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Low-field dc magnetization measurements have been performed on powder samples of
the weak ferromagnet Mn[N(CN),].. In small dc fields, H (0.01 < H =< 100 Oe), the zero-
field and field-cooled magnetizations display the onset of a spontaneous moment below T, =
15.85(3) K, giving small magnetization values which suggest a spin-canted moment. A critical
exponent, 5, equal to 0.380(5) was obtained from a fit of the very low field remanent
magnetization data to a power law. As the dc field is increased, the weak spontaneous
magnetization continuously diminishes with respect to the total magnetization and the
behavior typical of an antiferromagnet appears. When the field is increased, furthermore, a
transition from the antiferromagnetic to a spin-flop state is observed.

Introduction

The occurrence of a spontaneous magnetization in a
material is a characteristic typified by ferromagnets and
is technologically very important. However, a spontane-
ous magnetization can also arise in magnetic systems
possessing antiferromagnetic interactions as a result of
several mechanisms.2 Many researchers have enlisted
the ferrimagnetic approach because two (or more)
sublattices with dissimilar magnetizations exist. The
highest T, molecule-based magnets, V(TCNE),-yCH,Cl,
(T¢ ~ 400 K)?’a and V[Cr(CN)gloss (Tc = 315 K),3b take
advantage of this paradigm. Other ferrimagnetic sys-
tems consisting of discrete molecules, one-dimensional
chains, and/or two-dimensional layers have also been
widely investigated and shown to magnetically order at
low temperatures.* With this design principle, “crystal
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engineering” becomes useful, because materials with
specified architectures and magnetic properties may be
created.

Another origin for a spontaneous magnetization in an
antiferromagnet arises when the antiparallel moments
lack collinearity. Such canted antiferromagnetic systems
also are called weak ferromagnets. For this phenomenon
to take place, the system must undergo a transition to
an essentially antiferromagnetically ordered state. As
is often the case, magnetic ordering proceeds directly
from the paramagnetic state. More complex behaviors
such as spin reorientation, i.e., a transition from one
magnetically ordered state to a different one, also can
occur.

Spin canting can also occur in ferromagnetically
coupled systems.> Two contributions are necessary for
spin canting: (1) the presence of two nonsymmetry
related nearest-neighbor magnetic ions and (2) and
antisymmetric exchange and/or single-ion anisotropy.2
Antisymmetric exchange is based solely upon symmetry
arguments as shown by Dzyaloshinski,® while Moriya
is credited with determining the mechanism by which
individual spins interact via spin—orbit coupling and
the relation between single-ion anisotropy and the
magnitude of the interaction (vide infra).” Combination
of the two arguments leads to the Dzyaloshinski—
Moriya (DM) interaction. In the case of the second
mechanism, the combined action of the different orien-
tations of crystal fields acting at each site together with
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the spin—orbit coupling leads to nonparallel directions
of the magnetic anisotropy for each magnetic sublattice,
respectively. In either mechanism the absence of a
center of symmetry between interacting molecules is
required. The general Hamiltonian used to describe
symmetric exchange (spin—spin interaction) is H =
—23J% Si*S;j, which does not permit canting of the spins
and produces typical parallel or antiparallel alignment.
The DM interaction is described by a term in the
Hamiltonian given in eq 1, where Dj; is a constant

Hpw = Dij'[si X Sj] 1)

vector. This interaction causes the spins to cant, thus
reducing the coupling energy between S; and S;. Because
Djj is proportional to (g — 2)/g, it is evident that, as g
deviates appreciably from 2, the anisotropy is large and
spin canting becomes increasingly important. The DM
interaction is expected to be very small but not zero for
the Dgn Mn!" in MN"[N(CN)2],.

Regardless of the type of anisotropy, DM or single ion,
it plays a significant role in the bulk magnetism of the
material. Materials exhibiting weak to very strong
magnetic anisotropy can exhibit spin canting. Some of
the most well-known examples of spin-canted systems
consist of nominally isotropic S = 5, Mn" or Fe!!
cations,® although numerous other systems have been
reported.® Note that spin canting may occur regardless
of the lattice or spin dimensionality. Examples include
zero-dimensional (molecular) [FeCp;][FeCl4],*° one-
dimensional CsCoCl3:2H,0, two-dimensional Cr[Me-
PO3]-H,0,2 and three-dimensional [NH4][MnF3].13 UCus,-
Ge,, an intermetallic, also possesses a canted ground
state.1

Recently, we reported the results of magnetic!®@ and
neutron®®® studies carried out on Mn[N(CN);]> which
clearly demonstrate a spin-canted ground state. Herein,
we describe the temperature, M(T), and field-dependent
magnetization, M(H), behaviors of Mn'"'[N(CN);]. that
show evidence for a field-induced phase transition to a
spin-flop state.
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Experimental Section

Mn''[N(CN).], was prepared as previously described.® dc
magnetization measurements were carried out between 2 and
300 K, utilizing either a Quantum Design MPMS-5 or MPMS-
5S SQUID magnetometers, with the latter equipped with a
reciprocating sample operation (RSO) transport, enhanced low-
temperature thermometry, and magnet reset (H < +2 Oe). To
perform low-field M(T) experiments, the u-metal shield was
degaussed, the magnet reset, and a Hall probe utilized to null
any residual magnetic field prior to sample insertion. Zero-
field-cooled (ZFC) dc magnetization studies were taken by
cooling in zero field to 2 K from 30 K and subsequently
applying magnetic fields, H, of 0.01, 0.1, 1, 3, 5, 100, 500, 1000,
2000, 3500, 4500, 5000, 8000, and 10 000 Oe and data collected
upon warming. Field-cooled (FC) dc magnetization measure-
ments were obtained by cooling in an applied field from the
highest measured temperature down to 2 K and data collected
upon warming. Powdered samples of Mn[N(CN)]. weighing
approximately 25—35 mg were loaded in gelatin capsules and
mounted in plastic straws. All magnetic data were corrected
for core diamagnetism as calculated from Pascal’s constants,
i.e., =72 x 10-% emu/mol.

Results and Discussion

Three-coordinate dicyanamide, i.e., coordination of
both nitrile N's and the central amide N to a paramag-
netic transition metal, leads to weak ferromagnets and
ferromagnets!® with magnetic ordering temperatures as
high as 47 K.15 In contrast, coordination of only the
nitrile N's leads to weakly coupled antiferromagnets (in
the case of Mn!!16). Examples where one nitrile N and
the amide N are coordinated to a metal remain to be
observed, although this structure has been postulated
previously.'” Three-dimensional framework structures
are formed in the M"[N(CN).]> (M =V, Cr, Mn, Fe, Co,
Ni, Cu)1518.19.20 class of materials, where connectivities
similar to rutile (TiO,) are observed. The Cr and Mn
examples possess weak ferromagnetic ground states due
to spin canting below critical temperatures, T, of 47 and
16 K, respectively.

Because of short three-atom M~—N=C—-N—M path-
ways, dicyanamide-based solids offer significantly en-
hanced magnetic properties relative to the tricyano-
methanide-based materials,621 which only have longer
five-atom M<—N=C—N(—M)—C=N—M exchange path-
ways. Interestingly, although strong antiferromagnetic
interactions exist for Cr''[N(CN).],, spin frustration does
not occur, perhaps a consequence of the C,, (as opposed
to Dzp) symmetry of the [N(CN)2]~ ligand. In Chart 1, a
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Figure 1. Unit cell of Mn[N(CN).]. showing the eight Mn
nearest neighbors.’>® Mn, C, and N atoms are depicted as
shaded, filled, and open spheres, respectively, (a) Polyhedral
representation of the crystal structure of MN[N(CN)_].. (b) C
and N atoms are depicted as filled and open spheres, respec-
tively.

Chart 1
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triangular array consisting of mostly isotropic para-
magnetic metal centers is shown. In the case of
[C(CN)3]~, each side of the triangle constitutes a J value,
where J; = J, = Js. This contrasts with [N(CN),]~
bridging units, where two distinct J's coexist, i.e., J; =
J, > Js. Spin couplings via J; and J, (three atoms) are
significantly stronger than that via Js; (five atoms),
affording antiferromagnetic interactions that are satis-
fied and not “frustrated” in the dicyanamide case.
The unit cell of Mn[N(CN)_]; is shown in Figure 1a.1%
Each metal center is octahedrally coordinated by six
nitrogen atoms from six different [N(CN)2]~ ligands with
local D4n symmetry. Four of the six sites belong to
equatorial nitrile nitrogens, and the two remaining axial
sites are occupied by amide nitrogens to complete the
coordination sphere. In turn, each [N(CN),]~ is three-
coordinate and adopts a trigonal bonding analogous to
02~ as found in TiO,.22 The basic structural unit of the
three-dimensional network consists of one-dimensional
ribbons, which extend along the c axis. In a single chain,
the four dicyanamide nitrile nitrogens form a plane, i.e.,

(22) Wells, A. F. Structural Inorganic Chemistry, 5th ed.; Clarendon
Press: Oxford, U.K., 1990, p 247.
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Figure 2. x(T) taken upon warming in dc fields of 100 Oe
(O©) and 10 kOe (a). x(T) obtained at 10 kOe is shown in the
inset.

MN,, and because of the close proximity of neighboring
chains, M bonding to the amide nitrogens of two
additional [N(CN),]~ ligands occurs. From analysis of
the neutron powder diffraction data,’®® at 4.2 K an
elongated MnNg octahedron was observed with Mn—
N=C and Mn—N(CN); distances of 2.181(2) and 2.302-
(2) A, respectively. This result is in marked contrast to
the bond distances found in Mn[C(CN)z]., which are
2.222(1) and 2.272(2) A.212 Furthermore, the N—Mn—N
angles range from 85.4(1) to 94.6(1)°. Coordination of
the nitrile nitrogen, N(1), to the Mn center affords a
nonlinear angle of 158.9(2)° for Mn—N=C. The resulting
three-dimensional network lacks solvent, an unusual
feature when interpenetrating lattices are not involved
(Figure 1b). Furthermore, the closest Mn---Mn separa-
tion is 6.0854(2) A [via MNn—N—C—N-—Mn bonds]. The
remaining close Mn---Mn separations are 6.1486(4),
7.3155(3), and 7.5371(2) A and coincide with the a, b,
and c unit cell parameters.
Temperature-Dependent Magnetic Properties.
dc Magnetization. The magnetic susceptibility, y(T),
of MNn[N(CN),],, measured between 2 and 300 K was
fit to the Curie—Weiss expression with g = 2.00 and
0 = —16 K (T > 150 K).15 The room temperature y(T)
value of 4.083 emu-K/mol is reduced from the spin-only
value of 4.375 emu-K/mol expected for isolated S = 5/,
ions in part due to the antiferromagnetic coupling of
—16 K. Upon cooling, y(T) constantly decreases as a
result of antiferromagnetic short-range interactions. A
sharp minimum in x(T) is reached at 16 K followed by
an abrupt increase. A maximum x(T) value of 6.19 emu-
K/mol was obtained at 12 K (Tmax) in an 100 Oe applied
field. This behavior is characteristic of weak ferromag-
netism due to spin canting, affording a net magnetiza-
tion. Below Tmax, x(T) decreases rapidly upon cooling
further to 2 K. Furthermore, increasing Hqyc to 10 kOe
almost eliminates the peak in x(T), giving behavior
reminiscent of a typical antiferromagnet (Figure 2), and
although previously reported,'52 we include the x(T) data
acquired at 100 Oe for comparison. As shown in the
inset of Figure 2, x(T) lacks evidence of a spontaneous
moment because the moment has been saturated in the
field of 10 kOe and shows a rounded maximum centered
near 16 K (0.088 emu/mol). Upon cooling further, x(T)
at 10 kOe decreases slightly, reaching a minimum value
of 0.086 emu/mol at 12 K, and then increases smoothly
to a value of 0.091 emu/mol at 2 K [Figure 2 (inset)].
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Figure 3. Zero-field and field-cooled magnetization data for Mn[N(CN),]. taken in (a) ultralow fields and (b) larger dc fields

between 0.1 and 10 kOe.

Zero-field and field-cooled magnetization measure-
ments in several applied dc fields provide a clear
indication of the uncompensated moment for Mn[N-
(CN)2]2 below a magnetic ordering temperature of 16 K
(Figure 3). For all fields (H) measured, the bifurcation
temperature, Ty, is independent of the applied field,
indicating the lack of spin glass behavior.2® As H is
increased, it appears that the zero-field and field-cooled
curves gradually collapse together; i.e., the weak ferro-
magnetic moment becomes saturated. Also note that
above T, the magnetization becomes increasingly non-
zero, because of the contribution of the yH term. The
spontaneous moment, albeit weak, continuously dimin-
ishes with respect to the total magnetization up to the
highest field measured (10 kOe) with increasing applied
dc field. Fitting of the 0.01 Oe remanent magnetization,
M,(T), data to a power law, M, O (T — T.)? (Figure 4),
yielded T, = 15.85(3) K and 8 = 0.380(5), which is in
accord with the value anticipated (0.37) for an isotropic
three-dimensional Heisenberg system.?*

(23) Mydosh, J. A. Spin Glasses; Francois and Taylor: Washington,
DC, 1993
(24) de Jongh, L. J.; Miedema, A. R. Adv. Phys. 1974, 23, 1.

The variable-temperature behavior of MN[N(CN).]. is
similar to that of several other S = 5/, Mn!' materials,
especially perovskite-like [NH4][MnFs3],*® which anti-
ferromagnetically orders (Tn = 75.1 K) with a small net
moment. The small ferromagnetic component was mani-
fested as an anomaly in the magnetic susceptibility,
x(T), in small applied fields. At Ty there is an abrupt
increase in x(T), likely induced by spin canting between
the two magnetic sublattices. In a neutron scattering
study of [NH4][MnFs3], an attempt was made to elucidate
the spin-canting angle. Although no evidence of an
uncompensated moment was detected via neutron dif-
fraction, a canting angle of <1° could explain the
observed magnetic behavior.23® The canting angle for
MnN[N(CN)2]. is <5° with respect to the a axis in the ab
plane from powder neutron diffraction studies.1®® An
independent measure of the canting angle was esti-
mated by extrapolation of the M(H) data to H = 0
[Figure 5(inset)], using low-field (H < 4 kOe) data
yielding 0.05°, in agreement with an estimate reported
in ref 20b.

Field-Dependent Magnetic Properties. Similar to
[NH4][MnF3], upon measuring the temperature-depend-
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Figure 4. Remanent magnetization of 0.01 Oe (O) and a fit
to a power law (—): M(T) = a[T. — T]# with a = 3.17(4) emu-
Oe/K-mol, T, = 15.85(3) K, and = 0.380(5). The Heisenberg
model predicts § = 0.37, and the Ising model predicts § = 0.31.
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Figure 5. Isothermal magnetization of 5 K, M(H), and dM/

dH (inset) data for Mn[N(CN):].. The second inset is the
hysteresis loop for Mn[N(CN).]; also at 5 K.

ent susceptibility in a static dc field of 10 kOe for Mn-
[N(CN)2]2, the weak ferromagnetic peak in x(T) vanished
(Figure 2) and the powder-averaged y-(T) result was
obtained as expected; i.e., a simple spin-flopped two-
lattice antiferromagnet appeared. The magnetic sus-
ceptibility data of Mn[N(CN),]. and [NH4][MnF3] are
very similar and, in fact, yield analogous behavior when
H = 10 kOe. Isothermal magnetization at 5 K revealed
behavior associated with a canted antiferromagnet
below Ty (Figure 5). The magnetization rises nearly
linearly to the highest field measured of 5 T, although
a slight inflection was observed near 5000 Oe. At55 T
a low magnetization value of 5400 emu-Oe/mol was
obtained, i.e., only ~20% of the expected value of 27 900
emu-Oe/mol for S = 5/, ions, which is consistent with
antiferromagnetic ordering. A hysteresis loop consistent
with a weak ferromagnet was found for Mn[N(CN).]2,
with a coercive field, Her, of 750 Oe and M, = 63 emu-
Oe/mol [Figure 5 (inset)]. The calculated derivative of
the magnetization, 9M/aH, shows a discontinuity at ~0.8
kOe, a second peak at 5.0 kOe, and zero slope upon
increasing H [Figure 5 (inset)]. The peak at 5.0 kOe is
attributed to an antiferromagnetic to spin-flop (SF)
transition, which occurs when the antiparallel spin
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Figure 6. yx'(H) for Mn[N(CN).]. taken at 2, 5, 8, and 11 K.

alignment (AF) “flops” perpendicular to the applied
magnetic field. To confirm these findings, the ac sus-
ceptibility as a function of the field, ¥'(H), was measured
at 2 K using a 10 Hz oscillating field of 1 Oe. The 5.0
kOe peak was reproduced, while the 0.8 kOe peak was
not. Presently, the origin of the 0.8 kOe peak is unclear
and may be due to some unforeseen artifact. Additional
measurements at 5, 8, and 11 K show the temperature
dependence of the spin-flop field; Hss increases as the
temperature increases, i.e.,, 5.5, 7.0, and 8.6 kOe,
respectively (Figure 6). As the applied field increases,
at some point on the H/T phase diagram (vide infra),
there should also be a spin-flop to paramagnetic phase
transition at H;, where the magnetization of the two
antiferromagnetically interacting sublattices are forced
to be parallel by the magnetic field. For Mn[N(CN).]»
this field has been observed at ~130 kOe at 0.037 K,150:25
much higher than that the observed for Mn[N(CN)_]2-
(pyrazine) at 28.3 kOe.?6

The temperature dependence of the spin-flop (SF)
field can be linearly extrapolated to T = 0 K to obtain
Hse(T=0) = 4.8 kOe. Using the mean-field relations2132

Hge(0) = [2HEH, — HAZ]U2
H.(0) = 2H; — H,

where Hg and Ha are respectively the exchange and
anisotropy fields, and taking the observed value of H,
at T = 0.037 K, H¢(0), one obtains Hx = 0.18 kOe and
Heg = 65 kOe. The anisotropy constant oo = Ha/HEg is
~2 x 1078 for this compound. The low value of this
anisotropy constant compares well with other values
found in related S = 5/, Heisenberg antiferromagnets
as shown in Table 1.

Magnetic Phase Diagram. The H vs T phase
diagram for polycrystalline Mn[N(CN),]. is shown in
Figure 7. The AFM—SF boundary was determined from
the maxima of the peak in the y'(H) data (i.e., Figure
6), while the AFM—PM boundary was obtained from the
M(T) data (i.e., Figure 3). At temperatures well below
the bicritical temperature (Tp), Hsr is well-defined while
the maximum in y'(H) broadens as Ty is approached

(25) Kmety, C. R.; Manson, J. L.; Huang, Q.; Lynn, J. W.; Erwin,
R.; McCall, S.; Crow, J. E.; Stevenson, K. L.; Miller, J. S.; Epstein, A.
J., in preparation.

(26) Manson, J. L.; Incarvito, C. D.; Rheingold, A. L.; Miller, J. S.
J. Chem. Soc., Dalton Trans. 1998, 3705.
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Table 1. Magnetic Phase Diagram Characteristics of Representative S = 5, Heisenberg Antiferromagnets

compound T (K) Hse(0)(kOe) H(0) (kOe) He(0)(kOe) o ref

Cs[Fe!''Cls]-H,0 6.54 115 0.88 75.9 12 x 1073 a, b
Rby[Fe''Cls]-H,0 10.00 14.3 0.59 172.4 3.4 x 1073 b, c
Kz[Fe!"'Cls]-H0 14.06 27.0 1.7 199.4 8.5 x 1073 b, d

NHsMnF3 75.1 3.7 0.140 116.7 1.2 x 1073 13a
(MeNH3z)MnCl3-2H,0 4.12 19 0.85 2125 4 x 1073 e
MnC4H406:2H,0 1.83 4.8 0.6 19.4 31 x 1073 f

MN[N(CN)z]2 15.85 4.8 0.18 65 2 x 1073 this work, 15b, 25

a paduan-Filho, A.; Palacio, F.; Carlin, R. L. J. Phys (Paris) 1978, 39, L-279. P Carlin R. L.; Palacio, F. Coord. Chem Rev. 1985, 65, 141.
¢ Campo, J.; Palacio, F.; Moron, M. C.; Becerra, C. C.; Paduan-Filho, A. J. Phys.: Condens. Matter 1999, 11, 4409. 9 Palacio, F.; Paduan-
Filho, A.; Carlin, R. L. Phys. Rev. B 1980, 21, 296. ¢ Paduan-Filho, A.; Oliveira, N. F., Jr. J. Phys. C 1984, 17, L859. f Paduan-Filho, A.;

Becerra, C. C. J. Phys.: Condens. Matter 2000, 12, 2071.
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Figure 7. H(T) phase diagram for Mn[N(CN).].. AFM
antiferromagnetic, SF = spin flop, and PM = paramagnetic.
The solid and dashed lines serve only as guides for the eyes.
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from the low-temperature regime, as expected. For
example, in the diagram below approximately 5 K, Hsg
remains essentially invariant. Increasing the temper-
ature beyond 5 K results in a significant increase and
broadening of Hse. In this diagram, we have not
included the SF—PM boundary nor the millikelvin
region along the AFM—SF boundary. This work will be
reported elsewhere.?> From these studies it will be
possible to complete the SF—PM boundary and elucidate
the bicritical point.

Conclusion

Rutile-like Mn"[N(CN);]. behaves as a weak ferro-
magnet which exhibits a spontaneous magnetization in
a wide range of applied dc magnetic fields below T,
15.85(3) K. Isothermal magnetization measurements
conducted at low temperature show hysteresis with
Hcr = 750 Oe and M, = 63 emu-Oe/mol (5 K). Magnetic
measurements as a function of the field display the
onset of a spin-flop phase transition from the antifer-
romagnetic state. At 2 K the critical field for the spin-
flop transition, Hsg, is observed at 5.0 kOe, which shifts
to 5.5 kOe (5 K), 7.0 kOe (8 K), and 8.6 kOe (11 K). No
evidence for the spin-flop to paramagnetic phase transi-
tion was detected up to 55 kOe. Ultralow-field dc
measurements (<3 Oe) were made and shown to differ
only by a scale factor, for data obtained up to 100 Oe.
The spin-canting angle was estimated to be ~0.05° from
the 5 K M(H) at low fields in agreement with an earlier
estimate.20p
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