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The crystallographic and magnetic properties of thg NttN),], compound have been investigated by dc
magnetization, ac susceptibility, specific heat, and zero-field neutron diffraction on polycrystalline samples.
The magnetic structure consists of two sublattices which are antiferromagnetically coupled and spontaneously
canted. The spin orientation is mainly along thaxis with a small uncompensated moment alonghtiasis.

The ground state is a crystal-field sextet with large magnetic anisotropy. The crystal structure consists of
discrete octahedra which are axially elongated and successively tilted mbtipdane. Comparisons of the
magnetic structures for the isostructutd[N(CN),], (M=Mn, Fe, Co, N} series suggest that the spin
direction is stabilized by crystal fields and the spin canting is induced by the successive tilting of the octahedra.
We propose that the superexchange interaction is the mechanism responsible for the magnetic ordering in these
compounds and we find that a crossover from noncollinear antiferromagnetism to collinear ferromagnetism
occurs for a superexchange angleagf=142.0(5)°.

I. INTRODUCTION Il. EXPERIMENTAL PROCEDURES

Magnetic interactions in molecule-based materials have A Iarge (~4.5 g) batch O.f anhydrous.l\[IN(CN)z.]z was
ynthesized as polycrystalline powder in two stépsFort

been the subject of very active investigation in the pas :
decadé. For a molecule-based magnet consisting of magfl\/ayne. First, crystals of hydrated MMN(CN),],-3H,0

netic metal ions coordinated with nonmagnetic organic spe?Ve'® obtained and then the water was removed from the
cies, both the metal ions and the organic species contribute gystals through  pumping. Mn(CI,-6H,0 (15.96 g,
the observed magnetism. The metal ions are the source 8i0441 moJ was dissolved in 7 mL water. B(CN),],
magnetic moments, while the organic species provide supef9-846 g, 0.111 molwas dissolved in 50 mL water. The
exchange pathways between the magnetic centers. A chanfgom-temperature mixture of the two solutions was allowed
in the metal ions and/or superexchange pathways produced@ evaporate over several days, and crystals of
modification of the crystal structure, which in turn may af- Mn[N(CN),],-3H,O began to form. The crystals were
fect the magnetic ground state. Understanding the relatiorplaced in a suction filter and washed with a very small
ship between the crystal structure and magnetic ordering iamount of cold water. Then the crystals were placed in a vial
crucial for the design of three-dimensional molecule-basedavith a septum which was evacuated with a vacuum pump.
magnets with high ordering temperatures. After several days of pumping, the crystals were transformed
Mn[N(CN),], belongs to the isostructurd[ N(CN),],  into a white powder and microanalyzed. The microanalysis
(M=Mn, Fe, Co, Ni, Cl series. Previous studfes® results are: Mn, found 29.07%, calc. 29.37%; C, found
showed that compounds with transition-metal ions having siX25.42%, calc. 25.69%; and N, found 44.59%, calc. 44.93%.
or less electrons in thed3orbitals order as canted antiferro- Perchlorate salts must be handled with extreme caution due
magnets while the ones with seven or more electrons order 48 their explosive natureThe crystal structure at 222 K
ferromagnets. Most of the previous work is concerned with(monoclinic, space group2,/n, Z=4) (Ref. 14 and mag-
macroscopic measurements of the bulk substance. Howevaretic  properties (paramagnetic down to 5 )K of
to understand the effects of the crystal structure on the magvin[N(CN),],-3H,O agree very well with the previously
netic ordering, it is crucial to probe the systems at the miteported crystal structure at 123 K and magnetic
croscopic level. We reported earlier thsitf N(CN),], (M propertie$® All data presented in this paper and the isofield
=Co, Ni) compounds have a collinear ferromagnetic struc-magnetization between 2 and 300 K reported in Ref. 6 were
ture with spin orientation along the axis? In the present performed on polycrystalline samples of MN(CN),], from
work, we report the magnetic structure for the[M{CN),],  this batch. Other methods of synthesis for[IMIKCN), ], are
compound and discuss the possible origins of the variabilitygiven in Refs. 8 and 9 which use the same starting materials
of the magnetic ordering for the first row transition-metalas described above but with variations in preparafi@n
ions compounds. example, the application of hgatand Ref. 6 which uses
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MnCl,-4H,0 as starting material. (002) monochromator and filter. The sample was sealed in a
For magnetic studies, we used both the dc and ac tectylindrical aluminum container filled with He-exchange gas
niques(in Columbus. The dc magnetization data were col- and mounted in a pumped liquid He cryostatro-field mag-
lected with a Quantum Design magnetic property measureletic structurgor in a cryomagnet with &He sorption pump
ment system (MPMS) magnetometer equipped with a (field-dependent magnetic structure
superconducting quantum interference devi&QUID), a All high-resolution NPD dataT=4.6, 10, 20, 50, 120,
7-T superconducting magnet and a continuous-flow cryostaf00, and 298 Kwere used for the Rietveld refinements of
The sample was zero-field cooled from 50 to 5 K, and therthe crystal structures of MN(CN),], in the space group
the isothermal magnetization was measured for applied fieldnnm The background was described by a 12-parameter co-
between—5.5 and 5.5 T. The sample was zero-field cooledsine Fourier series and the temperature factors were refined
(ZFC) or field cooled(FC) from 50 to 5 K, and then the as anisotropic. At first the peak shape was modeled by a
isofield magnetization was recorded on warming for tem-{pseudo-Voigt functio*® which treats the diffraction peak
peratures between 5 and 20 K. The ac susceptibility datfull width at half maximum(FWHM) as a smooth function
were recorded with a Lake Shore 7225 susceptomef d spacing or diffraction angle &for a fixed-wavelength
eter/magnetometer equipped with a 5-T superconductingiffraction experiment. Although the peak-shape fits were
magnet and an exchange cryostat. Phase-sensitive measufgproved, there were still large deviations between the ob-
ments were made using a lock-in amplifier. The linear andserved and calculated profiles. Therefore the peak shape was
nonlinear(second and third harmonisusceptibilities were described by a model recently developed by Steptens
measured in the temperature range from 5 to 40 K in anvhich extends the above model to the case of diffraction
oscillating field of amplitudeH,.=1 Oe (linean or 5 Oe  peak FWHM that isnot a smooth function of the-spacing
(nonlineay and at selected frequencies between 5 Hz and 10alled anisotropic peak-shape broadeningr anisotropic
kHz. strain broadening In Stephens’ model, nearby peaks in a
The specific-heat measurements were performed with diffraction pattern have very different widths caused by a
low mass specific-heat cryostat using a quasiadiabatic headistribution of lattice parameter®f the individual crystal-
pulse relaxation technigire(in Tallahassee The sample, in lites) within a powder sample. A detailed explanation of the
the form of a pressed pellet of powder and with a mass ofnodel including comparisons with previous works on aniso-
3.8+ 0.1 mg, was mounted on a sample holder using a smalfropic peak-shape broadening can be found in Ref. 19 and
amount of Apiezon-N grease. To separate the contribution ofeferences therein. Based on the symmetry of an orthorhom-
the sample specific heat from the addenda, the specific helic crystal system, six independent paramet&g, Spao,
of the sample holder with the grease was measured over tf&o4,S220,S202,So22) Were introduced and refined in order to
full temperature range prior to mounting the sample. obtain optimal fits to the peaks. These parameters are
The neutron powder diffractioNPD) measurements uniquely determined by the widths of the peaks0Q),
were performed on the BT-1 high-resolution powder diffrac-(0k0), (0d), (hk0), (hOl), and (kl), respectively. The
tometer and BT-2 triple-axis spectrometer at the Nationafefinement results indicated that orfygg, Sps0, Spz0, and
Institute of Standards and Technology¢IST) research re-  S,g, contributed significantly in producing excellent whole-
actor. To study the thermal evolution of the crystal structurepattern fits, which suggests that the maximum strain within
neutron-diffraction patterns were collected on BT-1 in ti#e 2 the crystal is in theab plane. Other examples of systems
range 3—-165° at selected temperatures between 4.6 and 208ghibiting anisotropic peak-shape broadening for which the
K. The incident neutron beam on BT-1 had a wavelength oRietveld refinements were greatly improved by using
A=2.0783 A (4.6 K) or \=1.5401 A (between 10 and 298 Stephens’ model are sodiuara-hydroxybenzoaf® and
K) produced by the G811) or the C{{311) monochromator, Rb;Cg,.'® We note that the crystal structure of
respectively. The sample was sealed in a cylindrical vanaMn[N(CN),], at 120 K obtained from our profile
dium container filled with He-exchange gas and mounted inefinements [a=6.1144(3) A, b=7.2759(2) A, ¢
a liquid He cryostat4.6 K) or a closed-cycle He gas refrig- =7.5581(2) A is in very good agreement with the single-
erator (between 10 and 298 )K The crystal and magnetic crystal x-ray solution at 123 K[a=6.1126(3) A, b
structures were refined by the Rietveld method, using the=7.2723(3) A,c=7.5563(4) A2
General Structure Analysis Systef@SAS progrant® and Below the transition temperaturdl(~16 K), the high-
adopting as initial model the room-temperature structure foresolution NPD patterns showed three additional peaks at
CA N(CN),], derived previously. To determine the zero- low angle(inset of Fig. 3 suggesting a predominantly anti-
field (zero applied magnetic fieldnagnetic structure at 1.6 ferromagneticlAFM) ordering, and some weakly enhanced
K, neutron-diffraction patterns were recorded on BT-2 in thenuclear peaks. Because weak ferromagngid) peaks oc-
260 range 15-55° at 1.6 and 25 K. The intensities of thecur on top of strong nuclear peaks, the subtle detail of the
low-angle antiferromagnetidAFM) Bragg peaks were moni- magnetic structure of MIN(CN),], could not be deter-
tored as a function of temperature. To study the field-mined from Rietveld refinements of the high-resolution NPD
dependent magnetic structure at 0.4 K, neutron-diffractiordata. Therefore the magnetic structure was first determined
patterns of relevant Bragg peaks were collected on BT-2 irirom high-intensity NPD studie&Sec. IV Q combined with
several applied fields between 0 and 6 T. The intensities afnagnetic studieéSec. IV A), and subsequently introduced in
the low-angle AFM Bragg peaks were monitored as a functhe refinements of the high-resolution NPD data. Although
tion of external magnetic field at 0.4, 1.1, and 3.4 K. Thethe details of the magnetic structure are presented in the sec-
incident neutron beam on BT-2 had a wavelengthAof tions that follow, we note here that a small FM component
=2.3591 A, which was produced by a pyrolytic graphite along theb axis appears to be present in the system. How-
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FIG. 1. Neutron-diffraction pattern at 10 K in the noncollinear T (K) T(K)

antiferromagnetic state. The crosses represent the experimental in-
tensity, the upper solid line is the calculated intensity, and the lower FIG. 3. Orthorhombic lattice parametef@), (b), and (c), and
solid line is the difference intensitipetween the observed and cal- unit-cell volume(d) as a function of temperature. The error bars are
culated intensities The vertical lines mark the angular positions of smaller than the plot symbols. The dotted lines are guides for the
the nuclear(grey) and magnetigblack Bragg peaks. Inset: Pure €Ye€.
magnetic Bragg peaks generated by the antiferromagnetic compo-
nent of the magnetic ordering. the geometrical data for tHé[N(CN),], (M =Fe, Co, Nj
) ) compounds at 1.6 K and room temperature.
ever, the refinements of the magnetic structure were per- The crystal structure of the MN(CN),], compound
fprmed with .t_ht_ab—axis FM component fixed to zer@ue to (Fig. 2) is the same as that obtained fist[N(CN),], (M
limited sensitivity. =Fe®Co2*'Ni**% compounds. It consists of hinged
rhombus-shaped repeats of MN(CN),], that form
ll. CRYSTAL STRUCTURE “chains” parallel to thec axis. There are twdsymmetry
) ) ) _related Mn ions in the orthorhombic unit cell, one located at
_ The results of the diffraction refinements are presented i10,0,0 (corne) and the other located &t/2,1/2,1/2 (centej.
Figs. 1—4, and Tables I-Ill. The plots show an example of &ch Mn jon is coordinated to six nitrogen atoms in the form
Rietveld fit to the datdFig. 1), the crystal structuréFig. 2, ¢ gn axially elongated octahedrdxMn-N(1) and 2
and the thermal evol_ution of the crystal struct(fFegs. 3 _and X Mn-N(2)]. The long axes of the octahedra are contained in
4). The tables contain structural parametéfrable ), aniso-  yhe ap plane and are tilted by the same angle but in opposite
tropic temperature factorgTable I, and geometrical data genses of rotation about tioeaxis. The successive tilting of
(Table 1) for MN[N(CN),], at low (1.6 and 10 K and  he gctahedra in thab plane may be the source of strain
room temperature. For comparison, Table I also includesyigenced by the anisotropic peak-shape broadening of the
NPD pattern. We show that these lattice distortions, i.e., the
o Mn axial elongation and successive tilting of the octahedra in the
ab plane, play a crucial role in the resulting magnetic struc-
® N(1) ture (Sec. V.

ON(2) The thermal evolution of the orthorhombic lattice param-
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FIG. 2. The crystallographic unit cell in the paramagnetic re- FIG. 4. Selected bond lengtlia) and (b), and bond angletc)
gime as well as in the ordered state for Mi{CN),],. The struc-  and(d) as a function of temperature. The blagey) symbols are
ture consists of discrete MnpNoctahedra which are axially elon- represented on the leftight) axes. The dotted lines are guides for
gated and successively tilted in thé plane. the eye.
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TABLE I. Structural parameters, magnetic parameters, and con- TABLE Il.  Anisotropic temperature parameters for
ventional reliability factors for MPN(CN),], at selected tempera- Mn[N(CN),], at selected temperatures, obtained from the Rietveld
tures, obtained from the Rietveld refinement of the high-resolutiorrefinement of the high-resolution neutron-diffraction data.
neutron-diffraction data.

T (K) 4.6 10 298
T (K) 4.6 10 298
Mn
Space group Pnnm Pnnm Pnnm By (A?) 0* 2.26(39) 3.17(49)
a (A) 6.10852) 6.10542) 6.14864) B, (A?) 1.96(35) 0.8929 1.7339)
b (A) 7.25552) 7.25822) 7.315%3) Bss (A2) 0? 0? 1.2633)
c (A) 7.564Q1) 7.565%2) 7.53712) B, (A?) —0.23(30) 0.988) —0.29(38)
V (A3 335.241) 335.261) 339.023) Bis (A?) 0 0 0
Mn (2a)° Bas (A?) 0 0 0
(0,0,0°
C (8h)° c
(x,y,2)° By (A2 2.5319) 1.8013) 3.3220)
X —0.2721(4) —0.2718(4) —0.2646(5) By, (A?) 1.2511) 1.068) 2.81(11)
y 0.14343) 0.14253) 0.146@3) Bss (A?) 0.31(14) 0.398) 2.1811)
z 0.351@3) 0.35112) 0.35043) By, (A?) 0.369) 0.128) 0.0512)
N(1) (8h)® Bis (A?) —0.43(11) 0.069) 0.7310)
(x,y,2)° B,s (A2) —0.40(9) —0.09(5) —0.17(7)
X —0.2189(2) —0.2190(2) —0.2131(3)
y 0.0885%1) 0.08861) 0.09352) N(1)
z 0.21282) 0.2125%2) 0.21282) By (A? 1.7810) 1.638) 4.6614)
N(2) (4g)° By, (A?) 1.9510) 1.537) 4.4511)
(x,y,1/2) Bas (A?) 1.138) 1.055) 2.237)
X ~0.3454(3) —0.3463(3) —0.3358(4) By, (A?) 0.428) 0.00264) 0.0911
y 0.21232) 0.21253) 0.21723) Bus (A?) 0.077) 0.437) 0.9810)
Mn-N(1) (x 4)° 2.1891) 2.1881) 2.1812) Bas (A?) ~0.11(7) —0.04(5) —0.57(6)
Mn-N(2) (x2)¢ 2.291(2) 2.2882) 2.3022)
N(1)-C (x1)¢ 1.1652) 1.1652) 1.1502) N2
N(2)-C (x2) ¢ 1.3122) 1.3172) 1.3172) Bi: (A?) 2.0415) 1.4513) 5.3622)
N(1)-Mn-N(2) 90.91) 91.01) 91.1(1) B2z (A?) 1.2811) 1.7510) 3.51(15)
N(1)-Mn-N(2) 89.1(1) 89.011) 88.91) Bas (A?) 0.58(15) 1.019) 1.90(10)
By, (A?) —0.29(10) 0.3M) 1.2513)
Mn-N(1)-C 158.52) 158.41) 158.92) Bis (A?) 0 0 0
Bos (A?) 0 0 0
g/lr;\ll(\lz()Z)CC Egég i?gg ﬁgg{(g a\/e_ry small parameters, which were fixed to zero during the final
refinement.
N(1)-C-N(2) 175.23) 174.53) 174.83) eters and unit-cell volume are presented in Fig. 3. The vol-
ume of the unit cell decreases smoothly with temperature,
Mn which indicates that no structural phase transitions accom-
My (us) 4.344) 3.824) pany the magnetic ordering down to 4.6 K. Theaxis de-
Ky (1e) 0 0* creases monotonically with temperature, but dhendc lat-
#z (1B) 1.6609) 0.9618) tice parameters show an anomalous behavior with
# (ms) 4.654) 3.944) temperature. From room temperature to about 18 &xhib-
3 (°) 69(1) 76(3) its positive thermal expansion whiteexhibits negative ther-
o (°) 0? 0? mal expansion. At 10 K, a sign reversal of the thermal ex-
pansion occurs for these lattice parameters. The fractional
R, (%) 3.72 3.56 2.78 changes in length between 10-300 K and 4.6-10 K are:
Rup (%) 4.96 4.29 3.41 Aa/a=+0.71 and—0.05%, Ab/b=+0.79 and+0.04%,
¥2 1.731 2111 1.684 andAc/c=—0.38 and+ 0.02%. The change in the direction

of variation of thea andc lattice parameters may be related
&/ery small parameters, which were fixed to zero during the finalto the development of the ordered Mn moment components

refinement. along the same axes. In contrast, the temperature variation of
bSite symmetries. the b axis component is very small belovy, which leaves
“Atomic positions, where the numbers indicate special-symmetrithe monotonic behavior of theaxis unaffected. The anoma-
positions. lous behavior of the crystal structure may be the origin of the

9Bond multiplicity. shoulder in the specific heat at about 1$ec. IV B) and the
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TABLE Ill. Interatomic distancesin A) and anglesin deg for M[N(CN),], (M=Mn, Fe, Co, Nj at low and room temperature,
calculated with the parameters given in Table | kbr=Mn, Ref. 5 forM = Fe, and Ref. 2 foM =Co, Ni. A is the octahedral distortion
parameter defined as=M-N(2)/M-N(1), (Ref. 20 g is the tilt angle of the equatorial plane of theNg octahedron from thac plane,
and 23 is the dihedral angle between the equatorial planes of the octahedra surrounding the nearest-neighbor metal ions.

M2+ T (K) M-M M-N(2)-C  N(2)-C-N(1) C-N1)-M @ M-N(1)  M-N(2) A B
Mn?+ 46  6.06571)  119.21) 175.23) 158.52)  140.41) 2.1891) 2.2912) 1.047 25.%2)
10  6.06621)  119.61) 174.53) 158.41)  140.41) 2.18§1) 2.2882) 1.046 25.%2)
RT  6.08542)  120.12) 174.53) 158.92)  141.11) 2.1812) 2.3022) 1.055 27.12)
Fet 1.6 5.96701)  119.61) 175.52) 158.91)  141.11) 2.1261) 2.2061) 1.038 26.42)
RT  5.98461)  119.51) 176.32) 159.51)  142.71) 2.1261) 2.2192) 1.044 27.%)
Co* 1.6 5.91581)  120.61) 175.12) 159.41)  142.31) 2.0931) 2.1562) 1.030 27.%2)
RT  5.93601)  120.71) 175.32) 160.31)  143.41) 2.0951) 2.1622) 1.032 28.%2)
Ni2+ 1.6 586341  121.01) 174.62) 159.1)  142.61) 2.0531) 2.1292) 1.037 27.62)
RT  5.87981)  120.11) 175.22) 159.82)  143.51) 2.0531) 2.1402) 1.043 28.%)

change in the trend of the magnetic order parameter of thgE pathway proceeds through-N(2)-C-N(1)-M, which is
(100 peak at about the same temperat(ec. IV O. contained in the diagonal plane perpendicular to #ie
Figure 4 shows selected internal structural parameters asgane. The two anglgdVi-N(1)-C, M-N(2)-C] that connect
function of temperature. The largest effects are observed ithe metal ions to the rigid unifN(1)-C-N(2)] decrease
the bond lengths as opposed to bond angles. The MmN  slightly with temperature. It appears that the changes of the
tahedra remain axially elongated and successively tilted ifwo angles sum up to give the change in the afdkc-M
theab plane at all temperatures studied. The two adl@g)  (denoted bya in Table IIl). Therefore we selected to
Mn-N(2) bond lengthg(in the ab plang contract while the represent the superexchange angle between the nearest-
four equatorial (shory Mn-N(1) bond lengths(along the  neighbor metal iongSec. \j. Finally, A and 3 are used to
chain expand between 298 and 4.6[Kig. 4a]. The net  describe the distortion and rotation of thENg octahedraA
effect is a less distorted octahedron as evidenced by the ogs the octahedral distortion parametés is the tilt angle of
tahedral distortion parametér=M-N(2)/M-N(1)** (Table  the equatorial plane from ttec plane, and Bis the dihedral
I1I). The rhombus-shaped repeat of the chailong thec  angle between the equatorial planes of the octahedra sur-
axis) consists of two Mn-Ml) and four cyano(two single  rounding the nearest-neighbor metal ions.
and two triple bonds on each side. On cooling, the MN
and the single bond lengths expand, while the triple bond IV. MAGNETIC ORDERING
length is independent of temperature down to 1(JFg.
4(b)]. At the same time, some of the bond angles of the
repeat decreasgMn-N(1)-C, Fig. 4c)] and others remain The in-field magnetic measurements, isofield dc suscepti-
constant{C-N(2)-C, Fig. 4d)]. The expansion of the bond bility x4.(T) (2=<T=<300 K) and isothermal magnetization
lengths along the chain may be responsible for the negativ®l (H) (—5.5<H=<5.5T) at 5 K, suggest a canted antifer-
thermal expansion of the axis down to 10 K. At 10 K, the romagnetic state, through the presence of a small ferromag-
contraction of the triple bonds by 0.4%ig. 4b)] may be netic component superposed on an overall antiferromagnetic
enough to reverse the sign of the thermal expansion o€ the behavior. In Ref. 6, we presented the temperature depen-
axis. The symmetry-related Mn ions are connected as Mnedence ofyy.(T) as the product of dc susceptibility with tem-
N(2)-C-N(1)-Mn. The N(1)-C-N(2) angle is essentially inde- perature y4.T(T). On cooling from room temperature to
pendent of temperaturig=ig. 4d)]. The angles connecting 16.1 K, the producl.T(T) decreases indicating AFM cor-
the Mn ions to their common neighb@N(1)-C-N(2)] de- relations at high temperatures. As the temperature is lowered
crease slightly with temperaturd=ig. 4(c)]. We consider further, an unexpected rapid increase develops with a maxi-
N(1)-C-N(2) as a rigid entity. mum of 6.2 emu Oe/mol at 12.2 K. The FM component is
To gain insight into the origins of the variability of the the peak at 12.2 K, which is characteristic to FM transitions.
magnetic ordering in the isostructural seri@§N(CN),],  The high-temperature data yield a Curie constant corre-
(M=Mn, Fe, Co, Nj, we have gathered in Table Il the sponding to a spi$=>5/2 and a Landéactorgs=1.98. Fig-
geometrical parameters relevant to the magnetic interactiomre 5a) shows the isothermal magnetization as a function of
Since the compounds are insulating magnetic systems, thtee applied field at 5 K, in the low-field region. The small
magnetic interactions between nearest-neighbor magnetiEM component has a hysteresis loop with a coercive field of
ions are either direct exchang@®E) or superexchange 0.08 T. Outside this low-field region, the isothermal magne-
(SE).?2 Since the distance between neighboring iokfs 1) tization is linear showing no saturation at the highest mea-
is large, the coupling due to DE is expected to be negligiblysured field of 5.5 TTM (5.5 T)=5400 emu Oe/mgl The
small. Therefore SE interaction is the principal mechanisminear magnetization vs applied field is a characteristic of
for the magnetic ordering in this series. The nearest-neighb@imple AFM.

A. dc magnetization and ac susceptibility
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(FC, closed symboJsmagnetization as a function of temperature,
measured in different applied magnetic fields.

the only experimental evidence that supports the canting of

the Mn moments in the absence of an applied magnetic field.

] The zero-field-cooledZFC) and field-cooled FC) mag-

H, =1 Oe | netization curvesFig. 6) vanish at the transition temperature
" f =500 Hz | of Ty=16.0(2) K. The bifurcation temperatures defined by

X - the onset of irreversibilities are independent of the applied

0.000 s field, which confirms that there is no glassy behavior in the
e ‘ ' e systent®

5 10 15 20 25 30 35 40 Recently, some of the magnetic data of [MIGCN),],

T (K) were reported by other authors for samples prepared by vari-

ous method§.In order to construct an accurate microscopic

FIG. 5. (a) Isothermal magnetization as a function of applied model for the low-temperature magnetic structure, system-
field at 5 K. The coercive field is 0.08 T and the magnetization a@tic studies(including magnetic, specific heat, and neutron
5.5 T is 5400 emu Oe/molb) Real or in-phasex’) and imaginary  diffraction) on samples from a single batch are necessary. In
or out-of-phase ") components of theero-fieldac susceptibility ~ the present work, we report systematic studies on samples
(xac) @s a function of temperature, measured in an oscillating fieldrom a single batch.
of amplitude, H,.=1 Oe, and frequencyf=500 Hz. Measure-
ments at selected frequencigsot shown between 5 Hz and 10 B. Specific heat
kHz yielded similar data.

Xoe (emu/mol)

PR VY P ]

The specific-heat measurements confirm the transition
temperature and type of magnetic ordering obtained from
The zero-field ac susceptibilityac(T) (5<T=<40K)  magnetic(Sec. IVA and NPD(Sec. IV O studies. Figure
demonstrates that a small ferromagnetic component is alsga) shows the zero-field specific he@(T) collected be-
present in the system when no magnetic fiehth{=0) is  tween 1.8 and 25 K. The essential features of the data &re a
applied. Figure ) shows the realy’(T) and imaginary peak at 15.62 K followed by a large specific heat “tail.” The
x"(T) components in a driving field of amplitude 1 Oe and ) peak is associated with the magnetic phase transition from
frequency 500 Hz. Note the spikes y1(T) and x"(T) at  a paramagnet to a canted antiferromagnet, while the large tail
15.9 K and 15.8 K, respectively. The spikes arise from theds due to lattice vibrations and short-range orge below.
small FM component and their positions denote the transitn addition, a weak shoulder appears to be present at about 7
tion temperatureTy .22 The triangular shape of’'(T) and K, which may be connected to the observed anomalous be-
the absence of”(T) are typical for simple AFM behavior. havior of the crystal structure below 10 Sec. Il). The
Another example of a MiT magnetic system with similar application of a large magnetic field of 12[Fig. 7(b)] af-
zero-field y,o(T) data is 0-C3H;NH3),MnCl,.>* Measure- fects thex peak. The peak position was shifted down from
ments of y,. at selected frequencies between 5 Hz and 1Q5.6 to 14.3 K, while the peak height was reduced from 31.8
kHz showed no frequency shift dfy, which indicates that to 25.4 J/mol K. Since the shift of the ordering peak to low
glassiness does not coexist with the ordered $fafde sec- (high) temperatures is characteristic of AFMFM)
ond harmonic susceptibility is zero, as expected for simpleransitions?® the in-field results are consistent with predomi-
AFM, except for a spike arising at the transition temperaturenantly AFM ordering below the transition temperature. The
due to the small FM component present in the system. Sinceero-field specific-heat data were measured by other authors
the FM component of the magnetic ordering inon a sample prepared by a different metfodthough the
Mn[N(CN),], appears to be smaller than the sensitivity ofoverall shape of our zero-fiel@(T) data is similar to the
the NPD experiment&Sec. IV O, the zero-fieldy,. data are  shape presented in Ref. 8, the height of aurpeak
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FIG. 7. Specific heat as a function of temperature, measured in  F|G, 8. (a) Magnetic specific heat as a function of temperature,
an applied magnetic field ¢& 0 T and(b) 12 T. The solid line is  ghtained by subtracting the lattice specific heat from the tét.
the estimated lattice specific he@Ref. 4 and 2J. Inset: A sche-  \agnetic entropy as a function of temperature, obtained by inte-

matic drawing of the geometry around the ¥nion, which is an  grating the magnetic specific heat versl( T). The data yield a
elongated octahedron with two axial bond lengths of 2.288(2) Aransition entropy oR In 6 corresponding t&=5/2.

and four equatorial bond lengths of 2.188(1) A at 10 K. ForMn

in an elongated octahedron, a negative zero-field splitting is ex- . )
pected to occur. =5/2). The critical entropys, (entropy change belowy) is

about 87% ofS;,;=RIn 6. Comparisons of the experimental

(31.8 J/molK) is about twice the height observed in Ref. 8S; with the theoretical predictions for the three-dimensional
(16 J/mol K). The lower height of the peak in Ref. 8 may (3D) Ising (80% ofS,y;), XY (64% 0fS,,), and Heisenberg
be due to the presence of some otiranmagneticproducts  (62% of S,,;) models® and 2D Ising(44% of S,.,),>* sug-
in the sampl@rather than different magnetic phenomena. gest that the system can be described by a 3D Ising-like

The magnetic ground state is a crystal-field sextet withmagnetic model. From the experimenig);= 163 J/mol, we
large magnetic anisotropy. Since MM(CN),], is an insu- extracted an exchange parameter Jokg=E,/(RSz)=
lating magnetic system, the zero-field d&@4T) data are —0.39 K, which agrees well witld/kg=3Ty/[2S(S+1)z]
well described by a model consisting of a magnetic specific= —0.34 K obtained from mean-field theotyLower values
heatC,,,4T) and a lattice specific he@,(T). TheC;,(T) of the magnetic entropy,,;=5.76 and 10.1 J/molK have
[Fig. 7(a), solid line] was estimated by the corresponding been observed for samples prepared according to Refs. 6 and
states approximatioff, making use of the specific heat of the 8, respectively. However, the value &,,=14.9 J/molK
isomorphous paramagnetic [N(CN),],.* Although this is  extracted from our data agrees well with ttieoretically
a paramagnetic compound, the measured zero-field specifexpected magnetic entropy 08;,;=RInN(25+1)=RIn6
heat gave no evidence for any magnetic ordering effectsvhereSis the effective spin of the paramagnetic ion in the
above 1.8 K. The same method of estimati@g,(T) was ground state, and with thexperimentalvalue of the manga-
used in Refs. 28 and 2@vith a paramagnetic isomorpand  nese momenfu(Mn?*)=g<S=4.61(1) ug obtained from
Refs. 30—33(with a diamagnetic isomorph Figure 8a) NPD studies(Sec. IV Q. Both low-temperature techniques
showsC,,((T) obtained by subtractinG,,(T) from C(T). applied to samples reported here, the specific heat and neu-
By integratingCp,,(T) with respect tod(InT) [Fig. 8b)]  tron diffraction, are consistent with &= 5/2 system.
anddT (not shown, we determined the magnetic entropy  The anisotropy in the magnetic ground state is due to a
Siot (total magnetic entropy change below and abdyg relatively large negative zero-field splittingFS) compared
and magnetic energl,.; (total magnetic energy change be- to most Mrf* compounds, which results in a large single-ion
low and aboveT,), respectively. The experimental data anisotropy(SIA). The free ME™ ion has a 8° electronic
yielded a magnetic entropy &,;= R In 6, which shows that configuration, which gives rise to &S ground state. In an
the AFM ordering arises from a crystal-field sexted ( octahedral crystalline fieldCF), the orbital ground state is



PRB 62 NONCOLLINEAR ANTIFERROMAGNETIC STRUCTURE 6. .. 5583

®A14. Based on the crystal structure, the ¥rion resides at
the center of an axially distorted octahedfsre inset of Fig.
7(a)]. For an axially distorted CF, the SIA may be repre-
sented by aD(Sﬁ) term[whereD is the (axial) ZFS param-
eter] in the Hamiltonian. Through the combined effect of the
axially distorted CF and second-order spin-ort80) cou-
pling, the spin sextet of théA,, level is split into three

Kramers doublets|=1/2), |=3/2), and|*=5/2)). Since the
axial distortion is elongationD<0 (Ref. 36 and the
| =5/2) level lies lower. The value 08,,,=RIn6 indicates
that the doublet-doublet separatiofghich are proportional o*
to the magnitude oD) are small compared witfiy. As a
result, at low temperature all three doublets are thermally___
populated and the system behaves as an effective Spin .£
=5/2 system. Based on the definitions of the anisotropy fielc
Ha, the exchange fieldHg, spin-flop transition field ex-

trapolated to 0 KHge(0), > and the experimental findifg

that Hg(0)=0.52 T, we estimate the magnitude Df kg

=4x10"3K. It is also possible to estimate the ratio

Ha/Hg=10"3, which is a relative measure of the ideality of

the isotropic exchange interactiéhThe value ofH o /Hg for i ]

Mn[N(CN),], is comparable toH/Hg=1.6x10"2 for 0

MnF,, but is much larger thanH,/Hg=5%x10"% of S e

RbMnF;.22 The MnF, system has been interpreted as a 3D 20 30 40 50

Heisenberg system with large magnetic anisotropy or a 3C 20 (deg)

Ising-like system, while RbMnf-is a 3D isotropic Heisen-

berg systeni>**Hence MiiN(CN),], is ascribed to be a 3D FIG. 9. Neutron-diffraction pattern &g) 1.6 K in the ordered

Heisenberg system with large magnetic anisotropy. state, andb) 25 K in the paramagnetic regime. The crosses repre-
sent the experimental intensity and the solid lines are guides for the
eye. The arrows indicate the Bragg peaks that are either new or

C. Zero-field magnetic structure enhanced due to the magnetic intensity developed in the ordered

At 1.6 K Mn[N(CN),], is an antiferromagnet character- State.
ized by a magnetic unit cell equal to the crystallographic unit
cell in which the magnetic moments of the two manganeseetic diffraction pattern, which consists of six magnetic
ions[one located at0,0,0 and the other af1/2,1/2,1/2] are  peaks with their scattering angles lying between<2#®
slightly tilted from the a axis. The comparison of the <50°. General details of the subtraction technique were pre-
neutron-diffraction patterns measured at 1.640. 9a)] and  sented in Refs. 2 and 37. From these six magnetic peaks
25 K [Fig. 9Ab)] reveals both the appearance of new mag-{enumerated in the previous paragraph and marked by arrows
netic Bragg peaks as well as magnetic peaks that occur at the Fig. 9(a), only the best magnetic peakig. 10 were used
same positions as the nuclear Bragg peaks. The peaks can-the determination of the spin orientation and magnitude of
taining magnetic contributions are indexed as (001), (010)the magnetic moment. For all calculations the magnetic mo-
(100), (111), overlapping (012) and (021), and overlappingnents were assumed to be localized on the manganese ions.
(112), (121), (201), and (210) in the crystallographic unitThe experimental integrated intensities and positions of the
cell. The low-angle magnetic peaks, (001), (010), andmagnetic and nuclear Bragg peaks were obtained by fitting a
(100), arepure magnetic peaks; i.e., these peaks do not ocresolution-limited Gaussian to each peak. The calculated in-
cur at the same positions as the nuclear peaks. The presertegrated intensities of the magnetic peaks were obtained by
of the pure magnetic peaks indicates that the body-centeragsing Eqs.(3) and (4) from Ref. 38. For the magnetic form
unit cell consists of two simple manganese sublatticless  factor of the manganese ion we used the calculated free-ion
fined by the corner and center ionshich are AFM coupled. value® The orientation of the spins was determined by find-
The (001) and (010) peaks have comparable integrated inng the best agreement between the ratios of the integrated
tensities, while the (100) peak is much weaker. Since théntensities of the magnetic Bragg peaks in the experimental
(100) peak receives contributions solely from giagandw,  diffraction pattern and the patterns calculated for spin orien-
components of the magnetic momemt we conclude that tations withd and¢ varying between 0° and 90° in steps of
these components must be small. 1°. The magnetic diffraction pattern at 1.6 K with the above

The spin orientation with respect to the crystallographicmethod yieldedd=77(3)° ande=10(6)°,which are close
axes forone magnetic sublattice is given by the sphericalto the valuesy=69(1)° ande=0° obtained from the Ri-
coordinates)=77(3)° ande=10(6)°, and theorrespond- etveld refinement of the 4.6 K high-resolution NPD pattern
ing magnitude of the magnetic moment per manganese ion i§able ). The magnitude of the magnetic moment was ex-
w(Mn?t)=4.61(1)ug. The subtraction of the 25 K data tracted from the magnetic integrated intensities of the (001),
[Fig. 9b)] from the 1.6 K datdFig. Aa)] yielded the mag- (010), and (111) peaks, which were placed on an absolute
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FIG. 11. Configuration of the Mii magnetic moments in the
unit cell. The corner and center arrows have same lengths, but they
appear of different lengths due to the perspective view.

the two manganese moments. The inspection oté&ne-field
magnetic diffraction pattern indicates that reliable peaks with
h+ k+1=even areanot present within our experimental error.
Therefore thezero-fieldac susceptibility measurements play
a crucial role in establishing that the system has a (akt
compensated component to the magnetic orderinec.

IV A). Since the FM component is below the resolution of
our NPD experiments, it must originate from the small cant-
ing angle of the two manganese sublattices. Other examples
of noncollinear AFM systems characterized by small canting
angles that could not be detected by NPD experiments are
presented in Refs. 44 and 45. We note that for a canted AFM
the large compone(®) are compensated and at least one of
the small components is uncompensated.

At 1.6 K and in zero applied field, the model that best
describes the system has the uncompensated component to
the magnetic ordering along theaxis (Fig. 11). Based on
the small experimental integrated intensity of the (100) peak
and the calculated values for=77(3)° andp=10(6)°, the
componentsu, and u, are small. Therefore for our system
to be a canted AFMy, andu, are the only components that
could be uncompensated. In other words, the FM component

20 (deg) could be along thé axis, ¢ axis, or in thebc plane (i.e.,
along bothb andc axes. We know that the magnetic (100)

FIG. 10. Part of the magnetic diffraction pattern, obtained bypeak receives contributions solely from the and u, com-
subtracting the 25 K data from the 1.6 K data of Fig. 9. The solidponents which are AFM. Hence the presence of the (100)
lines are Gaussian fits to the peaks. peak rules out the possibility of the FM component to be in

the bc plane. Consistency is obtained from the magnetic
scale by comparison with the nuclear integrated intensity ofymmetry which only allows the FM component to be either
the (111) peak®*' The value u(Mn?")=4.61(1)ug is  along thec axis (magnetic space groupPn’n’m) or in the
somewhat lower than the theoretically expected free iorab plane (magnetic space groupPnn'm’) for a FM de-
value of 5ug (for S=5/2 andgs=2.00), which may be due scribed by the nuclear space gra@pnm“® Our study of the
to partial spin delocalization onto the ligands. Other?Mn evolution of the spin orientation in applied magnetic freld
magnetic systems exhibiting a moment reduction aréndicates that the., component is increasing with the field
Cw,MnSNS, [4.28(4)us]* and MnTe [4.28(4)ug].*® For  but the overall behavior is still AFM. For the system to re-
the manganese ions belonging to different magnetic sublaimain a canted AFM in a large magnetic field, the com-
tices, the magnitudes of the magnetic moments are assum@dnent must be compensated. The above analysis leaves the
to be identical since the local environment around each oFM component to the magnetic ordering along khaxis as
the two manganese ions in the unit cell is identical. the only possibility.

The orientation of the two manganese sublattices with re- The magnitude of thé axis FM component increases
spect to each other is cantéar noncollinear, /) as op-  with ¢. From the high-intensity NPD data, we calculated that
posed to tilted(or collinear, ). For a body-centered ¢=10(6)°. Theabsence of the FM peaks in the magnetic
magnetic unit cell, the magnetic Bragg peaks with k+1 diffraction patternFig. 10 suggests that the calculated value
= odd (even are generated by the AFKFM) components of  of ¢ might be too large. In order to determine a more appro-

1(1.6 K) - 1(25 K)

1(1.6 K) - 1(25 K)
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6000 —m 11— tional to the square of the ordered moment. Therefore, Fig.
a ] 12 describes the behavior of the square of the magnetic mo-
_’E 5000 | s ment per manganese ion with temperature. The shape of the
£ I data for the (001) pealkFig. 12a)] and (010) peaKFig.
B 12(b)] is typical for a magnetic order paraméter® and is
+t 4000 | similar to the field-cooled magnetization presented in Fig. 6.
; In contrast, the shape of the data for the (100) peak is quite
-"5 3000 | unusual, exhibiting an abrupt change in trend around 7 K.
c Similar behavior has been observed by Bateil® for the
-g 2000 same system in the field-cooled bulk magnetization data. We
- ’ note that the change in trend at ab@uK in the NPDdata
1000 may be connected to the observed anomalous behavior of the
crystal structure below 10 KSec. Ill). The difference in the
6000 temperature dependence of the AFM peaks suggests that the
—_ i magnetic interactions are anisotropic. To obtain an estimate
£ 5000 of the transition temperature, we fitted Brillouin functions to
% i the datg[Figs. 12a) and(b), solid lineg by varying the ex-
5 4000 | change constant;y and saturation magnetization. The fitted
- _ ordering temperatures are 16(36K for (001) and 16.64)
_..? 3000 | K for (010), which are in good agreement with the values
2} btained from the magnetization and specific-heat measure-
c 0 g p
7] , ments.
e 2000
1000 © V. DISCUSSION
1500 F T T T 7 T T T ] In the following, we attempt to qualitatively explain the
= ) (c) - differences in the(i) sign of the exchange couplingi) spin
E b % (100) ] orientation, and (iii) spin canting for the isostructural
< 1000 & C} 1 M[N(CN),], [M=Mn (this work), Fe? Co? Ni?] series.
) - % In insulating compounds of the transition-metal ions, the
° C} ] most important source of magnetic exchange interactions be-
; {J tween the metal ions is assumed to be the superexchange
-"'-'n' 500 {> %c} ] (SB) interaction?? The SE interaction between two nearest-
c <} % %(} 1 neighbor magnetic ions is mediated by the electrons in their
% a {3 {) % % ] common nonmagnetic neighbors; i.e., the SE interaction pro-
-_ 0 i % ] ceeds by means of cation-anion-cation pathways. The sign
e S T ' and relative strengths of the SE interactions depend on the
5 10 15 20 amount of atomic orbital overlap of the metal ions corre-
sponding to different structural configurations. Mechanisms
T (K) describing the SE interaction have been proposed by

Andersorf,” Goodenough® and Kanamof? for the special

FIG. 12. Experimental intensity as a function of temperature forcases of 180° and 90° cation-anion-cation anale or SE anale
the three pure magnetic Bragg pedks (001), (b) (010), and(c) g g

(100). The solid lines are Brillouin function fits to the data. (a_) ’ which p.rOVIde qualitative Cme”@‘GK rUIe.S) of deter-
mining the signs and strengths of SE interactions.

To gain insight into the contributing factors to thign of
priate upper limit fore, the structure factors of the magnetic SE interaction, we discuss the Anderson mecharisth.
Bragg peaks for 5% ¢<10° were calculated. Fas=5° the =~ Based on the symmetry relations between the cation and an-
structure factors of all FM peaks are about one order of magion orbitals, electron transfer, or partial covalent bonds can
nitude smaller than the structure factor of the weakest AFMoe formed between either tlik: (alternate notatiom,y) and
peak[Fig. 10b)], which would make the FM peaks unob- p7 orbitals, thedy (alternate notatio®y) andpo orbitals,
servable. Therefore monzerovalue of ¢ lower than=5°is  or thedy ands orbitals of the cation and anion, respectively.
consistent with the ac susceptibility as well as the NPD studin the Anderson mechanism, an electraailowed by the
ies. We note that @ is the canting angle between the two Pauli principle is first transferred from thpo orbital to one
manganese sublattices. of the neighboring cation¢via po-dy bond and then the

Measurements of the magnetic order parameter reveal thatectron is replaced by one of like spin from the other neigh-
some magnetic anisotropy is present in the system and coiporing cation(via po'-dy’ bond. It is useful to attribute a
firm the transition temperatures obtained from magnetic andign to the partial covalent bond and to the exchange integral
specific heat studies. Figure 12 shows the experimental ibetween the cation and anion. The bond is positivega-
tensity as a function of temperature of the three pure magtive) if the unpaired spin left on the anion is parallati-
netic peaks. According to Egq$3) and (4) of Ref. 38, the paralle) to the spin of the bonding cation. The average ex-
integrated intensity of each magnetic Bragg peak is proporchange integral is positive(negativeé for orthogonal
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(nonorthogonal orbitals between the cation and anion. Thelsing-like model(Sec. IV B and the intensity of the (100)
sign of the SE interaction is the product of the sign of thepeak vs temperature exhibits unusual behayfec. IV C,
bond and the sign of the exchange integral between catioRig. 12c)]. Large magnetic anisotropy is also present in
and anion. Anderson mechanism predicts a decrease of FIM[N(CN),], (M=Fe® Co?” Ni®"). The main feature com-
interactions with decreasing number of the &lectrons. mon to all three systems is a large zero-field splitting, which

In the M[N(CN)], (M=Mn, Fe, Co, N} compounds, s due to the axial distortion of the octahedra surrounding the
the SE interaction proceeds through cation-anion-catiopneta| jons. Table Ill summarizes the equatoN&N(1) and
(M-[N(2)-C-N(1)]-M) pathways of intermediate SE  4yia| M-N(2) bond lengths of théNg octahedra, and the
angles @), where the rigid unit Il{1)-C-N(2) represents the octahedral distortion parametdr=M-N(2)/M-N(1)2 for
anion. In this case, additional partial covalent bonds A4 [N(CN),], (M=Mn, Fe, Co, Nj. It is worth noting that

. 2+ . ) ) ) .
formgg dbseévyljeig};h(ge[eﬁngﬂy]()_rbl_tri;lz ka'\a/lct o‘:—gh g‘:f.pa’a A is largest for the Mn system. Similar interpretations have
P, . (CN)2] . oy ronic contigura- . jted from a theoretical investigation by Sachidanandam
tion of the lowest orbital state dfl |n3(ngnd|storted20+c " etal® of the isostructural serieR,CuQ, with R=Nd, Pr
'glg;j (;?2 d 9§ O?;?tr){: ez'f’ g('(\j/i?) dfly deeZ d%r fg;ﬂMn ana Sm for which the rare-earth moments of Nd and Ref. 53
Y ' Y ! qare perpendicular to the moments of hOther sources of

(de®)dy? for Ni*, where the parentheses indicate paired” - : ) : . .
electrons. Based on the relative number of unpaired elec@niSOtropy like exchange and dipole-dipole interactions are
expected to be less significant.

trons, the stronger bonds involve tide orbital for Mr?* . S ) )
anddy orbital for C#* and N?*. The sign of the bonds is 1€ Spin canting in MIN(CN)2], is attributed to struc-
positive for all four metal ions. The sign of the SE interac-{ural effects rather than other sources of canting like the
tion is negative for MA* and F&* ions and positive for Dzyaloshinsky-Moriya(DM) interaction or frustration of
Co?* and NE* ions. According to Anderson mechanigih magnetic interactions. The occurrence of spin canting in a
applicable, the overlapping orbitals are on average nonor-system is limited by the symmetry requirement that the mag-
thogonal forM[N(CN),], (M =Mn, Fe and orthogonal for netic moments in one unit cell are not related by a center of
M[N(CN),], (M=Co, Ni). The prediction of Anderson inversion? In spite of the fullfilement of the above symme-
mechanism that FM interactions decrease with decreasingy requirement by the crystal structures B N(CN),],
number of the 8 electrons appears to be valid for the (M=Mn, Co, Ni), only the Mrf* moments are canted while
M[N(CN),], series. Another example for which the predic- the Cd* and N#* moments are not. The most commonly
tion seems to work is the transition-metal dichloridés/-  invoked explanations for canting are the DM interactfon
ered materialsseries, for which nearest-neighb@n-plane  and frustratiort® Since the magnitude of the DM interaction
exchange interaction is AFM for less-than-half-filled 8r-  is proportional to ¢;—2)/2 andg,=1.98 for Mr?*, 5.34 for
bitals and FM for the res€ Based on similar arguments as Co*", and 2.21 for Ni*, the DM interaction is expected to
presented above, Goodenofyproposed that the coupling be weakest for Mfi*. The frustration of magnetic interac-
between the same ions must change from FM to AFM for aions is produced by either the geometry of the magnetic
crossover value of the SE angled). Theoretical studi€s lattice for an AFM on some form of a triangular lattice, or
confirm Goodenough’s suggestion. the randomly distributed competing FM/AFM interactions.
In the M[N(CN),], (M=Mn, Fe, Co, Nj series, the sign Based on the structural studies fsf{ N(CN),], (M=Mn,
of the SE interaction depends on the magnitude of the SEo0, Ni) (Sec. Ill), the spin sites are all occupigdo site
angle. Table Ill summarizes the low-temperature values oflisordej and the magnetic lattices are not assembled of tri-
the SE angles for the metal ions spanning the magnetic oangles or tetrahedri@o geometric frustration According to
dering crossover region. By substituting the metal ion whilethe magnetic studies foM[N(CN),], (M=Mn, Co, Ni
keeping the same ligand, from Nih (largest radiusto Ni?* (Secs. IVA and IV @, there is no evidence of randomly
(smallest radius the crystal structure remains the samedistributed competing FM/AFM interactioriso bond disor-
(same space group, different bond lengths and bond angleder. In a mathematical way we can define the frustration
but the magnetic ordering changes from canted AFM to FMunction as® =1II sgn(J;;) =+ 1, where the minus sign de-
for a crossover angle.=142.05)°. Thegradual decrease notes a frustrated systet Since the number of magnetic
of the ion’s radius results in a gradual increase of the SHons in each group of nearest neighbdiisst, second, third,
angle which in turn induces a crossover from canted AFM to. . .) is even,®=(—1)*(+1)?.--= +1 for all three sys-
FM ground state. Hence we can structurally tune the magtems. These observations suggest that the most important
netic ground state in this series. A similar study has beesource of spin canting is the opposite tilting of thMeNg
performed by Subramaniaret al?® on the perovskite octahedra from one unit cell about tieaxis® Table IlI
SeCuQ, in which the gradual substitution of €e (small  gives the tilt angle of the equatorial plane of N octa-
radiug with Te** (large radius resulted in a crossover from hedra from theac plane. The MA*™ moments lie almost in
FM to AFM ground state at a crossover angle @f the plane where tilting occurap plang while the Cé* and
=127.05)°. Ni2* moments are perpendicular to(&long thec axis). As
The orientation of the spins with respect to the crystallo-a result, the MA"™ moments are affected while the €oand
graphic axes is most likely determined by the distorted crysNi?* moments are not. Another example of a system for
tal fields surrounding the metal ions. Since the?Mris an  which the opposite tilting of the octahedra plays an important
Sstate ion, the magnetic anisotropy in MN(CN),], is ex-  role in the canting of the spins is CsCq@H,0.%
pected to be smaff However, our experimental findings To quantitatively explain the origins for the variability of
show the contrary: the critical entropy corresponds to a 30he magnetic structures iM[N(CN),], series, theoretical
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