositions, there
is a change in the sign ofofdT on cooling. For Type B, M
B I = Pt;x = 1 or 1.5, this negative gradient is then observed
B e e— down to the lowest temperatures measured (Figure 5b),

whereas for the remaining samples, Type CAWIi, x =

" oe 1.8; M=Pd,x=1, 1.25, 1.5; M= Pt,x = 0.75 and 1.25

(b) there is a return to a positive value op/dT on further
Figure 3. (a) Variation of molar magnetic susceptibilityp(H) with gooling (Figur(-a SC) However, although the behavior is never
te?nperathre of Ferais sMosN. (b) Magﬂetization o ’f@ NI Moo a5 linear, the resistivity does not vary by more thaB% over

a function of applied field at 5 K. The inset shows the region around the the temperature range 30 T/K < 273.
origin expanded.

MosN at 300 and 10 K using the instrument D2b. Analysis
of the data collected at 300 K confirmed the structural Iron displays some reluctance to enter the filfgdnan-

features identified by X-ray diffraction, including full oc- ganese structure if the alternativesMesN (»-carbide) is
cupancy by nitrogen of the 4a position. The ratio of Pt to available; reductiofrnitridation of a 2:3 stoichiometric
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Table 5. Variation of Electrical Resistivity of Fe;-xMxMosN (M = Ni, Pd, Pt) with Temperature and Composition

M
Ni Pd Pt
p/mQcm behavior p/mQcm behavior p/mQcm behavior
X at273 K on cooling Ty, To/K2 at 273 K on cooling Ty, T2K at273 K on cooling Ty, T2/K
0.5 not studied 1.7 A 150 2.0 A 110
impure
0.75 (notp stuc}ied 2.2 A 110 1.6 C 240,150
1 ({?pure) A 60 0.6 c 160, 100 1.2 B 200
1.25 0.9 A 100 1.7 C 200, 90 1.0 c 210, 50
15 0.9 A 70 1.6 c 220, 80 1.6 B 200
1.8 1.2 c 240, 70
2T, and T, are defined for behavioral types A, B, and C in Figure 5.
mixture of Fe and Mo oxides does not lead toN¥esN, but 174 e
to a mixture of composition 2E®osN + 3Mo. However, o T M_W,.»»"""
when accompanied by a group 10 metal on the (10,3)-a - | W»*“’”
network, it is possible to obtain puggmanganese phases ¢ ] g
which contain large amounts of Fe. It is remarkable that as 3 e "
little as 2.5% Pd in the reaction mixture leads to a product 2 /i‘
distribution dominated by a compound with the filled g | yd
B-manganese structure and thus to a new family of ferro- g
magnets. "sz“ff
Compounds in each series,FEgMMosN (M = Ni, Pd, 160~ . r w r

50 100 150 200 250

Pt) adopt the filleds-manganese structure and the lattice
parameter varies linearly as the metals are substituted for
Fe (Figure 6). For the smaller Ni atom, the lattice parameter (a) TYPE A: Fe; sPdosMosN
decreases, while for compounds containing Pd and Pt lattice
parameters are almost identical in analogous compositions
and increase with increasing group 10 metal content. 164
Extrapolations of plots of the unit cell parameter against
composition for these series allow estimation of a value
6.70(3) A for the unit cell parameter of the hypothetical
compound FgviosN.

It is very curious that, for compounds rich in Pt, it is
possible to introduce Pt on to the 12d site, that is, to replace
Mo in the network of M@N octahedra. Although many
groups have synthesized related fillthanganese phasts°
to our knowledge this is the first time it has been possible 1:58 9
to substitute Mo on the 12d site. Mo and Pt display similar T . . . .
metallic radii no doubt as a consequence of the lanthanide % 10 90 200 20

. . . .. Temperature / K
contraction; this suggests other metals of similar radii may
be incorporated in place of Mo. (b) TYPE B: Fey 5Pt sMosN

All of the compounds described in this work are soft
ferromagnets. For the Ni and Pd series the saturation | I/w«\
magnetizaton varies linearly with Fe content in each case i \\
and band structure calculations have sh&wmat the moment £ 154+ / T:
in the phases is associated with the Fe atoms. Howdver, &
does not vary in a linear manner with Fe content for any of N
the series and in each case as the Fe content is varied a“ 152
maximum value offl; appears to be reached wher 0.75.

In the case of the Pt series the variation of magnetization
with Fe content is not linear. Possible causes of the different
magnetic behavior observed for # Pt include the tendency

Temperature / K

1.62 4

1.60 +

Resnstivity / mQcm

;
1.53

m
-

‘2
3
& 1.51

1.50 H

50 100 150 200 250
(28) El-Himri, A.; Sapina, F.; Ibanez, R.; Beltran, A.Mater. Chem2001, Temperature / K
11, 2311-2314.
(29) Herle, P. S.; Hegde, M. S.; Sooryanarayana, K.; Row, T. N. G; (¢) TYPE C: FeysPd; sMosN

Subbanna, G. Nlnorg. Chem.1998 37, 4128-4130.
(30) Herle, P. S.; Hegde, M. S.; Sooryanarayana, K.; Row, T. N. G.; Figure 5. Variation of electrical resistivity with temperature for (a)ilse
Subbanna, G. NJ. Mater. Chem1998 8, 1435-1440. PdysMosN, (b) Fe sPtsMosN, and (c) FesPdisMosN.
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Figure 6. Composition dependence of the unit cell parameter of
Fe,-xMyMosN (M = Ni, Pd, Pt). Compositions below the shaded band all
show Type A variation of resistivity with temperature.

of this element to occupy the 12d site. Spin-polarized band

structure calculations are needed to elucidate this point, but

the analogous calculations for M Pd show that the 12d

site contributes states at the Fermi level, and any change in

the electron density at this site is therefore likely to modify
the electronic behavior, both magnetic and electrical. The
growing importance of spinorbit coupling on descending
the group might also lead to the observation of different
behavior for M= Pt.
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contribute at the Fermi level, thus causing all but the most
Fe-deficient composition measured € 1.8) to show
metallic, type A character over the accessible temperature
range. This behavior is only observed in the most Fe-rich of
our Pd and Pt-containing samples, consistent with the idea
that the introduction of 4d and 5d metal orbitals removes
states from the Fermi level. The dominance of Type-A
behavior in iron-rich compositions and those with low unit
cell volumes is emphasized in Figure 6. On the basis of the
data currently available, we are unable to offer a detailed
explanation for the low-temperature behavior (Type B and
Type C) of the Pd or Pt-containing samples, although we
expect that the origin of the orbitals involved, variations in
the occupancy of the 12d site, the number of electrons in
the system, and the unit cell parameter will all play a role in
determining the density of states at the Fermi level and hence
the conductivity. Further studies, both experimental and
computational, are planned in order to elucidate this point.
Nevertheless, it is clear from the data presently available
that the use of a surprisingly simple synthetic method has
led to the discovery of a new and extensive family of metallic
ferromagnets, albeit with Curie temperatures below room
temperature. Raising the magnetic ordering temperature is
one of the immediate goals of our program in this area.
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