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Abstract: Using dc magnetization, ac susceptibility, specific heat, and neutron diffraction, we have studied
the magnetic properties of Mn[N(CH)(pyz) {pyz = pyrazing in detail. The material crystallizes in the
monoclinic space group2,/n with a = 7.3248(2),b = 16.7369(4), and = 8.7905 (2) A, = 89.596 (23,

V = 1077.65(7) &, andZ = 4, as determined by Rietveld refinement of neutron powder diffraction data at
1.35 K. Tre 5 K neutron powder diffraction data reflect very little variation in the crystal structure.
Interpenetrating Reglike networks are formed from axially elongated ¥Mroctahedra and edges made up of
u-bonded [N(CN)]~ anions and neutral pyz ligands. A three-dimensional antiferromagnetic ordering occurs
below Ty = 2.53(2) K. The magnetic unit cell is double the nuclear one alon@gtland c-axes, giving the

(1, 0,%,) superstructure. The crystallographic and antiferromagnetic structures are commensurate and consist
of collinear Mr#* moments, each with a magnitude of 4.15()aligned parallel to the-direction (Mn—

pyz—Mn chains). Electronic structure calculations indicate that the exchange interaction is much stronger
along the Mr-pyz—Mn chain axis than along the MAINCNCN—Mn axes by a factor of approximately 40,
giving rise to a predominantly one-dimensional magnetic system. Thus, the variable-temperature magnetic
susceptibility data are well described by a Heisenberg antiferromagnetic chain model,gyivi@d1(1) and

Jkg = —0.27(1) K. Owing to single-ion anisotropy of the Kfnion, field-induced phenomena ascribed to
spin-flop and paramagnetic transitions are observed at 0.43 and 2.83 T, respectively.

1. Introduction examples of one-, two-, and three-dimensional (1D, 2D, and
. . 3D) systems have been reported. Judicious choice of appropriate
The study of molecul_e-based magnets Is an emerging areg, qoqar building blocks provides the means to create a rich
of contemporary materials researcn recent years, many variety of new materials with interesting structural and magnetic
*To whom correspondence should be addressed. E-mail: properties: Typically, these compounds consist of paramagnetic

jlm?nsqn@gnl.gov. Fax: (630) 252-9151. transition metal ions linked together by organic ligands of
ier“‘(’)ﬁrnsgyN‘;‘;igéz?-Laboramr various sizes, shapes, and bonding motifs to afford polymeric
§Nagtiona| Institute of Standa,é's and Technology. arrays. A great deal of the modern literature describes com-
O University of Maryland. pounds comprised of cyarfaxalato? or azidd ligands; their
! North Carolina State University. good superexchange properties have been attributed to favorable
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We have employed the potentially multidentate dicyanamide results of detailed magnetic, specific heat, neutron diffraction,
ligand, [N(CN)] -, to develop a wide range of architectures and electronic structure studies, which unambiguously confirm
which exhibit long-range magnetic ordering. Three-coordination 3D antiferromagnetic ordering below 2.53(2) K. Results of the
of [N(CN),]~ to divalent paramagnetic metal centers affords temperature-dependent crystallography, including inelastic neu-
binary rutile-like structures of M[N(CN), (M = Cr, Mn, Fe, tron scattering, will be published in due coufde.

Co, Ni, and Cu). Weak ferromagnetism was found for\Cr,
Mn, and Fe below 4?2165 and 19 K7 respectively, while 2. Experimental Section
the Cu analogue is only paramagnetic down to 2kar M =

E%dig%rglslbéig\?;yagnem ordering occurs below 9 and 21 and pyrazined, (Aldrich) were used as purchased. Doubly deionized
’ o ’ ) . water was used in all sample preparations. To a vigorously stirring
In addition to these binary systems, we have also utilized agueous solution containing both Na[N(GNi0.072 mol, 6.4029 g)

ancillary organic ligands, L, such as pyrazine (py2),4- and pyrazined, (0.036 mol, 3.0249 g) was added an aqueous solution

bipyridine (4,4-bipy),1° and 2,2-bipyridine (2,2-bipy),1? along of MnCl»*4H,0 (0.036 mol, 7.1166 g). A pale yellow precipitate formed
with dicyanamide to create other lattice types. Of these Mn- immediately, which was stirred for an additi¢deh to ensure complete

[N(CN)2].L materials, L= pyz uniquely exhibits long-range reaqtion. The solid was collected via vacuum filtration, washed with

magnetic ordering above 2 K. This is directly correlated with COPius amounts of fresh water, and dried in vacuo ovésffor 8 h,

the spatial dimensionality of their crystal structures, as the bipy- Y€lding 7.1601 g (74%) of the desired product. Sample quality was
containing solids exist as isolated 1D chains while the latter Judged by both infrared spectroscopy and X-ray powder diffraction.

forms a 3D extended network. The electron-withdrawing nature lgll?sr}gguterated Mn[N(CNJz(pyz) was synthesized as described previ-
of the terminal nitrile moieties effectively diminishes the electron '

. . . Magnetic Measurements.Direct current (dc) magnetization mea-
density on the amide-N atom, leading to reduced exChangesurements were carried out between 2 and 300 K utilizing a Quantum

coupling between adjacent spin carriers. Use of long spacerpesign MPMS-5XL SQUID ac/dc magnetometer equipped with a
ligands such as [N(CN)~ provides the opportunity to probe  reciprocating sample operation transport, enhanced low-temperature
low-dimensional exchange interactions and anisotropy in rigid thermometry, ultralow field, and magnet reset options. To perform low-
3D lattices. Correspondingly, MAINCNCN—Mn separations field M(T) experiments, th@-metal shield was degaussed, the magnet
exceed~7.5 A in these materials. was reset, and a Hall probe was utilized to null any residual magnetic

Recently, the single-crystal X-ray structure and preliminary ‘:fe'isplﬂg;qtgnf:‘r\?vg; i”fogircr’:é dAEZ;C\,fQ]g chrrzznltéac)l;‘flfggt;bci”ty
magnetic properties of Mn[N(CM)(pyz) were reporte@.The P kg

| . ially el d hedra i drive field oscillating at 10, 100, and 1000 Hz. Ultralow-temperature
crystal structure contains axially elongated octahedr fes xad T) magnetic susceptibilities were recorded on a home-built measure-

which are ligated to four different-[N(CN),] ™ units and two ment system based on a Conductus, Inc. SQUID magnetometer
axial pyrazine ligands which produce interpenetrating ReO  equipped with a home-made dilution refrigerator. An oscillating field
type network structures. In the present work, we describe the of 175 Hz at an amplitude of a few millioersted (mOe) was used. The
geomagnetic field was shielded lzymetal, so that the static field at

(3) (a) Ferlay, S.; Mallah, T.; Ouahes, R.; Veillet, P.; Verdaguer, M. the sample was less than 10 mOe. Values of the molar ac susceptibilities

Nature1995 378 701. (b) Larionova, J.; Sanchiz, J.; Gohlen, S.; Ouahab, _
L.. Kahn, O.Chem. Commuri998 953. (c) Gadet, V.. Mallah, T.: Castro, were calculated, so that they were smoothly connected to the extrapola

I.: Verdaguer, MJ. Am. Chem. So2992 114 9213. (d) Mallah, T.: Ferlay, tion of the high-temperature data._ Field-depend(_ent ac su_scqptibility
S.; Auberger, C.; Helary, C.; L'Hermite, F.; Ouahes, F.; Vaissermann, J.; Mmeasurements were performed gsa 1 Oe a@mplitude oscillating
Verdaguer, M.; Veillet, PMol. Cryst., Lig. Cryst1995 273 141. (e) Entley, at 10 Hz in an applied dc magnetic field up to 5 T. Zero-field-cooled
W. R, Girolami, G. SSciencel995 268 397. (f) Holmes, S. M.; Girolami, dc magnetization studies were performed at 0.1, 1, 10, and 50 Oe, and
G. S.J. Am. Chem. S0d 999 121, 5593. (g) Hatlevik, O.; Buschmann,  gata were taken upon warming. Field-cooled dc magnetization data

W'(E).;Fi?aeg%nigIeMa(r;?Opé%aki; Mi_”(;rﬁ(;]hggdzv' gﬂaﬁgtg?n%ttll\?mkida were obtained by cooling in an applied field from 10 K down to 2 K,

Synthesis.MnCl,-4H,O (Baker), Na[N(CNj] (Aldrich), pyrazine,

S.: Koikawa, K.: Achiwa, N.: Okawa, HJ. Am. Chem. Sod992 114 and data were collected upon warming. Powdered samples weighing
6974. (b) Mathoniere, C.; Nuttall, C. J.; Carling, S. G.; Daylinerg. Chem. approximately 1520 mg were loaded in gelatin capsules and mounted
1996 35, 1201. (c) Decurtins, S.; Schmalle, H. W.; Schneuwly, P.; Ensling, in a plastic straw. High-fieldV(H) experiments up to 12 T were

J.; Gtlich, P.J. Am. Chem. S0d.994 116, 9521. conducted on an Oxford Research Instruments 12 T MAG-LAB

(5) (@) Manson, J. L.; Arif, A. M.; Miller, J. SChem. Commuri1999

: ' vibrating sample magnetometer (VSM). All magnetic data were
1479. (b) Shen, H.-Y.; Bu, W.-M.; Gao, E.-Q.; Liao, D.-Z.; Jiang, Z.-H.; g P g ( ) g

Yan, S.-P.; Wang, G.-Linorg. Chem 200Q 39, 396. (c) Mautner, F. A.; corrﬁected for core dia_magnetism usinq a standard value 1df0 x
Cortes, R.; Lezama, L.; Rojo, TAngew. Chem., Int. Ed. Engl996 35, 10°% emu/mol as obtained from Pascal’s constants.
78. (d) Gregson, A. K.; Moxon, N. Tlnorg. Chem 1982 21, 586. (e) Specific Heat. Temperature- and field-dependent specific h€at,
Escuer, A; Vicente, R.; Goher, M. A. S.; Mautner, F. Iorg. Chem measurements were carried out using an Oxford Research Instruments
i\g?ﬁ 35, gﬁBG.l(g)gEs%Je;,SZA.; V%e]nte, R thlfr_'TM' ’S‘ S';SMSL_HEGF' r Heliox system equipped with a superconducting 12/14 T dc magnet
F:; gg:]go.’ J.;%njlve, l?/lno’rg. Chggr)n 198?82?;0”01 (H) ggr’tg,nl’?.;'Le'z’arr?;? " and®He ins_ert. The system utilizes a relaxation technique and cc_msists
L.; Pizarro, J. L.; Arriortua, M. I.; Rojo, TAngew. Chem., Int. Ed. Engl. ~ Of @ sapphire chip suspended on eight gold-plated tungsten wires. A
1996 35, 1810. (i) Han, S.; Manson, J. L.; Kim, J. K.; Miller, J. Borg. pelletized sample weighing 1.4 mg was attached to the chip using
Chem 200Q 39, 4182. ) ) approximately 20Q:g of Wakefield thermal compound. The chip has

(6) (@) Manson, J. L.; Kmety, C. R.; Epstein, A. J.; Miller, J.I8org. an integral Cernox thermometer and a sputtered gold alloy heater.

Chem 1999 38, 2552. (b) Kmety, C. R.; Huang, Q.-z.; Lynn, J. W.; Erwin, o : . .
R. W.: Manson, J. L.- McCall. S.: Crow, J. E.. Stevenson, K. L.: Miller, J. Temperature stability was determined to be within 0.002 K at all chip

S.: Epstein, A. JPhys. Re. B 200Q 62, 5576. (c) Batten, S. R.; Jensen, P.: temperatures. Specific hgat was measured in dc'fields of 0and0.43T
Kepert, C. J.; Kurmoo, M.; Moubaraki, B.; Murray, K. S.; Price, DJJ. between 1 and 3.5 K at intervals of 0.03 K, which reqUIred 57 hto
Chem. Soc., Dalton Trang999 2987. (d) Manson, J. L.; Kmety, C. R.; complete. Three pairs of transients (three up and three down) per data
Huang, Q.-z.; Lynn, J. W.; Bendele, G.; Pagola, S.; Stephens, P. W.; Epstein,point were acquired at each temperature interval with a maximum height
A. J.; Miller, J. S.Chem. Mater1998 10, 2552. (e) Batten, S. R.; Jensen, 4 0,06 K. Prior to field-dependent studies, the chip temperature was

P.; Moubaraki, B.; Murray, K. S.; Robson, Rhem. Commuri998 439. : :
(7) Kurmoo. M.: Kepert, C. JNew J. Chem1998 1515. reset to 2 K. FoiIC,(H) measurements, one pair of transients per data

(8) Kurmoo, M.; Kepert, C. JMol. Cryst. Lig. Cryst1999 334, 693. point with a height of 3% (or 0.06 K) was utilized. A magnetic field

(9) Manson, J. L.; Incarvito, C. D.; Rheingold, A. L.; Miller, J. . sweep of 100 Oe/min was selected while a decreased field sweep of
Chem. Soc., Dalton Tran§998 3705.

(10) Manson, J. L.; Incarvito, C. D.; Arif, A. M.; Rheingold, A. L.; Miller, (11) Brown, C. M.; Manson, J. L.; Huang, Q.-z.; Lynn, J. W., manuscript

J. S.Mol. Cryst. Lig. Cryst1999 334, 605. in preparation.
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Table 1. Exponents;; and Valence Shell lonization Potentialg H 70
of Slater-Type Orbitalg; Used for Extended Htkel Tight-Binding 60
Calculatior
atom y  Hi(eV) I ciP &' (o g 03
Mn  4s 975 1844 10 ¥ 403
Mn  4p  —589 1350 10 13 30 3
Mn  3d -11.7 5767 03898 2510 0.7297 h 00 &
C 2s —-21.4 1.831 0.7616 1.153 0.2630 ®
C 2p 114 2,730 0.2595 1.257 0.8026 10
N 2s  —26.0 2261 0.6978 1425 0.3304 0 ! ! r \ | 0
N 2p —13.4 3.249 0.2881 1.499 0.7783 0 50 100 150 200 250 300
H 1s —13.6 1.300 1.0 T(K)
2 Hj’s are the diagonal matrix elemerifg|He"| ) whereHe  is the Figure 1. Temperature dependence of tpaeT (O) product and the

effective Hamiltonian. In our calculations of the off-diagonal matrix reciprocal molar magnetic susceptibility ydd (a), of MN[N(CN),]-
elements,Heff = [};|Hef ;0] the weighted formula was used. See:  (pyz) between 2 and 300 K. The full line represents the theoretical fit
Ammeter, J.; Bugi, H.-B.; Thibeault, J.; Hoffmann, Rl. Am. Chem. to eq 1 withg = 2.01(1),J/ks = —0.27(1) K.

Soc 1978 100, _3686.b Contraction coefficients used in the doulgle-

Slater-type orbital. crystalline sample of Mn[N(CN).(pyz) was measured between

10 Oe/min was used in the regions above and below the phase transition2 and 300 K and fit to the CurieWeiss expressiory [J (T —

The specific heat was measured continuously taking 800 s/point (0.13 #) % giving g = 2.01(1) and¥ = —4.06(6) K, which indicates

T intervals) below the transition and decreasing to 260 s/point (0.043 Weak antiferromagnetic coupling between the2Msites. At

T intervals) above it. 300 K, theyqcT(T) value is 4.370 emiK/mol, in excellent
Crystal and Magnetic Structure Studies.Neutron powder diffrac- agreement with the expected value (4.375 dthmol) for

tion measurements on Mn[N(CHj)(pyz-ds) were made using all 32 isolatedS = %, Mn2" ions. Due to antiferromagnetic coupling,

detectors of the BT-1 high-resolution powder diffractometer at the NIST ., T(T) decreases rapidly below approximately 50 K, reaching

Center for Neutron Research using a neutron wavelength of 1-5401Aa value of 1.04 emi/mol at 2 K. The 1D linear chain

produced by a copper (311) monochromator. Collimators with hori- — ot ;

zontal divergences of 15, 20, andii arc were used for the in-pile, C&:ﬁﬁ;’g_mn[NgNﬂ]z(py)z (py pyridine) also contains

monochromatic, and diffracted beams, respectively. Intensities were fi i N :N_an br;jges_, f rédKa \\;\//ealiaft(l)figog ag-
measured in steps of 0.05 the 2 range of 3-165" at 1.35 and 5 K. netic coupling was observed & ’  Jke = ’ ),

A powder sample weighing6.0 g was loaded into a vanadium can, Suggesting enhanced spin coupling via the pyrazine britfges.
mounted in an ILL-type top loading orange cryostat, and positioned in The spin dimer analysis for Mn[N(CM}(pyz) (see section 3.4)

the center of the neutron beam. Crystal and magnetic structure reveals that the spin exchange interactions through the pyrazine
refinements were carried out using the GSASogram. The neutron  units are much stronger than those through the [NEEN)
scattering amplitudes used in refinements a®&373, 0.930, 0.665, bridges. Hence, to a first approximation, the magnetic suscep-
and 0.667 for Mn, N, C, and D, respectivélyThe initial structural tibjlity data can be described very well by the Heisenberg 1D
model and atomic coordinates used in the refinement were those deriVEdantiferromagnetic chain modeH(= —JS+S) developed by

from the single-crystal X-ray analysis. Fi ; _5 ; 1
A k - ) sher for classicab = °/; spins (eq 1¥;
To aid with the magnetic structure determination, detailed measure- 25p (eq 15

ments were performed with the high-intensity BT-9 triple-axis spec- 2
trometer using a neutron wavelength of 2.359 A defined by a pyrolytic _ NQZ#B SS+1)1+ u(K)
graphite (PG) monochromator. A PG filter was placed in front of the X10 3K T 1 — u(K)
monochromator to suppress any higher-order wavelength contamina-

tions. Intensity patterns were collected in the range4@6 < 45° at where uK) = cothf 2J9S + 1)/ _ T/2J9S + 1) and
1.35 and 5 K. Difference patterns clearly indicated the presence of N (;Zldkg hak\]/{e thaeir usu)aTBn-"Il-}eaniﬁkZ Theabest fi)t}obtained
magnetic Bragg reflections at the lower temperature. The magnetic orderuéi%’;:’q 1 yielded) = 2.01(1) and/ks =g_.0 27(1) K (Figure

parameter was recorded by measuring the intensity of the strong (111) " . . . .
magnetic Bragg peak as a function of both increasing and decreasingl)- AN identical spin exchange parameter is obtained from

temperature, which exhibited negligible hysteresis.

Spin Dimer Analysis. Spin exchange interactions in Mn[N(C}b- kBTmaJJ =112S+1)+0.10 (2)
(pyz) were examined in terms of the spiarbital interaction energies
Ae calculated for its spin dimers using the extendéatkél molecular which relates the] value of a 1D magnetic system to the
orbital method=® Our calculations were carried out by employing the temperatureTmax at which pointy(T) reaches a maximu#s.
CAESAR program packagé.and the atomic orbital parameters of Mn,  This lends further support that Mn[N(CH)(pyz) is a quasi-
C, N, and O are listed in Table 1. In our calculations for Aevalues, 1D magnetic system.
double< Slater-type orbital$ were used for the 3d-orbitals of Mn and With the large metatmetal separations imparted by the

2s/2p-orbitals of C and N, because such orbitals have been found to N(CN),]~ bridging unit (8.719 A average), exchange along

reproduce the trends in the spin exchange parameters of numerous, ~ - o . .
magnetic soliddé-19 n—NCNCN-Mn should be significantly reduced. It is evident

@)

(15) Clementi, E.; Roetti, CAtomic Data Nuclear Data Tables974

3. Results and Discussion 14, 177.
. . (16) Lee, K. S.; Koo, H.-J.; Whangbo, M.-Hhorg. Chem 1999 38,
3.1. Magnetic Properties: Temperature Dependencé&.he 2199.
variable-temperature magnetic susceptibility(T), of a poly- (17) Koo, H.-J.; Whangbo, M.-Holid State Commuri999 111, 353.

(18) Whangbo, M.-H.; Koo, H.-J.; Lee, K.-Solid State Commu200Q
(12) Larson, A. C.; Von Dreele, R. BBSAS: General Structure Analysis 114, 27.

SystemLos Alamos National Laboratory Report No. LAUR-86-748; Los (19) Koo, H.-J.; Whangbo, M.-HJ. Solid State Chen?200Q 151, 96.
Alamos National Laboratory: Los Alamos, NM, 1990. (20) (a) Manson, J. L.; Arif, A. M.; Incarvito, C. D.; Liable-Sands, L.
(13) Hoffmann, RJ. Chem. Physl967 39, 1397. M.; Rheingold, A. L.; Miller, J. SJ. Solid State Chen1999 145, 369. (b)

(14) Ren, J.; Liang, W.; Whangbo, M.-HCrystal and Electronic The reported) value was obtained by the HamiltoniandS+S,.
Structure Analysis Using CAESAR998. This book can be downloaded (21) Fisher, M. EAm. J. Phys1964 32, 343.
from the web site http://www.PrimeC.com/. (22) Lines, M. E.J. Phys. Chem. Solids97Q 31, 101.




Long-Range Magnetic Order in Mn[N(CHN}(pyz) J. Am. Chem. Soc., Vol. 123, No. 1, 20065

0.65 3 5
0.60 E 4
28‘ 0.55 E
S 0.50 E 23
§ 045 ¢ 3 s
e o, 3 =2 o 2K
< 0.40 T —253K ‘ E — — - 2K Brill. M(H)
NT T v ] 5 10K h
0.35 ¢ 10 K Brill. M(H)
0.30 0! PRI RN N S S T R j | | 1 1
0 2 4 6 8 10 0 2 4 6 8 10 12
TK) H (T)
Figure 2. %.{T) data displaying the cusp associated with the mag- Figure 3. Isothermal magnetization data for Mn[N(Cipyz)
netic phase transition. acquired at 2 and 10 K. The dashed and full lines represent the best fit

of the data to the Brillioun magnetization.
that the powder susceptibility is only sensitive to a single

parameter, as fits to other theoretical models (2D and 3D) give 0.7
essentially identicall/kg values. Single-crystal susceptibility 0.6 —/-"/\ T
measurements are needed to assess the magnitude and sign of < 05| . .
the individual exchange interactions (see section 3.4). g 0.4 ., i
Evidence for long-range 3D antiferromagnetic ordering is £ osl ., |
demonstrated by a sharp cuspMiT) andy/(T) at 2.7 K (Figure Ty .,
2). A maximum iny(T) arises as a result of short-range ordering = 0.2 043 T 083 T '.,. -
while the actual 3D magnetic ordering temperatiiie~ 2.5 0.1 ¢ ¢ e,
K, lies just below the maximum and may be determined from 0 L ! I .
a plot of g¢T(T)/dT.?! The ratio of T\/6 gives a value of 0.62, 0 1 2 3 4 5
which is less than the value expected for a simple cubie ( H

6) Heisenberg lattice (0.72}.By comparison, perovskite-like  Figure 4. y,(H) obtained at 2 K.

RbMnF; affordsTn/6 = 0.7024 The in-phase component of the

ac susceptibility;'(T), was measured down to 70 mK and is H, and then saturating asymptotically at the saturation magne-
frequency independent, which precludes glassy-like behavior tization,Ms. On occasion, some antiferromagnets possess a small
associated with a spin-disordered ground statehile the degree of single-ion or exchange anisotropy, which gives rise
out-of-phase componeny;(T), is zero, as expected for a t0 a specific field dependence known as a spin-flop transition
collinear antiferromagnet beloWii. The extrapolated value of ~ at some critical fieldHs+.?° At Hg;, the spins favor a preferred
the ac susceptibilityted K was found to be 0.43 emu/mol and ~ alignment relative to the easy axis of magnetization (i.e., a

is in good agreement with the expected value ghZT)/3, crystallographic axis along which spins of an antiferromagnetic
which further supports 3D magnetic ordering in the material. System align). IfH is applied parallel to the easy axis, the
Zero-field-cooled and field-cooled magnetizatid(T), carried moments will tend to reorient themselves perpendiculat to

out in small applied magnetic fieldH(< 50 Oe), failed to giving rise to a first-order phase transition. This transition is
demonstrate irreversibility attributable to spin canting, in Manifested as a discontinuity M(H) upon crossing the AF
contrast to that observed for the noncollinear antiferromagnet SF phase boundary. Alternatively, this may be obtained directly
Mn[N(CN)],.6a¢ by measuring the differential susceptibility as a functiorHof
Field Dependencelsothermal magnetization measurements x'(H), resulting in a broad (powders) or sharp peak (single
performed at 2 and 10 K to 12 T demonstrate behavior typical Crystals). Upon further increasirlg, the sublattice moments
of an antiferromagnet in the ordered and paramagnetic regimes gradually rotate until another critical field, is reached, beyond
respectively (Figure 3). The magnetization rises nearly linearly Which the average spin direction is parallel to the easy axis.
to about 3.40 Nug (at 3 T) and then increases more slowly, This is a second-order transition to a paramagnetic phase, for
reaching a saturation value of 4.874\ at 10 T. This value is ~ Which M(H) is continuous bug'(H) is discontinuous. Between
in excellent agreement with the value computed for the Brillioun the transition fieldsM(H) increases linearly withi. The critical
magnetization fo= 5, Mn2* ions. In the antiferromagnetically ~ fields HsrandHe may be quantitatively defined as eqs 3 and 4,
ordered state, the measured magnetization is expected to risévhereHe andHa represent the exchange and anisotropy fields,
more slowly than the Brillouin magnetization. Fitting of the 10 respectively. As expected, these critical fields are highly
K M(H) data to the Brillioun function yields a very good dependent upon temperature.
agreement, giving the sangeand 6 values as those obtained

from the Curie-Weiss fit. Conveniently, the relatively low Hy = /ZHEHA — Hi ()
saturation field is a result of the smdlkg value, which allows
us to determine exchange and anisotropy parameters as described H.=2H —H, 4)
below.

Weak Anisotropy and Spin-Flop Behavior.At temperatures For Mn[N(CN)]2(pyz), Hst andH were experimentally found

below Ty, the magnetization of a typical antiferromagnet is to be 0.43 and 2.83 T, respectively, by measuyitfhl) (Figure
expected to initially increase with constant slope upon increasing 4). From eqs 3 and 44, = 0.065 T andHg = 1.45 T at 2 K.

(23) de Jongh, L. J.. Miedema, A. Rdy. Phys 1974 23, 1. A similar Ha value (i.e., 0.063 T) has been reported for the 2D
(24) Teaney, D. T.; Moruzzi, V. L.; Argyle, B. El. Appl. Phys1966 layered compound (§E1;NHz).MnBr4.2” The Ha/Hg ratio of 4.5
37,1122, x 1072 is of the same order of magnitude as that observed for

(25) Mydosh, J. ASpin Glasses: An Experimental Introductjdraylor
and Francis: London, 1993. (26) Carlin, R. L.; van Duyneveldt, A. Acc. Chem. Re498Q 13, 231.
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Figure 5. Schematic representation of th#T phase diagram for a
weakly anisotropic antiferromagnet. Note the regions of the spin-flop
and paramagnetic phases.
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Figure 6. y4(T) data taken at various external fields in the vicinity of
Tn.

MnF; (1.6 x 1072)?8 but somewhat larger than that calculated
for MN[N(CN)2]2 (1 x 1073).5° The Landeg value of 2.01
obtained for Mn[N(CN)]2(pyz) reflects some degree of aniso-
tropy, likely imposed by the tetragonal distortion of the ¥In
ion. Equations 3 and 4 show that an increaséljnincreases
Het but reducedd.. WhenHg = Ha, the anisotropy is so large

Manson et al.

C_(J/mol-K)

T

Figure 7. Specific heat as a function of temperatu@(T), of Mn-
[N(CN).]2(pyz) taken in external dc fields of 0 and 0.43 T.

ature, all three doublets are thermally populated, leading to an
effectiveS= %/, system. Furthermore, the axial distortion often
leads to a zero-field splitting at low temperatures, &k <

0 since the distortion is an axial elongation (see section 3.3).
From theHg;, Ha, andHg values D/kg is estimated to be-0.022

K. This value, an order of magnitude smaller thdRs, is
reasonable for M& ions?’

3.2. Specific Heat: Temperature-Dependent StudieShe
specific heat as a function of temperatuf@(T), for Mn-
[N(CN)2]2(pyz) was measured in applied magnetic fieldg-Hof
=0andH = 0.43 T (Figure 7). Al-shaped anomaly is observed
at ~2.5 K, which indicates 3D long-range magnetic ordering
and is consistent with the magnetic susceptibility measurements.
In this temperature regime, the lattice and electronic contribu-
tions to the specific heat are negligible, and the origin of the
anomaly is largely magnetic. The gradual rise@{T) just
aboveTy is due to increasing short-range magnetic correlations.
In an applied field of 0.43 T, i.eHs;, the peak width and height
remain unchanged, owing to an equilibrium between the spin
states aligned parallel to and perpendicular to the magnetic field.
The change in magnetic entropSy, can be obtained by
integrating theCy(T) versusT curve between 0.9 and 3.4 K,
which gives a value of 5.9 J/m{.2° Extrapolation of theCy(T)
data below 0.9 K tdI' = 0 gives an additional 1.2 J/m# to
ASy. Typically, the total magnetic entropy fdt spins with a

that the spin-flop phase is no longer energetically favorable and spin value ofSapproaches the value dfig In(2S + 1). In the
the moments undergo a metamagnetic transition from the present caseS = °, and ASy should approaciNks In(6) =
antiferromagnetic ground state to a ferromagnetic excited state.14.9 J/molK. The total magnetic entropy change of Mn-
Figure 5 presents a schematic illustration of a magnetic phase[N(CN)2]2(pyz) is estimated to be 7.1 J/mis| which corre-

diagram for a weakly anisotropic antiferromagnet. At a specific
temperature just belowi, Hss andH. intersect at the tricritical

point, which indicates the coexistence of the antiferromagnetic,

spin-flop, and paramagnetic phases.
To further substantiate evidence for the spin-flop transition,

sponds to 48% ofNks In(6). We are unable to estimaiéks
from the C,(T) data because a Heisenberg modelSer %/, is
not available.
Field-Dependent StudiesTo confirm and identify the type
of field-induced magnetic phase transitions found in the other

additionaly(T) measurements at several dc fields were carried Studies, we performed isothermal specific heat measurements

out (Figure 6). The data foH < Hs clearly show the
antiferromagnetic transition near 2.5 K, i.e., a pronounced
decrease in the susceptibility belGwax. WhenHs < H < H,

we obtainyperp as expected. Increasing the field beyddg
induces a paramagnetic state.

Owing to the structural distortion of the MNoctahedra,
single-ion anisotropy likely plays a role in the overall magnetic
properties. For a MAT ion in an octahedral crystal field, the
orbital ground state i&A14, which is split into three Kramers
doublets by second-order spinrbit coupling. At low temper-

(27) Groenendijk, H. A.; van Duyneveldt, A. J.; Willett, R. Bhysica
1979 98B, 53.

(28) (a) Keffer, FPhys. Re. B 1952 87, 608. (b) Jacobs, I. S. Appl.
Phys 1961, 32, 61S. (c) Trapp, C.; Stout, J. VPhys. Re. Lett 1963 10,
157.

at 2 K (Figure 8). TheC,(H) data yielded a single anomaly at
2.83 T, which is attributed to the spin-flop to paramagnetic phase
transition as suggested by ti(H) data. Although the spin-
flop transition is first-order, it is difficult to detect using this
technique.

3.3. Neutron Diffraction: Low-Temperature Crystal Struc-
ture. Owing to the large incoherent scattering cross section of
hydrogenr?® it was necessary to synthesize a deuterated sample
of Mn[N(CN)2]2(pyz). Neutron powder diffraction patterns were
obtained on BT-1 at 1.35 drb K and are shown in Figures 9
and 10, respectively. The nuclear structure was refined in the
monoclinic space group2,/n at each temperature using Rietveld

(29) Kittel, C.Introduction to Solid State Physicd/iley and Sons: New
York, 1986.
(30) Bacon, G. ENeutron Diffraction Clarendon Press: Oxford, 1975.



Long-Range Magnetic Order in Mn[N(CH)(pyz) J. Am. Chem. Soc., Vol. 123, No. 1, 20067

16 ‘ — . . 14000
@ at5K
14 ) ?} — 12000 ¢
g 19 ).ngyoocol')c“\ 2 _ 10000
S a
£ 10k 8 =
2 Q 8000 F
o 8- 8 = 2
3 6000
6 H =283T | [&]
: 2355%4r%339)
4 | ! % W i 4000
0 1 2 3 4 5 6 2600
H(T) R T it L
Figure 8. Field-dependent specific he&,(H), obtained at 2 K. o L i
A A b i s o e i
Arkefpfspiat : ‘
a 14000 - 20 40 60 80 100
12000 at1.35K 2 theta (deg)
Figure 10. Observed t), calculated ), and difference neutron
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reflection positions for the nuclear phase.
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500 Hte S S ‘ (pyz). Deuterium atoms have been omitted for clarity.
°WW&AVMWW1VM than Mn—Ngq due to the steric bulk of the pyz molecule. Other
IS e BT T than the structural elongation of the Ktnion, the N-Mn—N’
2 theta (deg) bond angles reflect a small deformation from the ideal 90 and

Figure 9. Neutron diffraction data for Mn[N(CN).(pyz) taken at 1.35 180" geometries, the largest discrepancies being 82.9(3) and
K. (a) Full neutron diffraction pattern (3 26 < 165°) showing the 174.8(5). The [N(CNY]~ ligand adopts a pseudgy, symmetry,
observed ), calculated £), and the difference betweds,sand|cac with terminal C-N and amide N-C distances ranging from
is shown as a heavy line at the bottom. (b) Low-angle data emphasizing1.155(6) to 1.191(6) and from 1.282(7) to 1.327(6) A, which
the Rietveld refinement of the magnetic Bragg peaks (M). Upper and indicate triple- and single-bond character, respectively, as
lower tics correspond to magnetic and nuclear reflections, respectively. typically observed for this bonding mode.
The extended structure of Mn[N(CH)(pyz) consists of

analysis. Selected interatomic distances and angles are providegolymeric 3D networks similar to RedFigure 12). Nominal
in Table 2. The lattice parameters were determined ta be square-like grids comprised of MINCNCN—Mn edges reside
7.3248(2)b = 16.7369(4), anet = 8.7905(2) A, = 89.596- in the bc-plane, while pyz ligands link them together to afford
(2)°, andV = 1077.65(7) A [R, = 2.91%,Ryp = 3.47%, and 1D Mn—pyz—Mn chains along the-axis. In terms of the lattice
x?=2.495] at 1.35 K ana = 7.3252(1)b = 16.7372(1), and  parameters, the intramolecular MrMn separations are given
c=8.7908(2) A8 = 89.597(2}, andV = 1077.76(4) R [R, by a, 0.51D, andc. Due to the formation of large pores, solvent
= 2.96%,Rup = 3.40%, andy? = 1.832] at 5 K, i.e., below  molecules do not intercalate, but interpenetration of a second
and abovely, respectively. Each nuclear unit cell contains four |attice occurs, which leads to a considerably shorter intermo-
asymmetric units, and none of the atoms reside on special|ecular Mr--Mn distance of 6.42 A.
positions. Importantly, a structural phase transition does not Zero-Field Magnetic Structure. At 1.35 K, no fewer than
accompany the magnetic phase transition, and the unit cellfour additional reflections are observed (Figure 9),which are
volume increases only slightly upon warming. ascribed to long-range magnetic ordering in the material, as

Since there is little structural variation between 1.35 and 5 verified by higher intensity BT-9 data. As the dicyanamide and
K, our discussion will focus on the results obtained at the lower pyrazine ligands are diamagnetic, the magnetic diffraction
temperature. The coordination geometry of the’?Moenter is pattern originates solely from spin ordering of the ¥rons.
axially elongated with four equatorial [N(C}) ligands and The magnetic unit cell is double the nuclear cell along d@he
two axial pyz molecules (Figure 11). The dicyanamide ligands andc crystallographic axes, yielding th#4 0,1/,) superstruc-
are not coordinated symmetrically, with MiNeqbond distances  ture. It contains 16 Mn ions, since there are only four in each
ranging from 2.14(1) to 2.24(1) A. The MiNa bond distances  nuclear unit cell. The superlattice reflections show the occur-
of 2.27(1) and 2.29(1) A are, however, equivalent and longer rence of 3D antiferromagnetic ordering.
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Table 2. Selected Interatomic Distances (A) and Angles (Deg) for 4.5¢ ]
Mn[N(CN)2]2(pyz) As Determined from Neutron Powder Diffraction F 3
at 1.35 and 5 K = 4.0F E
1.35K 5K S 35F 3
Mn—N(1) 2.240(9) 2.24(1) S L0F 3
Mn—N(2) 2.22(1) 2.23(1) g F ]
Mn—N(3) 2.15(1) 2.14(1) 5§ 25F 3
Mn—N(4) 2.194(9) 2.20(1) = E E
Mn—N(5) 2.27(1) 2.27(1) 2.0p ¢ E
Mn—N(6) 2.29(1) 2.26(1) N TR PN PR R SO
C(1)—-N(1) 1.191(6) 1.185(6) 0 05 1 15 2 25 3
C(L)-N(7) 1.282(7) 1.297(7) TK)
C(4)-N(7) 1.300(6) 1.294(6)
C(4)-N(4) 1.164(6) 1.165(6) Figure 13. Sublattice magnetization of Mn[N(CH}pyz) taken
C(2)-N(2) 1.158(6) 1.160(6) between 1.35 and 3 K.
C(2)—N(8) 1.296(6) 1.290(6)
g(g)_m(g) i-igg(g) i-fgi(g) refined accordingly. This gave correct peak positions but
NEl%—M(n)—N @) 82.9(35) ) 8'3_1(3() ) overcompensated _(and revgrsed) intensity patterns for the (101)
N(1)—Mn—N(3) 93.7(3) 94.1(4) and (111) magnetic reflections. In model Il we assumed that
N(1)—Mn—N(4) 175.0(5) 174.8(5) the two lattices had the same spin orientation, and the magnetic
N(1)-Mn—N(5) 88.8(3) 88.6(4) structure was refined allowing only the magnitude of the
N(1)—Mn—N(6) 90.1(4) 90.2(4) moment to vary. Model 1l gave excellent agreement with the
mgg:m:m% é;%g’g) $I77(2£f)5) neutron powder diffraction data. Hence, the Shubnikov group
N(2)—~Mn—N(5) 88.5(4) 89.1(4) must also be identical to the crystallographic space dr(R®/
N(2)—Mn—N(6) 89.5(4) 89.8(4) n); i.e., the magnetic symmetry of the second interpenetrating
N(5)—Mn—N(6) 178.3(5) 178.0(5) lattice carries the same sign of spin ordering as does the first
Mn—N(1)-C(1) 144.2(4) 144.1(4) lattice. During the final Rietveld refinement of the 1.35 K
m:mgg:g% 123"71%'; igi'ggg neutron data, the lattice parameters, profile parameters, scale
Mn—N(4)—C(4) 160:9(5) 160:6(5) factor, and magnetic moment were refined (Figure 9b). Model
N(1)—C(1)-N(7) 170.9(5) 170.9(6) II could be satisfactorily refined against all data to give a
N(2)—C(2)—N(8) 173.0(5) 172.8(6) weighted residual fit paramet&,, = 3.47%. From these data,

a reduced Mfi" moment of 4.15(6)g was obtained, which is
significantly smaller than the expected free ion value @fs5
This Mr?" moment reduction is not atypical and is ascribed to
covalency effects and zero-point spin deviation, phenomena
exhibited by several other materials including Mn[N(Gf?
MnTe,3! ClbMnSnS, %2 and a-MnS 32

To rule out any possibility of a small degree of spin tilting
in the c-direction, the constraints on thre, component of the
magnetic moment (used in model 1) were lifted and allowed
to vary in the GSAS refinement. This approach (model Il1) led
to poor results in that no convergence was reached. Therefore,
model Il afforded the unique solution (Figure 12).

Magnetic Order Parameter. The intensity of the strong
(111) reflection was used to measure the temperature variation
of the sublattice magnetization of Mn[N(CH)(pyz) between
1.35 and 3.0 K (Figure 13). Data were taken from both warming
Figure 12. Crystal and magnetic structure of Mn[N(GIpy2). _and cooling cycles, which revealed no measurable hysteresis
Arrows denote the spin configuration of the ordered2Mmoments. in Tn. Note that, at the lowest temperature measured, a saturated
Only one of the two interpenetrating lattices is shown. Mn, C, and N moment is not quite achieved as compared to the fit of the
atoms are depicted as shaded, filled, and open spheres, respectivelyBrillioun magnetization. Th&y is taken as the inflection point

at 2.53(2) K, which is in excellent agreement with the value

The spin configuration and magnitude of the Mmoments obtained from the other studies. Additionally, fitting of the data
can be determined from the relative intensities of the magnetic to a power law yield$8 = 0.38, which is consistent with the
Bragg reflection$® From the magnetic susceptibility data and value derived for a 3D Heisenberg antiferromagiiet.
electronic structure calculations (see section 3.4), the magnetic Field-Dependent Magnetic Structure.With the zero-field
easy axis is expected to be parallel to Mpyz—Mn chains. magnetic structure in hand, we can make some predictions
Using this information, the spin orientations of the #¥n regarding the spin reorientation which occurs in an applied
moments were fixed parallel to the [100] direction while the magnetic field. FoH < 0.43 T, the spins align parallel to the
nearest-neighboring spins were ordered antiferromagnetically.

The spin configuration of the second interpenetrating lattice must, , (31) Burlet, P.; Ressouche, E.; Malaman, B.; Welter, R.; Sanchez, J. P.;
. : - Vulliet, P. Phys. Re. B 1997 56, 14013.

also be considered, because it can be the same as or 0pposité (32) Fries, T.; Shapira, Y.; Palacio, F.; Moron, M. C.; Mcintyre, G. J.;

to that of the first lattice. Kershaw, R.; Wold, A. McNiff, E. JPhys. Re. B 1997, 56, 5424.

Three. models were_employed in Soling the magretc (55 Jeceboon A 31 Fender B chem. Phedor 52 e,
structure. In model | we assumed that the two lattices have ang Critical PhenomenaDomb, C., Green, M. S., Eds.; Academic Press:
opposite spin configurations, and the magnetic structure wasNew York, 1973; Vol. 3.
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at the two spin site® Alternatively, theJar term is related to
the spin-orbital interaction energpe by eq 6 when the singly

Je 0 —SAe (6)

filled levels of a spin-dimer are given as linear combinations
of nonorthogonal spirorbitals localized at the two spin sites,
. , and S is the overlap integral between the two nonorthogonal
4' spin—orbitals3® Due to the relationshipAe O S eq 6 is
W, qualitatively identical to eq 5.
In Mn[N(CN)2]2(pyz) there are five unpaired electrons at each

spin dimer Mn2* site. When a spin monomer has more than one unpaired
Figure 14. Interaction between adjacent spiarbitals in a spin dimer spin, consideration of the spin exchange interaction in a spin
leading to the spirorbital interaction energye. dimer is modified slightly. Suppose that the spin sites A and B
of a spin dimer haven, and ng unpaired spins, respectively.

a-axis. It was shown previously that a spin-flop transition is  The overall spin exchange parametef the spin dimer is then
observed at 0.43 T, which implies that the spins rotate into the described by eq ¥

bcplane, i.e., perpendicular to the applied magnetic field. Their

exact configuration can only be identified by field-dependent M,
neutron diffraction measurements on a single crystal, owing to J= Z @)
the complexity of the data analysis afforded by a powder sample. =1=1NANg

Between thédss andH. transition fields, the spins remain highly
fluctuating and gradually rotate toward tlzedirection with A spin monomer (i.e., a structural unit containing a single
increasingH. Beyond 2.83 T the spins realign themselves unpaired spin) of Mn[N(CNJz(pyz) is given by the{Mn[N-
parallel to thea-axis, but in a ferromagnetic-like manner. (CN)2la(pyz)} 2~ ion, as depicted in Figure 15a by a projection
3.4. Analysis of Spin Exchange InteractionsThe spin  Vview along thea-direction, where pyrazine molecules are
exchange interactions of a magnetic solid are often describedpresented by dashed lines. There are several different spin
by a spin Hamiltonian made up of nearest-neighbor spin dimers to consider. A spin dimer along tredirection is
exchange parameteds The J parameters can be related to the obtained from two spin monomers sharing a pyrazine molecule,
crystal structure of a magnetic solid by performing appropriate While spin monomers along tfe andc-directions are obtained
electronic structure calculations for the spin dimers (i.e., from two spin monomers sharing an [N(GN) anion. There-
structural units containing two adjacent unpaired spins) of the fore, a spin dimer along the-direction is given by the
solid. TheJ value of a spin dimer containing two unpaired spins {Mn2[N(CN)]g(pyz)s}*~ ion (Figure 15b), that along the
corresponds to the energy differensE between the tripletand  b-direction by the{ Mnz[N(CN)2]#(pyz)}®~ ion (Figure 15c),
singlet states of the spin dimé&;37i.e.,J = AE = 1E — 3E, and that along the-direction by the{ Mn[N(CN)]+(pyz)a} >~
wherelE and3E are the total energies of the singlet and triplet ion (Figure 15d). To simplify our calculations, we employed
states, respectively. Thus, the interaction between two spins isthe idealized geometries for pyrazine and [N(g]N)as well as
ferromagnetic if the triplet state of the spin dimer is more stable the coordinate environment of each Krcation; all pyrazine
than the singlet state, and is antiferromagnetic otherwise. Themolecules were made identical wibn symmetry, and all
spin exchange parametéiis written asJ = Jg + Jar, where [N(CN)z]~ anions were made identical wi@, symmetry. The
the ferromagnetic terni- favors the triplet state (i.eJz > 0), bond lengths and bond angles of these species were fixed at
and the antiferromagnetic terdar favors the singlet state (i.e., the appropriate average values taken from the slightly different
Jar < 0). TheJ values for transition metal oxides and fluorides ~structures found from the crystal structure determination. Each
of perovskite-type structures are well reproduced by Afie distorted MnN octahedron was also idealized by givin@a,

values of the corresponding spin dimers determined from first Symmetry with the average MiNeqand Mn—Nax bond lengths.
principles electronic structure calculatiot$s. We also carried out calculations using the real structures to find

Qualitative trends in thel parameters of a magnetic solid that use of the ideal and the real structures leads essentially to
are well explained in terms of spirorbital interaction energies  the same results. Thus, in the following we present only the
Ae of spin dimers obtained from extended ¢#el molecular ~ results obtained from the idealized structures.
orbital calculationg®1° As shown in Figure 14, thAe value Our calculations for the spin monomer show that the d-block
of a spin dimer is the energy difference between the two singly €nergy levels are grouped into thg and g levels. Given the
occupied energy levels (i.epy and,) of the spin dimef5 local coordinate system used for a spin monomer in Figure 15a,
For the antiferromagnetic interaction between two equivalent thexy, xz andyzorbitals of Mn belong to the§ set, while the
spins, theJar term is related to the spirorbital interaction X — y? andZ? orbitals of Mn belong to thegset. The pyrazine
energyAe by eq 5 when the singly filled levels of a spin dimer molecular plane is aligned approximately along the-y

direction so that the linear combinatiorz+ yz does not
(5) interact with ther orbitals of pyrazine, but the linear combina-
tion, xz— yz does. Calculations for the spin monomer show
that thexy, xz+ yz, andxz— yzlevels are nearly the same in
energy, the — y2 level lies 1.3 eV above thisdset, and the
7 level lies 0.7 eV above the? — y2 level. With five unpaired
(36) Kahn, O.; Briat, BJ. Chem. Soc., Faraday Trans1276 72, 268. spins pgr MA" site, _a” five d-levels of the Sp_iﬂ monomer are
(37) Kahn, O.Struct. Bondingl987, 68, 89. each singly occupied. Thus, for each spin dimer of Mn-

(38) Moreira, I. de P. R.; lllas, F.; Calzado, C. J.; Sanz, J. F.; Malrieu, [N(CN)2]2(pyz), eq 6 has 25 terms to consider, i.e., five diagonal
J.-P.; Amor, N. B.; Maynau, DPhys. Re. B 1999 59, 6593 and references
cited therein.

Ine 0 —(20)?

are given as linear combinations of orthogonal sprbitals

(35) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod975
97, 4884.

(39) Charlot, M. F.; Kahn, ONow. J. Chim 198Q 4, 567.
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Figure 15. Schematic projection views (along thedirection) of (a)
the spin monomer{ Mn[N(CN).]4(pyz),}2~, (b) the spin dimer
{Mn2[N(CN),]s(pyz)s}* along the a-direction, (c) the spin dimer
{Mnz[N(CN)]7(pyz)s} *~ along theb-direction, and (d) the spin dimer
{Mn2[N(CN),]#(pyz)s} 3~ along thec-direction.

Manson et al.

Table 3. Spin—Orbital Interaction Energiede (in meV)
Calculated for the Three Spin Dimers of Mn[N(GNjpyz)

d-orbital alonga alongb alongc
b 360 21 20
X2 —y2 4 44 47
Xy 0 1 1
Xz+yz 3 16 16
Xz—yz 19 16 16

terms () and 20 off-diagonal term3,, (« = v). One-electron
molecular orbital calculations for a spin dimer provide informa-
tion about how each d-level of a spin dimer splits as a result of
interaction in a spin dimer and hence give the sprbital
interaction energies associated with the five diagonal terms.
From the viewpoint of nonorthogonal sptorbitals localized

at spin centers, the antiferromagnetic contributiaato each
off-diagonal termJ,, (u = v) is expected to be negligible
because orbitals of different symmetry have either a zero or a
negligible overlap integral. Thus, the main contributions of the
off-diagonalJ,,, terms will be ferromagnetic. For our qualitative
discussion of the antiferromagnetic exchange interactions in Mn-
[N(CN)2]2(py2), it is sufficient to consider only the spiorbital
interaction energies calculated for the five diagofalterms
(Table 3). This approach was recently shown to be useful for
describing the spin exchange interactions of magnetic solids with
several spins per spin site.

Figure 16a-d shows the nodal properties of some representa-
tive spin dimeryy and vy levels. For simplicity, only the
d-orbitals of Mn and the orbitals of the coordinating N atoms
of the bridging ligand are shown in each diagram. In all cases,
the d-orbitals have opposite signs in the lower-lying leyel
and the same sign in the higher-lying lewal. The following
are observed from the spitorbital interaction energies of Table
3: (a) Along thea-direction, the spin exchange interactions are
dominated by ther-interaction associated with the# orbitals.

(b) Along theb- and c-directions, the d-orbitals of the, set
lead to stronger spin exchange interactions than those ofgthe t
set. Namely, even along the- and c-directions, the spin
exchange through theinteraction is stronger than that through
the z-interaction. (¢) Theo-interaction is stronger along the
a-direction than along the- andc-directions. This shows that
the lone pair orbitals of pyrazine lead to a much more effective
superexchange than do the lone pair orbitals of dicyanamide
anion.

The spin-orbital interaction energieAe of Table 3 indicate
that the spin exchange interactions of Mn[N(GN)pyz) should
be stronger along theedirection than along thie- or c-direction,
in agreement with the finding that the magnetic susceptibility
is very well described by a 1D Heisenberg linear chain model.
The relative strengths of the spin exchange interactions along
the Mn—pyz—Mn and Mn—NCNCN—Mn axes can be estimated
by using eq 7. For our rough estimate, we neglect all off-
diagonal termsl,, (u = v) as well as theJr terms of the
remaining five diagonal termy,,. Using eq 5 and thae values
of Table 3, the spin exchange along the Myz—Mn axis is
estimated to be stronger than that along the-NICNCN—

Mn axis by a factor of about 40.

The spin exchange interactions along theand c-axes are
similar in magnitude (Table 3). In principle, therefore, the
antiferromagnetic interaction through the [N(GN) anion
bridge could double not only theaxis but also thés-axis. It
should be noted that, given the lattice parameders7.3247(2),

(40) Whangbo, M.-H.; Koo, H.-J.; Coste, S.; Jobic)Solid State Chem
in press.
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Figure 16. Nodal properties of representative spin dimer orbitals. (a)
The 2 levels of the spin dimer along thedirection. (b) Thez levels

of the spin dimer along thb-direction. (c) Thex? — y? levels of the
spin dimer along théo-direction. (d) Thexz+ yz levels of the spin
dimer along thé-direction. Only the d-orbitals of Mn and the orbitals
of the coordinating N atoms of the bridging ligand are shown for
simplicity. In (b)—(d) the nodal properties are given as projection views
in the xy plane.

b= 16.7366(6), and = 8.7904(3) A of the nonmagnetic lattice,
the b-axis length is already about twice tloeaxis length, so

the unit cell of the ¥, 0,/,) superstructure is approximately
cubic. Although a weak dipotedipole exchange interaction

J. Am. Chem. Soc., Vol. 123, No. 1, 20a¥71

Table 4. Magnetic Properties of Selected Transition
Metal-Pyrazine Complexés

compound magnetic lattice [g0  J/kg (K) refs
Mn(Na3)2(pyz) 2D 2.03 -0.24 45
Mn(NCS(pyz). 2D 1.99 -0.29 46
Fe(NCS)(pyz), 2D 2.36 —1.47 47
Cu(ClOy)2(pyz)k 2D 211 —-7.63 41
Cu(CHSOs)2(pyz) 2D 215 —357 48
Cu(NCO)(mepyz¥ 2D 2.02 -1.68 49
Mn[N(CN)_]2(pyz) 1D 2.01 -0.27 thiswork
o-Cu[N(CN)]2(pyz) 1D 2.14 —-3.90 44a
Cu(NGy)2A(pyz) 1D 212 -533 50
Cu(NGs)2(2,6-mepyz) 1D 2.10 —-5.76 50
Cu(NGy)2(2,5-mepyz) 1D 210 —-5.04 50
Cu(NOs)(Cl-pyz) 1D 209 —2.02 50
Cu(NGy)(mepyz) 1D 2.06 —4.46 50
Cu(hfac)(pyzf 1D 224 -054 51
Cu(2,3-pyzdoHCI 1D 226 190 52
Cu(pyzc)® 1D 212 060 53
Cu(pyzcy(H-0) 1D 2.15 0.33 53

a For magnetic systems with more than one superexchange path, only
the M—pyz—M interaction is listed? mepyz= methylpyrazine¢ hfac
= hexafluoroacetylacetonaté2,3-pyzdc= 2,3-pyrazinedicarboxylate.
€ pyzc = pyrazinecarboxylate.

of selected metatpyrazine complexes are presented in Table
4. In general, the spin exchange interaction is stronger fexr M
Cu than for M= Mn, which is attributed to an improved overlap
between the singly occupied — y? orbital and the lone pair
orbitals of pyraziné! Another important reason leading to this
observation is that the M ion has five spins while the Ct

ion has one. As shown in Table 3, ti#eorbital alone should
give a strong antiferromagnetic interaction through the pyrazine
bridge in Mn[N(CN}](pyz). However, the experimentalalue

of Mn[N(CN),]2(pyz) shows a weak antiferromagnetic interac-
tion due to competing ferromagnetic interactions arising from
the other d-orbitals. For the same reason, the magnitude of the
spin exchange parameter is much larger ipQ0,, which has
one unpaired spin per €u site, than that in KNiF4, which

has two unpaired spins per Nisite (—-128 meV versus-8.2
meV)1°

4. Conclusions

We have shown that Mn[N(CMk(pyz) exhibits a phase
transition from a paramagnetic state to an antiferromagnetic state
at Ty = 2.53(2) K using magnetic susceptibility, specific heat,
and neutron diffraction measurements. The antiferromagnetic
structure was found to be collinear with reduced?moments
of 4.15(6)us aligned parallel to the-axis. Results of temper-
ature-dependent magnetic susceptibility and spin dimer analysis
reveal a nominal 1D antiferromagnetic chain behavior along
the a-direction. Isothermal magnetization studies carried out

could exist between the two interpenetrating lattices, it was not below Ty show a field-induced antiferromagnetic to spin-flop

addressed in the calculations but warrants further study.
Bidentateu-pyz linkages have provided exchange constants,

J/kg, ranging from—0.27 to—7.63 K, for MNn[N(CN)]2(pyz)

and [Cu(pyz)](ClO4),,* respectively. The magnetic properties

(41) Darriet, J.; Haddad, M. S.; Duesler, E. N.; Hendrickson, Onbig.
Chem 1979 18, 2679.

(42) For example: McGregor, K. T.; Soos, Z. &.Chem. Physl976
64, 2506.
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2374.

(44) (a) Manson, J. L., to be published. (b) Jensen, P.; Batten, S. R;
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R. J. Solid State Cheni999 145, 387.
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