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Rietveld refinement of powder neutron diffraction data, combined with group theory considerations, is used
to determine the magnetic structures of the binary metal dicyanamitig\(CN),], whereM =Ni, Co, Fe,
Mn, NipCay5, and Nj sFe) 5. Compounds wittM =Mn or Fe show a canted antiferromagnetic arrangement
of spin oriented in thab crystallographic plane, with antiparallel components of the two sublattices along the
a axis and parallel along thie axis. Symmetry considerations forbid an additional moment, whether compen-
sated or not, to be present along thexis. The compounds with fewer unpaired electr@@es and N) are
ferromagnets, with all moments oriented along thaxis. The mixed composition of piCoy 5 displays the
same collinear ferromagnetic structure as its parent compounds. However, the compositio with
=Nig sF& 5, whose parent compounds show different magnetic behavior, does not exhibit long-range magnetic
ordering down to 1.7 K. Magnetostriction was observed for the ferromagnets for which we investigated the
variable temperature powder neutron diffraction. The cobalt-rich compounds show more pronounced effects,
consistent with their increasing magnetocrystalline anisotropy.
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I. INTRODUCTION varying the oxidation and spin states of the metal centers, it
has also been shown that an effective replacement of the
Over the past 20 years magnetic ground states that ateridging cyanide ligand, CN, may be afforded by the dicy-
more commonly associated with elements or alloys havanamide anion, {CN), .>~! The new family of isostruc-
been discovered in a variety of extended lattices involvingural compounds with the general formw#'[ N(CN),], (M
molecule-based solidsThe observation of properties such is a transition-metal ion exhibits particularly interesting
as ferromagnetism and superconductivity in these systemmagnetic propertie%.'>They crystallize in a distorted rutile-
has created a lot of interest because their high degree dike 3D structure in which the connectivity between the met-
chemical flexibility allows direct structural control of their als is through (E==C—N—C=N)~ and N—C—N link-
electronic properties? The range of accessible organic con- ages. The structural features of importance for magnetism
nectors enables the tailoring of properties for specific appliare the near-orthogonal arrangement of the octahédiy
cations such as magnetic and/or photonic devices for inforunits connected through three atoms and the presence of the
mation storage media. The molecular magnetic systems arg electrons>® Bulk magnetic susceptibilify** and muon-
often composed of a number of different chemical constituspin  relaxatio®® (x"SR) measurements of the
ents, namely a central transition-metal ion, its coordinatingv'[ N(CN),], series have revealed a plethora of electronic
ligand, charge-balancing ions, and solvent molecules. Thground states as a function of transition-metal ion, including
coordinating ligand plays an important role in the connectiv-paramagnetism, ferromagnetism, and canted antiferromag-
ity of the magnetic metal ions, as well as playing a directnetism. Application of pressure has different effects on each
active role in the interaction between the localized magnetif these compounds.An important aspect in this area of
moments or conduction electrons. The versatility of theresearch is the determination of the key structural or elec-
structure and bonding in these systems enables one to syttenic characteristics that control the resulting magnetic
thesize materials exhibiting dual properties, such as supeground states.
conductivity and magnetism, or coupling of properties, e.g., In this paper, we employ high-resolution and high-
optical sensitivity and magnetism. intensity neutron powder diffraction measurements together
Magnets based on the Prussian blue famiigve been with the implementation of symmetry-allowed models, to de-
extensively studied as the linear metal-cyanide-metal contermine the magnetic structure BF[N(CN),],. The proper-
nectivity gives rise to three-dimension@D) structures with  ties of the mixed metal systems, gNCo, { N(CN),], and
high Curie temperatures, for exampld,c=315K in  NiggFey{N(CN),],, are also explored; the former shows
V[Cr(CN)g]o g6 - 2.8H,0.* While work has concentrated on ferromagnetism, analogous to the parent compositions,
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whereas the latter shows no evidence of long-range magnetic
ordering(LRO) down to 1.7 K. These mixed metal compo-
sitions show unambiguously that the bond angles and dis-
tances, which greatly influence the superexchange interac-
tions, are not the only factors that control the resultant
magnetic ground states.

Il. EXPERIMENTAL DETAILS

The synthesis procedure has been adequately described
elsewheré 14 However, it is important to note that
samples containing iron require the use of degassed distilled
water and manipulation under an inert-gas atmosphere. Pow-

der x-ray diffraction on Siemens D5000 (@) and D500 FIG. 1. Temperature dependence of the normalized dc magneti-
(CoKa) diffractometers confirmed phase purity and al-zation, M(T)/M(2K) of M"[N(CN),], (M=Ni, Co, Fe, Mn,

lowed indexing of the o.bserved re.flfa.c.tions in the space grouRjj, .Ca, 5, and NjFe, 5 measured on cooling in a small applied
Pnnm Bulk dc magnetic susceptibilities were measured USmagnetic field H<10 Oe).

ing superconducting quantum-interference deug&UID)
magnetometerg¢Quantum Design, MPMS-XL and MPMS- |og, displaying spontaneous magnetization at 19 K, a linear
7). Powder neutron diffraction was performed with a combi-dependence of the magnetization on the applied field, and a
nation of the medium-resolution, high-intensity D2@ ( negative Weiss temperature when the high-temperature data
=2.418 A) and the high-resolution D2 €1.5938 A) in-  are fitted with the Curie-Weiss law. (AIC0y 5 [N(CN), 1,
struments at the Institut Laue LangeViL ), France. Dif-  shows a large, spontaneous increase of the magnetization
fraction patterns were recorded in the 2ange 5°-150° around 18 K, indicating the onset of ferromagnetism. This is
(scan step 0.05°for D2b and 0°-130scan step 0.1°for  expected, as it is composed of two ions whose parent com-
D20. Measurements were performed every 60 s with the D2@ositions, CHN(CN),], and N[N(CN),],, both show bulk
diffractometer on heating from 1.7 to 30 (&t 10 K/h and  ferromagnetism.
from 30 to 275 K(at 30 K/h. Measurements on D2b were  To further investigate the relative strength of the antifer-
performed over a 9-h time interval at each selected tempergdomagnetic and ferromagnetic competing interactions, we
ture. Polycrystalline samples were placed in 9-mm-diametegynthesized the composition (J\Fe,2)[N(CN),],, whose
cylindrical vanadium cans inside a continuous-flow ILL “or- parent compounds, NiU(CN),], and FEN(CN),],, are fer-
ange” helium cryostat. Analysis of the neutron data was carromagnetic and canted antiferromagnetic, respectively. The
ried out with the Rietveld methddusing the General Struc-  dc susceptibility of (NjgFe, J[N(CN),],, shown in Fig. 1,
ture Analysis SystertGSAS ' suite of programs. Sequential displays a slower onset to a broader transition, over a range
refinements were performed using a script file, which al-of 10 K, which finally reaches a maximum magnetization
|0Wed GSAS to run in CyCliC mode USing the ﬁnal reﬁned 0n|y be|0W ~5 K. Wh||e the Curie temperature Of the
parameters from each pattern as the starting model for th(‘?\lio_sCoo_s)[N(CN)z]z ferromagnet falls between those of
next. Magn.etic Strl,-ICtUI’.e faqtors were calculated with thqhe parent Compoundsy the transition temperature of
GENLESroutine of this suite w!th symmetry—a_llowed moment (Nji, Fe, o [N(CN),], lies lower than those of the respective
orientations controlled outside GSAS using 7the reversgarent compounds. Further isothermal magnetization mea-
Monte Carlo front-endsarar-Refine program’ Group  syrements, not shown in Fig. 1, indicate that while the 20 K
theory calculations were carried out using the programyata are typical of a paramagnet, below 15 K a small hyster-
sARAR-Representational Analysté:*During the refinements  esis is observed, reaching 1300 Oe at 2 K. Fits to the Curie-
of the magnetic structures, the parameters of the nucleafeiss law give a Curie constant on the order of 1670
structure were fixed at the ValueS I‘efined at 25 K. Comparicm3 K/mo| and a temperature_dependent WeiSS constant Of
son of refined parameters of the atomic positions for the; 13+ 7k, depending on the temperature range of the fit. A
antiferromagnets at 2 and 25 K showed that this assumptiogummary of the magnetic data, including the Curie and
introduced no significant error. Weiss constants from fitting to the Curie-Weiss law over the
temperature rang€-<T<300 K, is given in Table I.

Temperature (K)

Ill. MAGNETIZATION MEASUREMENTS
IV. POWDER NEUTRON DIFFRACTION

The previously reported magnetization measurements of MEASUREMENTS

M[N(CN),], (M=Ni, Co, Fe, and Mn have shown the

compounds witiM = Co and Ni to be ferromagnets, whereas Rietveld refinement of the data, taken on the D20 instru-
those with M=Mn and Fe to be canted ment, was carried out by employing a two-phase model
antiferromagnet&®1° The magnetization measurements ofthat accounts for both the nuclear and magnetic structures
M=Fe, NpsCoys, and NjsFe s are shown in Fig. 1, to- below T and(b) a single-phase model, describing only the
gether with those of previously reported systems for comnuclear structure for temperatures abdye The atomic po-
parison. FEN(CN),], shows similar behavior to the Mn ana- sition parameters were kept constant to the values deter-
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TABLE I. Bulk magnetic parameters determined from fits of the dc magnetization to the Curie-Weiss law,
x=C/(T—6), over the temperature range <T<300 K.

Ni NigCoy 5 Nig sFey s Co Fe Mn
C (cm*K/mol) 1.21(3) 2.026) 1.706) 2.858) 3.3610) 4.4214)
0 (K) 23(1) 10(3) 13(7) —2(6) —22(1) —25(1)
Tc (K) 21 18 No LRO 9 19 16

mined from long counting scans at 11y K using the D2b  temperature. Expanded views, FigaBand the inset to Fig.
diffractometer. During these sequential refinements and i3(b), show the subtle changes around fhe. The refine-
order to control the stability of the least-squares procedurenents lead to the conclusion that abdvg, the monotonic
only the following parameters were refined in each cycleincrease in the average unit-cell volume with increasing tem-
scale factor, backgroun@osine Fourier series of six terjns ~ perature, observed in the series, results from a monotonic
lattice size, overall isotropic temperature factors, and magexpansion along tha andb axes, coupled with a contraction
netic moment(below T¢). Neither the D20 measurements along thec axis. A summary of the thermal expansion coef-
nor complementary measurements on the higher-resolutiof¢ients, ey =(lr,—I7)/[1+ (To—T,)], wherel is the length
D2b diffractometer at 1.7 and 25 K showed deviation fromin considerationT is the sample temperature, afig>T; is

the previously reported orthorhomidmnmspace grouﬁ._ll given in Table lll. Close inspection of the evolution of the
Therefore, this work will concentrate on the temperaturelattice parameters around the magnetic ordering temperature
variation of the structural parameters as well as the additeveals magnetostriction effects. These correlate with the
tional magnetic scattering observed at low temperature fopPOntaneous changes in the magnetic properties and corre-
all but the NjsFe,dN(CN),], composition. The Rietveld spond to the force exerted on the lattice at the magnetic
refinement of the high-resolution powder neutron diffractiontransition. They can be characterized by the magnetostriction

; . tantAs=AL/Ly, whereAL is the difference between
data of Nj sFe, { N(CN),], collected at 1.65 K on diffracto- constant = 0: . .
meter D2b is shown in Fig. 2 as an indication of the typicalthe lengths in the magnetizéq, and the nonmagnetizd,

: . . state. In the present case, the zero-field linear striction in the
quality of the experimental data and fits. The relevant occus . . .
pancy of the metal sites was refined ms=0.61(17) and CJ N(CN),], ferromagnet is more noticeable for theaxis.

. As the temperature decreases frdi@ to 6.5 K, thea axis
Ny =0.39(17). The resulting structural parameters for thecontracts b?/ 0.0008) A. The “steElike” changes in the

compounds, PEN(CN)];, NigsFeN(CN)2l2, and  ggme temperature region areAL,/L,~—8x10 >,
Nig5C0oy 4 N(CN),],, not reported before, are compiled in AL,/Lp~3X10"5 andAL,/L.~—4x10"° in good com-
Table I, together with those for NIN(CN),]lo,  parison with the reported value bf=5x 105 for the mag-
Cd'[N(CN),]z, and MA[N(CN),],. _ netostriction effect in polycrystalline specimens of ferromag-
Thermal expansion was investigated in three selectefletic cobalt metal? We note that despite the opposite sign of
members of theM[N(CN),], series. Figure @) shows the the striction along théd axis, the CON(CN),], molecular
temperature dependence of the unit-cell volume offerromagnet displays an overall anisotropic magnetostriction,
M[N(CN),], (M=Co, NipsCay5, and Nj and Fig. 3b) the  hich results in a volume shrinkagAV/V = (V,— V)/V,
variation of the unit-cell parameters of B(CN),], with = _9x10~5 (whereV,, andV, denote the crystal volume in
the magnetic and nonmagnetic states, respeciivély it
may be expected from its higher moment and larger anisot-
ropy, the effect is most pronounced in the cobalt compound,
which shows a sizable jump in all three lattice parameters at
4000 ¢ x2.5 ; 1 Tc. The magnitude of the distortion is gradually suppressed
: as we move towards the larger ions, that is to say, it is weak-
est in the nickel-rich composition where only a change in the
slope, from positive to negative, in the temperature evolution
of the c lattice constant marks the magnetostriction effects
when the material is warmed up. Table Il details the effec-
tive magnetostriction constants associated with the three
crystallographic axes. For their calculation we took into ac-
count the lattice constant changes betw&gnr-4 K and the
corresponding ¢ as quoted in Table Ill. The negativposi-

. ‘ ' ]
5000 [ ’ Ni, sFe, [N(CN),], T=1.65K, A=1.5938 A ]

Intensity (arb. units)

10 30 50 70 20 110 130 150 tive) values for\ g imply a fairly rapid diminution(increase
26 (deg) in the lattice constant with sample cooling beldw.
FIG. 2. Observedpoints, calculatedline), and difference neu- V. SYMMETRY-ALLOWED MAGNETIC ORDERINGS

tron powder diffraction profiles for the nuclear structure of
NigsFey  N(CN),],. The vertical lines mark the position of the Previous neutron diffraction studies made on the series
Bragg reflections for th€nnmspace group. M[N(CN),], (M=Co, Ni, Fe, Mn) showed the presence of
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TABLE Il. Structural parameters derived from Rietveld refinements ofMfi&I(CN),], series, wherél =Ni, Co, Fe, Mn, Nj sFey s,
and NpCaqy5. N andP represent the total number of observations and basic variables, resped@ivelthe number of constraints. The
atoms were refined in thennmspace group witiM at (0,0,0, N(1) at (x,y,z), C at (x,y,z), and N2) at (x,y,0).

M[N(CN),], M =Ni M=NigsCas M=NigsFeys M=Co M=Fe M=Mn
T (K) 1.8 1.8 1.7 2 1.7 1.7
a(h) 5.90645) 5.92246) 5.980@3) 5.95595) 6.03623) 6.10962)
b (A) 7.01485) 7.04866) 7.04793) 7.05836) 7.11952) 7.267%2)
c(A) 7.31339) 7.368811) 7.35772) 7.42309) 7.445%2) 7.57082)
Vv (A9 303.015) 307.616) 310.122) 312.085) 319.972) 336.152)
M X=y=z 0 0 0 0 0 0
N(2) X 0.207%3) 0.20824) 0.21224) 0.20683) 0.21683) 0.21883)
y —0.09333) —0.09304) —0.09443) —0.09363) —0.09332) —0.08932)
z 0.20374) 0.20685) 0.20632) 0.21064) 0.20852) 0.21282)
N(2) X 0.16315) 0.16196) 0.15735) 0.16085) 0.15734) 0.15485)
y 0.27095) 0.27136) 0.27594) 0.27485) 0.27934) 0.28764)
z 0 0 0 0 0 0
C X 0.26677) 0.26568) 0.26976) 0.26826) 0.27245) 0.27325)
y —0.14945) —0.14906) —0.14795) —0.14925) —0.14544) —0.14213)
z 0.34315) 0.34546) 0.348a3) 0.34735) 0.34933) 0.352@3)
Rup (%0), R, (%) 2.95,2.01 3.98, 2.60 3.68, 2.74 4.35, 3.04 4.75, 3.65 4.48, 3.35
Rmag (%0), 260 (deg 19.02, 22°-58° 12.91, 22°-58° NA 13.43, 22°-58° 16.22, 10°-53° 14.56, 10°-53°
No. magnetic 38 40 NA 40 114 119
reflections
() 1.8212) 1.9812) 0 2.867) 4.125) 5.01(6)
N, P, C 1080, 15, 2 1080, 15, 2 2740, 33, 2 1080, 15, 2 2760, 33, 1 2745, 33, 2

*NA=not applicable.

collinear ferromagnetisfl in the Co and Ni members and the different symmetry-allowed magnetic structures can in-
canted antiferromagnetighin the Fe and Mn salts. All of volve only the basis vectors within a single IR. The basis
these materials order with magnetic structures that propagatectors for the nonzero IR’s at thd site are presented in
through space with the same periodicity as the nuclear cellfable IV. Inspection of the four IR’s with nonzero basis vec-
that is to say, they can be described by the propagation vecttors on theM site reveals thal’; and I'; correspond to
k=(0,0,0). A useful first step in the examination of mag- simple collinear antiferromagnetism and ferromagnetism, re-
netic ordering is to perform symmetry analysis using thespectively, with the moments confined by symmetry to be
technique of representational analysis. Its calculations are relong thec axis. BothI'; and I's have the moments con-
ported in the present study of tt@[N(CN),], series. They strained to be in thab plane. InI'; the components of the
involve first the determination of the irreducible representaimoments along tha axis are ferromagnetically and along
tions (IR’s) of the translational group made up of the sym-the b axis are antiferromagnetically aligned. These relations
metry operations of the nuclear cell that leave the wave vecare reversed if's, i.e., the components alorayare antifer-

tor k invariant. For this series,k=(0,0,0), and romagnetic and alonh are ferromagnetic.

consequentially these IR’s are in fact those of the space The collinear ferromagnetic structures found in Co and
group Pnnmitself. The second step of the analysis entailsNi, with moments oriented along theeaxis, obey the restric-
projection of the basis functions of the magnetic momentstion of ordering according to a single IR'§). However, the
described by axial vectors, at the equivalent positions of aoncollinear canted antiferromagnetic structure proposed for
given crystallographic site. The decomposition of the magthe Mn salt does ndt as it has nonzero components along

netic representation at tid' position ig’8 each of thea, b, andc directions and consequently it is not a
" " " " " valid magnetic structural model. We therefore reexamined
Pmag= 1117+ 0057+ 2157+ 0, + 2Ty the magnetic ordering of MIN(CN),], in terms of the dif-

ferent symmetry-allowed models presented. In the language
of basis vectors, the refinement of a structure involves vary-

The magnetic structures characteristic of a given IR ma 'E?Sthe mixing coefficientsC;, of its associated basis vec-

be produced from linear combinations of its associated basis
vectors, or equivalently by def|n|n_g_ those of_al_l other IR’s to M=Cyahy++Crifs,, @)

be zero. For second-order transitions, as it is the case for

these materials, Landau theory states that a magnetic struathereM is the function that contains the components of the
ture can be the result of only one IR becoming critical. Thusmoments of all the equivalent positions for a crystallographic

+org’+1rP+orgy. (1)
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A. Ferromagnetism in Ni, Co, and N Cop 5

31285 1 The data are only adequately fitted using a collinear fer-

romagnetic arrangement of moments along ¢rexis (I'7).

We will not elaborate on the magnetic structure of these
purely ferromagnetic systems, as it has already been dis-
cussed elsewherel®?°We confirmed that the mixed metal
compound that arises from elements where the parent com-
pounds are themselves ferromagnets, has its moment point-
ing along the same direction with a magnitude approximately
equal to the average of the two components. However, we
note a discrepancy in the value of the ordered sublattice mo-
ment with those previously published. This is likely to arise
as a consequence of the difficulty in the partitioning of the
nuclear and magnetic scattering intensity. As the magnetic
intensities in the previous studies were extracted by fitting
Gaussian functions to the individual pegRsheir deviations

are expected to be greater than those of this work where full
pattern-matching Rietveld analysis was employed. From the
long statistics runs, the average magnetic moment per Co ion
is found to be(u)=2.86(7)ug, (T=2K) compared with
(u)=1.82(12ug (T=1.8K) for the Ni compound, and
(r)=1.98(12)ug (T=1.8 K) for the mixed metal composi-
tion, M =NiysCoy 5. The temperature evolution of the mag-
nitude of the moments for these ferromagnetic compounds,
as determined from the lower statistics sequential Rietveld
refinements, is given in Fig. 4.

312.75

308.25

308.15 | |4

Cell Volume, ¥ (A%

304.00 -

303.90

@

VA X W v erersrare s AP N W
[T ' U B. Canted antiferromagnetism in F§N(CN),],

and Mn[N(CN,)],

The high resolution data collected using the instrument
D2b for F¢ N(CN),], could only be well fitted by the basis
vectors ofl's, i.e., ¢, and 5. The plot of goodness-of-fit
factor, x2, determined from Rietveld analysis as a function
of C(¢s), is shown in Fig. 5. It shows well-defined minima
either side ofC(¢5) =0, giving clear evidence for the cant-
ing of the moments. The final values of the mixing coeffi-
cients wereC(,) =0.82(3) andC(¢5) =0.183), which in-
dicates that the moments are tilted away fromab@lane by
; an angle ofd~14°. Taking the ordered sublattice magneti-

0 50 100 150 200 250 zation as(u(Fe))=4.12(5)ug, leads to a value for the fer-
(b) Temperature (K) romagnetic component along theaxis of 1.01(17ug, in
very good agreement with that reported earlier by bulk mag-
netization measuremerftsThe sublattice magnetization is

around the ferromagnetic transition temperatligeand (b) lattice also in perfect agreement with that expected for a high-spin

parameters for GiN(CN),],; the insets show subtle changes closed'v"_Jllent iron ion GS=4ug). . The can_ted _antlfer_romag-
toTe. netic structure of HAN(CN),], is shown in Fig. 6 with the

two Fe moments restricted in tlad plane. Their components

] ) ) ] ) along thea direction are antiferromagnetically related .|
site. For convenience, during the refinement we restricted thgnq 53 small canting along thedirection () is responsible
sum of the moduli of the mixing coefficients to be unity, for the observed ferromagnetism.
Ei|Ci|: 1. To better examine the fit hyperspace, our refine- The size of the ferromagnetic moment of [\N-(CN)Z]Zi
ment of the mixing coefficients was carried out using a re-as determined from maximum remanant magnetization mea-
verse Monte Carlo algorithm. The values of the moments ourements at 2 K, igerro=0.002ug . The magnitude of this
the two Mn equivalent positions were refined using convenferromagnetic component is too small to be determined from
tional least-squares methods subject to the constraint of theihe powder neutron data. Contrary to the previous refort,
being equal. we find that the sublattice magnetization is equal to the spin-

FIG. 3. Temperature dependence of theunit-cell volume for
M[N(CN),], (from top: Co, NjsCoys, and Ni, respectively
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TABLE lll. Coefficients, ¢, for linear thermal expansion and effective magnetostriction constagis,

along the three crystallographic axesMfN(CN),], compounds. The, coefficients were determined in the

temperature range where the crystal size evolves almost linearly and in all cases above the ferromagnetic

phase transitionsT(). Negative thermal expansion is identified for thaxis in all compositions.

a (1005 K™Y Temperature Ni[N(CN),]» NigsCayd N(CN), ], CA N(CN),]»
range(K)
ay 100-271 3.4 3.6 3.5
ap 100-271 1.8 1.9 2.2
a 25-271 -0.55 —0.66 -0.71
\s (units of 10°%) 17-21 K 14-18 K 5-9 K
Te=21K Tc=18K Tc=9K
Na -05 -0.7 -0.9
Nb 0.0 0.3 0.4
¢ -0.3 -0.5 -0.7

only value,gS=2x32=5ug, and that no delocalization of along thec axis or in theab plane, as required by the sym-
spin densities from the metal onto its coordinating ligands ignetry of the exchange Hamiltonian.
observed.

Canting of the type discussed above is commonly attrib-
uted to the Dzyaloshinsky-MoriyéDM) interaction?® This
antisymmetric exchange is a consequence of spin-orbit cou- The magnetic ground state M[N(CN),], results from
pling and its value follow®- [ S, X S,]. As it is described by  the subtle balance of competing antiferromagnetic and ferro-
a vectorial product of spins, it favors moments that are remagnetic superexchange interactions, as direct overlap is
lated by 90°. Symmetry restrictions show that for a chemicaheg|igibly small due to the large distances involved. It has
bond linking two moments to mediate this coupling, its cen-peen shown that they-e, andt,-t,, interactions are ferro-
ter cannot be an inversion center. As this criterion is met innagnetic, whereas the exchange betwegrand t,, elec-
the Pnnm structure of theM[N(CN);], series, the DM  rons is antiferromagneti®:® The resultant magnetic struc-
mechanism will be present; however, without explicit calcu-tyre is further influenced by the relative strengths of the
lation of the electron transfer integrals that describe the exgyperexchange interactions, in other words, the magnitude of
change, its value is difficult to estimate. We note that as thene overlap that changes as a function of the crystallographic
DM coupling involves terms of order 2, it is compatible with 1o distances and bond angféhe question remains as to
Landau theory and the rule of ordering according to a singl§yhat are the major factors which determine the resultant
IR does not need to be adjusted for it to be taken into aCmagnetic ground state. The superexchange occurs via inter-
count. An alternative effect that can give rise to canting isactions through the §4)-C-N(2) unit. The rigidity of the
single-ion anisotropy. However, as the coordination octahepyidging dicyanamide and the size of the cation cause the
dra are distorted and tilted in thé[N(CN), ], structure, itis  chains to tilt. Consequently, the magnitude of the superex-
difficult to envisage how this will cause moments to orderchange interactions, between metal ions of the same chemi-

cal type, changes. In fact, it has been proposed that the tilting

TABLE IV. The basis vectors at the metal positions of the space
group Pnnmwith k=(0,0,0). The numbering of the IR’s follows

VI. DISCUSSION

the scheme used by KovaléRef. 21). The positions are defined as
M;=(0,0,0) andM,=(0.5,0.5,0.5). The components of the basis
vectors are given with respect to the crystallographic axés and

c.

2.8 L B L I M

24
20
1.6

Magnetic Moment ()

Ni[N(CN),],
T~21K

IR Basis M, M, 121 ?ci[l\;((;N)z]z ]
vector 08 L ‘
Mia My My Mz My My |

04 Nig sC0g

r, A 0 0 1 0 0 -1 L T~ 18K
00 PR STINN RS TOT SR R TR | MR

T's V2 L 0 0 1 0 0 0 5 10 15 20

r is 2 ; 8 01 _01 (()) Temperature (K)

5 4 -
s 0 1 0 0 1 0 FIG. 4. The temperature evolution of the average ordered mag-
| e 0 0 1 0 0 1 netic moment per transition metal site M[N(CN),], (M=Ni,

NigCay5, and Co; a line is included as a guide to the eye.
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] ence plot between the 1.65 and 24.5 K neutron data, which
shows no evidence for either extra peaks or enhancement at
the nuclear Bragg positions. This is an important observation
towards the understanding of the balance between structural
and electronic effects, which influence the resultant magnetic
ground state. The tilt angle affecting the superexchange in-
] teraction, @, in NigsFey{ N(CN),], was determined to be
. a=141.73° at 1.7 K. This angle is extremely similar in mag-
] nitude to the pure iron-containing compounda (
=141.78°). This is despite the observation of the large
change in volume from 319.99) A (Fe) to 310.122) A®
(NigsFey5). This information, along with the lack of evi-
dence of neutron diffraction peak broadening, confirms the
] homogeneous mixture of the two metals on the same site
; . . o@ within the length scale of the diffraction experiment. This
03 02 041 00 01 02 03 tilting angle is within the regime of the canted antiferromag-
netic systems; however, we obtain a much-increased Weiss
constant of 1&) K, reflecting enhanced ferromagnetic inter-
FIG. 5. The goodness-of-fit parametg? as a function of the action compared to the parent Fe compound. The qbservation
basis vector mixing coefficier(ys) obtained from reverse Monte Of N0 long-range magnetic order and bulk magnetic suscep-
Carlo refinement. A clear minimum is seenG{tys)=+0.18. Only  tibility showing short-range spin correlations demonstrates
the size of the moment for the powder neutron diffraction data ofthat other factors together with site randomness and/or local
the F¢N(CN),], was refined by conventional Rietveld method. The Structure play a crucial role in determining the resultant mag-
line is a guide to the eye. netic ground state. Therefore, the different electronic con-
figurations created by mixing ions of different metals will
angle, @, betweenM-C-M atoms, represents the dominant f[une tht_e relat_ive number and _strength of magnetic exchange
superexchange angle and it is this angle that is responsib|Bteractions, i.e., ferromagneti@{-e; and tyo-tpg) versus
for controlling the magnetism, with a crossover from ferro- 2ntiferromagnetic gg-tsg). Chemical methods can thus be

magnetism to antiferromagnetism occurring  ai used to directly influence the macroscopic magnetic
—142.q5)°.2 behavior.

g4is|
g4i2l

8.406

Goodness-of-fit, x°

8.400

8.394

Coefficient, C(y;)

For compositions containing mixed transition-metal ele-
ments, where the parent compounds are themselves ferro-
magnets, the mixed systems are also collinear ferromagnets VIl. SUMMARY
with the spin oriented along the crystallographicaxis.
However, when one of the parent compounds is ferroma

. . ' i jor compensated moment to be along thaxis, with a sec-
netic (Ni) a_nd the other antiferromagneti€e), the mixed _ond compensated moment lying along thexis, whose con-
system, NjsFe s does not show long-range magnetic

> .~ tribution increases with application of an external magnetic
or.der. The Iack_ of . Iong-rangg magnetlc ordgr N field 2! The ferromagnetic component was then predicted to
Nio sFeyd N(CN),]; is evident from inspection of the differ- lie along theb axis, although confirmation with Rietveld re-

finement was outside the resolution of the ddtan the

b present work, the use of high-resolution and high-intensity
powder neutron diffraction, in combination with group
theory techniques, has allowed the correct symmetry-allowed
magnetic structure for the feand Mr'-containing com-
pounds to be derived, with both the present canted antiferro-
magnetic structures possessing uncompensated moments
along theb axis. In each case, the moments are restricted to
the ab plane with any inclusion of a component along the
axis being forbidden by symmetry. As the local symmetry
axes of the coordination octahedron of the metal ions do not
correspond to the crystallographic axes of the unit cell, it is
difficult to ascribe the fixing of the spin direction in space for
the canted antiferromagnets to single ion effects. Rather, the
DM interaction appears to be responsible because by its very
nature the direction along which it induces canting is defined
by the local bond geometry. As the unit cell symmetry is
lower than tetragonal, it would thus distinguish between the
FIG. 6. The canted antiferromagnetic structure iNFEN), ], . a andb axes.

Previous work on MpN(CN),], has established the ma-
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