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The magnetic characteristics of the molecular magnet [Fe'(A)Fe'(A)(ox),(Phen),],, having chemical for-
mula CygH ¢Fe,N4Og for unity, has been studied by magnetization, neutron diffraction, and field-dependent
specific heat-measurements. In the high-temperature regime (7> T,,), the one-dimensional Ising chain model
with alternate Landé factors is applied to describe its quasiferrimagnetic behavior as temperature approaches

T,

.- In the low-temperature region (T<<T,,), the increase of interchain interactions gives rise to long-range

magnetic ordering as indicated by an anomaly in specific heat. Furthermore, an intrinsic antiparallel alignment
of spins with a net ferrimagnetic structure is deduced from neutron diffraction study. The field-dependent
A-type anomaly of specific heat indicates that applying a magnetic field raises magnetic ordering temperature.
An additional small anomaly in specific heat is also seen below T7,,, which could be due to the zero-field

splitting caused by the internal crystal field.
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I. INTRODUCTION

The field of molecular magnets is an emerging area and
has received intensive study due to its potential applications
in magnetic devices, such as magnetic memory.! The mag-
netic behavior of the molecules that changes with dimension
is an attractive academic topic as the state of the system
whether bulk or nanoscale particles is greatly controlled by
its dimensionality. While the bulk shows spontaneous mag-
netization below critical temperature 7, the nanoscale par-
ticles have nearly independent magnetic interactions. Re-
searchers have tried to realize these magnetic properties by
investigating the relationships among chelate molecules,
magnetic centers, and connecting bridges between magnetic
centers. Each of them plays an important role in constructing
magnetic interactions. Due to the interest in these topics, the
categories of research in the molecular magnets are usually
complex and are continually renewed by researchers’
efforts.>”

One of the well-known molecular magnets is Mnj,Ac,
which was first synthesized in 1980.!° Its ground state com-
posed of spin number S=10 was confirmed by high magnetic
field and ac susceptometry experiments.'!'"!3 Through com-
prehensive studies, Mnj,Ac is considered to be a well-
described candidate for a single-molecule magnet (SMM),
which reveals slow relaxation in magnetization and quantum
tunneling phenomena at very low temperatures.'* Another
type of molecular magnet called single-chain molecular mag-
net (SCM), by analogy to SMM, has been investigated since
2001."5 SCM type molecular magnets are composed of indi-
vidual chains in which their intrachain interactions are 10*
larger than interchain interactions, making them behave as
magnets.'® Though long-range ordering in pure one-
dimensional (ID) materials only occurs at 7=0 K, strong
intrachain and/or interchain interactions form a two-
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dimensional (2D) or three-dimensional (3D) network, ren-
dering the long-range magnetic ordering (LRMO) possible at
finite temperatures. However, the limitations of producing
SCM for industrial applications seem less than that of SMM.
This is the reason why study on SCM has quickly become
more active.!”

In this work, we focus on the newly synthesized com-
pound [Fe'(A)Fe''(A)(ox),(Phen),],,!® which includes two
locally distinct Fe'" ions as the magnetic centers. Every Fe!
connects with two nitrogen atoms of the phen group while
linking with each other with an oxalate that serves as a
bridge of four oxygen atoms, thus forming a zigzag chain.
The m-7 interactions within the phen groups between
the zigzag chains develop a quasi-2D framework within the
ac plane, and hence, the magnetic properties of
[Fe''(A)Fe'(A)(0x),(Phen),], may be strongly correlated
with the dimensionality. In our previous paper,'8 the
magnetic hysteresis was observed below 8.6 K, and was
associated with the ferromagnetic (or ferrimagnetic) interac-
tions. However, the negative Curie-Weiss temperature
was derived from the magnetic susceptibility measurement,
indicating the negative exchange interaction among
magnetic Fe! ions. It follows that the ground state of
[Fe'(A)Fe"(A)(0x),(Phen),], could be canted-
antiferromagnetic or ferrimagnetic. In order to solve this
problem, in this paper, we have applied an Ising-like model,
assigning Landé factors of Fel ions of different environ-
ments with different magnitudes. Due to this improvement,
we have been able to reproduce the magnetic susceptibility
correctly and also achieve the short-range ferrimagnetism
present in the system.!” To further explore the nature of the
magnetic ordering of [Fe'(A)Fe"(A)(ox),(Phen),],, includ-
ing the configuration of spins and the dimension of ordering,
the neutron diffraction and magnetic-field-dependent specific
heat measurements have also been performed.
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II. EXPERIMENTAL METHODS

Dark reddish single crystal [Fe''(A)Fe'(A)(ox),(Phen),],
(the chemical formula for unity is C,gH,cFe,N,Og) is pre-
pared by hydrothermal synthesis. It gives a highly reproduc-
ible yield of 62% by heating the reaction mixture of
FeCl,-4H,0, oxalic acid, phen, and water in molar ratios of
2:3:2:4400 at 180 °C for 96 h.'® The superconducting quan-
tum interference device magnetometer (MPMS XL-7) of
Quantum Design has been used to measure the magnetic sus-
ceptibility under zero-field cooling (ZFC) and field cooling
processes within the temperature range 2—300 K. Neutron
diffraction experiments were performed at the NIST Center
for Neutron Research (NCNR). The high-resolution neutron
powder diffraction patterns were collected on the BT-1 pow-
der diffractometer, with an incident wavelength of 1.541 /OX,
employing a Cu (311) monochromator crystal, and
15'-20'-7" full width at half maximum angular collimations.
The high-intensity neutron powder diffraction patterns were
taken on the BT-9 triple-axis spectrometer, employing a py-
rolytic graphite PG (002) monochromator crystal to select an
incident wavelength of 2.359 A. The magnetic intensity has
been increased by coarse collimations, and a PG filter has
been used to suppress a higher-order wavelength contamina-
tion if present in the beam and then a PG (002) analyzer
crystal has been used to discriminate against inelastic scat-
tering. A pumped “He cryostat was used to control the
sample temperature for neutron diffraction measurements. A
heat-pulse thermal relaxation calorimeter with *He cryostat
was used to measure the heat capacity with and without mag-
netic fields. For the purpose of good thermal conductivity,
the powder sample was pressed into a pellet of 0.5 mm in
thickness and 1 mm in diameter. The background of sapphire
addenda and N grease was carefully measured in a separate
run to acquire the absolute sample heat capacity.

III. RESULTS AND DISCUSSION

A. Magnetic susceptibility

Figure 1 shows the temperature-dependent dc susceptibil-
ity (x), which was performed with an external field of
100 Oe under ZFC process [Fig. 1(a) shows a close-up view
at low temperature]. The susceptibility gradually increases
with the decrease of temperature from 300 K, then reaches a
local maximum around 40 K, which is the manifestation of
short-range antiferromagnetic interactions between Fe!' ions
and is consistent with the Curie-Weiss behavior observed
previously. Nevertheless, a negative Curie-Weiss temperature
could be deduced at the high-temperature region.'® Figure
1(b) shows the xT versus T plot and a downward slope at
high temperature was observed, which is also an evidence of
antiferromagnetic interaction. As the temperature keeps de-
creasing, a sharp increase of y is observed at about 20 K,
which could be modeled in an Ising-like interaction as
follows:

—-Fe'l(A) — Fe'l(A)---Fe'l(A) — Fe'[(A)---
J & J & J & J & J

where g, and g, are the Landé factors of Fe' and J and j
refer to two different exchange pathways, indicated by the
dashed and solid lines, respectively.
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FIG. 1. (Color online) Magnetic susceptibility y shows a maxi-
mum at about 40 K and a divergence at lower temperature, indicat-
ing the ferrimagnetic short-range interactions. The red (solid) line is
the best fit to the model described in the text. (a) displays the x on
an enlarged scale, (b) displays the T versus T plot.

For a detailed analysis, we summarized several
examples'®? in Table I that were treated as the 1D Ising
chain, including two different magnetic centers.

Depending on the differentiable exchange coupling,
Landé factors, and spin anisotropy among and/or of magnetic
centers, the compounds in Table I can be classified as (i)
regular antiferromagnetic chains with two different Landé
factors (J=j; g,# g5),>*?! and (ii) nonregular antiferromag-
netic chains with two different Landé factors (J#j;
g.# g,)-'° Class (iii) is somehow similar to class (i), but also
including the anisotropy of the Landé factors (J=j; g, g;
Qa1 F 8a)- 2P Class (iv) is a modification of class (ii),
including the anisotropy of the Landé factors (J # j; g, # gp;
ZaL #8a)-2* The most general case is class (iv),
ReCl,(u-0x)Cu(bipy),, which was handled with a nonregu-
lar antiferromagnetic Ising chain model including varied and
anisotropic Landé factors.?* All these compounds have nega-
tive J and j values and alternate Landé factors, leading to a
ferrimagnetic property at low temperature.

From the characteristics mentioned above, the different
bond lengths between Fe!' ions (5.515 and 5.523 A) suggest
that J and j are different (i.e., nonregular antiferromagnetic
chain). In addition, the recognition of Fe!! ions from geom-
etry positions suggests that the Landé factors could be dif-
ferent between Fe''(A) and Fe''(A). Thereby, we assume that
[Fe'(A)Fe'(A)(0x),(Phen),], is a nonregular antiferromag-
netic chain with two different Landé factors, which is quite
similar to class (ii). A proper model was suggested by Coro-
nado et al. in 1988 in the case of S=1/2."° The derived
temperature-dependent susceptibility can be written as

X(T) = (Nuz/2kT)[ g3 exp(J,/2kT)
+ g2 exp(J_/2kT)]/cosh(J_/2kT),

with g,=(g,+g,)/2 and J.=(J+j)/2. For g,=g;,, x(T) is re-
duced to a nonregular antiferromagnetic chain, where y
shows a local maximum at 7, and then decreases with
decreasing temperature. For g, # g;, a ferrimagnetic behavior
occurs (i.e., y diverges at low temperature) at temperatures
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TABLE 1. Several example compounds explained by different Landé factors.

J J
Compound 8a g (K) (K) S Ref.
Co,(EDTA)-6H,0 5.33 2.48 -17.5 -0.05 1/2 19
[Co,(0x)tpmc](ClO,) - 3H,0 3.42 4.02 -12.9 1/2 20
Ni,(EDTA)(H,0),4, 2H,0 2.21 2.09 -8.25 1 21
[Cu(tren)]ReCl(, gHCu=2'33 8|Re= 1.73 —4.46 SCu= 1/2 22
g 1cu=2.01 g 1 re=1.72 Sgre=3/2
[CUL]RCBT(, gHCu=2'29 8|Re= 1.84 -5.85 SCu= 1/2 23
g1cu=199 g 1 re=1.82 Sgre=3/2
ReCly(u—o0x)Cu(bipy), 8icu=2.33 8IrRe=1.86 -11.95 -6.19 Scu=1/2 24
g1 cu=2.01 g re=1.82 Sgre=3/2
[Ni(tetren)]ReCly gni=2.109 8Rre =142 -3.38 Sgre=3/2 25
gRe,xz 1.47 SNi= 1
ZRex=1.40 Sni=1
Fe'(A)Fe'(A)(0x),(Phen), 2.69 1.95 -14.19 -3.66 2 This
work

lower than 7,,,,. Since Coronado et al. established the equa-
tion with S=1/2, it seems necessary to derive a new equa-
tion for our $=2 condition. However, the other cases, e.g.,
S=1 and S$=3/2, were accomplished and behaved quite
similar to those of Coronado et al.>'~>> Considering the large
spin approximation, we have used the same equation with a
careful correction owing to the different spin value. The best
fit is shown with a solid line in Fig. 1, where g,=2.69, g,
=1.95, J=-14.19 K, and j=-3.66 K, which demonstrates
that [Fe"(A)Fe'(A)(ox),(Phen),], can be described with the
1D ferrimagnetic chain having two different Landé factors. It
is noteworthy that we only fit the data at 7> 14 K to avoid
the interchain interactions, which construct long-range order-
ing at lower temperatures and produce a sudden decrease of
x around 8 K. A similar fitting process has been used for
other systems.”® The long-range ordered ground state was
confirmed by neutron diffraction and the observation of a
A\-type anomaly of specific heat, which will be discussed as
follows.

B. Neutron diffraction

Complete structural analysis of the sample was made by
employing neutron powder diffraction, and the pattern was
analyzed by using the General Structure Analysis System
(GsAs) program,?’ following the Rietveld refinement method.
Figure 2 shows the observed (crosses) and the fitted (solid
lines) patterns of the compound taken at room temperature,
with their differences plotted at the bottom. This pattern can
be described well using monoclinic symmetry with the space
group P2, which is consistent with the reported results that
use x-ray diffraction.'® The refined structural parameters are
listed in Table II. No traces of impurity phases were found.
We estimate the impurity phase in the sample to be less than
2%. The chainlike compound [Fe'(A)Fe"(A)(0x),(Phen),],

consists of bimetallic oxalate groups as a backbone bridging
with incorporated phen groups, which may cause long-range
interactions by constructing w-stacked structures between
adjacent chains.”® The results of refinement show that the
local environments of two Fell, such as bond length and
angle, are different. Moreover, the period of crystal frame-
work in [Fe''(A)Fe"(A)(ox),(Phen),], is geometrically con-
structed by cooperating with phen groups between inter-
chains. The -7 interaction between phen groups offers
numerous opportunities for studying the geometrically frus-
trated magnetic system and the problem of dimensionality
due to its weak, instead of strong, bonding in the solid crys-
tal. The intrachain interaction of magnetic centers in low
dimensional structures generally induces the short-range cor-
relation before the construction of LRMO as the temperature
decreases.

The basic spin configuration can be determined from the
angular positions of the magnetic diffraction pattern. The

T T T T

6000 4
! Rp(% )=2.26 Room temperature

s000 | R (%)-1.89 Monoclinic
% 7 4=9.2359(7)
27=0.69 b=13.5847(10)
4000 - ¢=10.2090(8) b

£=94.291(9)
3000

Neutron counts

2000

1000

60
Scattering angle 26 (deg.)

FIG. 2. (Color online) Crystal refinement by neutron diffraction
at room temperature, where the data (cross) and fitted line (red) are
represented. Detailed structural parameters are listed in Table II.
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TABLE 1L Refined structural parameters of
[Fe"(A)Fe(A)(ox),(Phen),], calculated from neutron diffraction
patterns taken at room temperature.

Structure: Monoclinic

Space group: P2,

R,(%)=2.26, Ry(%)=1.89, x=0.69

a=9.2359(7) A, b=13.5847(10) A, ¢=10.2090(8) A
a=y=90, B=94.291(9)

Atom X y Z
Fel 0.115(7) 0.9587(40) 0.394(6)
Fe2 0.614(4) 0.9790(31) 0.109(4)

Bond length Bond angle

(A) (deg)

Fe(1)-0(2) 2.12(10) 0O(2)-Fe(1)-0(8) 88.(6)
Fe(1)-0(6) 2.18(8) O(2)-Fe(1)-N(1) 106.(4)
Fe(1)-0O(8) 1.96(18) O(8)-Fe(1)-N(1) 121.(6)
Fe(1)-0O(1) 2.40(8) 0O(3)-Fe(2)-0(5) 95.(5)
Fe(1)-N(1) 2.39(8) 0O(3)-Fe(2)-0(7) 102.(4)
Fe(1)-N(2) 2.11(7) 0O(5)-Fe(2)-0(7) 79.(5)
Fe(2)-0(4) 2.16(12) O(3)-Fe(2)-N(4) 95.6(28)
Fe(2)-0(5) 1.97(12) O(5)-Fe(2)-N(4) 87.(4)
Fe(2)-0(7) 2.01(11) O(7)-Fe(2)-N(4) 158.(4)
Fe(2)-0(3) 2.1509)
Fe(2)-N(3) 2.18(6)
Fe(2)-N(4) 2.10(6)

magnetic diffraction pattern that we obtained at 1.4 K is
shown in Fig. 3, where the diffraction pattern taken at 18 K,
serving as the nonmagnetic background, has been subtracted
from the 1.4 K data. The pattern of their differences reveals
Bragg peaks that developed as the temperature was reduced
from 18 to 1.4 K, signifying the Fe' spin ordering. The
widths of these magnetic peaks are resolution limited, indi-
cating a three-dimensional long-range magnetic ordering for
the Fe!" spins. The indices marked on the magnetic peaks are

8
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FIG. 3. (Color online) Neutron scattering counts obtained by
I 4 x—113 x,» Which shows the diffraction due to the magnetic order-
ing. The red line shows the calculated pattern based on the spin
model shown in Fig. 4.
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FIG. 4. (Color online) Antiferromagnetic spin structure obtained
from the magnetic Bragg pattern.

based on the nuclear unit cell. Only whole integers are
needed for indexing the magnetic peaks, showing that the
magnetic unit cell is the same as the nuclear one. This, how-
ever, does not necessarily indicate a ferromagnetic structure
for the Fe! ions, since there are two Fe!' ions both along a
and b crystallographic directions in one unit cell, implying
an antiparallel spin arrangement that can be sufficiently de-
scribed as the nuclear one. On the contrary, the magnetic
moment must be arranged ferromagnetically along the c¢
crystallographic direction, since there is only one Fe!' ion in
the unit cell along this direction. The magnetic structure that
fits the observed magnetic diffraction pattern is shown in Fig.
4. The spin configuration found for the Fe!! ions consists of
simple antiparallel arrangements of Fe!! spins both along a
and b crystallographic directions and parallel to the ¢ crys-
tallographic direction, with the moment lying in the ac plane
and slightly off the phen center. It is clear that there are two
simple antiferromagnetic chains along the a crystallographic
direction. In Fig. 3, the solid line shows the calculated pat-
tern, based on the spin model shown in Fig. 4, indicating that
the proposed model fits nicely to the observed pattern. This
proposed magnetic structure was obtained on a powder
sample and by using the data of large statistical fluctuations,
and therefore, might require further investigation. The ther-
mal average of the z component of the magnetic moment
() per formula unit at 1.4 K,* obtained by comparing the
low-temperature magnetic intensities to the nuclear ones, is
(z)=0.42(6)up. It also confirms the magnitude of satura-
tion magnetization ~3.5 emu/g or 0.41uz formula unit at
2.5 K, as was observed in the previous study.'® The differ-
ence between the effective moment (5.59ug, T>T,, from
Curie-Weiss fit) and ordered moment (0.42up, T<T,,, from
neutron magnetic scattering) arises from the difference be-
tween the average free moments above 7, without any inter-
action and average moments below T, with interactions that
partially cancel each other out.

If the peaks evolved in a different pattern have a magnetic
origin, then their intensities must vary with temperature, and
thereby, should give an idea about the transition temperature.
Figure 5 shows the temperature dependence of the {001}
peak intensity. At low temperatures, it reveals a typical order
parameter measurement for a powder sample, showing the
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FIG. 5. Temperature dependence of peak intensity of {001}
shows the onset of the LRMO at 8.6 K, and that the short-range
correlation starts from high temperature.

ordering temperature, as determined by the inflection point,
of T,,~8.6 K for the Fe!' ions. In addition, a noticeable in-
crease in the {001} intensity is also found while the tempera-
ture decreases from 140 K. The amount of increase in the
{001} intensity in the high-temperature regime is comparable
to those developed at low temperatures, originated from the
Fe spin ordering. Note that these data were taken with a PG
(002) analyzer crystal which was placed in front of the de-
tector to discriminate against background and inelastic scat-
tering. The substantial amount of increase in the {001} inten-
sity cannot originate solely from the increase in the
background scattering. These data signify the development
of short-range correlations below 140 K.

C. Specific heat

Low-temperature ~ specific  heat measurements of
[Fe'"(A)Fe'"(A)(ox),(Phen),], were performed within the
temperature range 0.6—20 K, both with and without mag-
netic field. C/T as a function of temperature was plotted in
Fig. 6. There is an obvious anomaly around 8 K, which
could be related to the ordering of the spin degree of free-
dom. In addition, the background, showing a monotonic in-
crease with temperature, is due to the lattice contribution,
which is typically described by the Debye model. The zero-
field data, by removing the robust peak points, could be fitted
well to the integrated Debye model

c 9Nk(T>3fD/T et
v B ®D 0 (ex_l)Z X

The nonmagnetic background is not significantly affected by
the external field [see Fig. 7(a)]; here, it is only related to the
lattice contribution because of the insulating behavior in the
molecular magnet. The derived Debye temperature ®, as a
fitting parameter comes out to be 73 K. Such a low-
dimensional structure usually leads to saturation of heat ca-
pacity at relatively low temperatures due to the weak bond-
ing interactions between the interchain molecules. The small
®, was also observed in previously reported SMM because
of the low-dimensional structure (see Table III, Refs. 26 and
30-42.
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FIG. 6. (Color online) Upper panel is plotted as C/T vs T for
[Fe(A)Fe'(A)(0x),(Phen),], at zero field. The red line is the lat-
tice contribution by fitting to the Debye model. The inset shows the
magnetic anomaly and the estimated entropy.

In the inset of Fig. 6, we show the remnant magnetic
ordering which is obtained by subtracting the nonmagnetic
background. The magnitude of the jump, namely, AC/T,,
corresponding to the interaction between the magnetic clus-
ters, is found to be only 0.15 J/mol K2. The magnetic en-
tropy could be derived from integrating the area of the phase
transition peak, S/R= g(Cm/T)dT, where R is the universal
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FIG. 7. (Color online) Temperature and magnetic field depen-
dences of (a) specific heat (offset for clarity), (b) specific heat
anomaly, and (c) temperature derivative of magnetization.
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TABLE III. Comparative results of various molecular magnet compounds. The following notations are
defined as T, ferromagnetic transition temperature; 7, antiferromagnetic ordering temperature; 7, blocking
temperature; ® , Debye temperature; and S, effective spin value, with LRMO indicating long-range magnetic

ordering.
Tc Ty Ty Oy
Compound (K) (K) (K) (K) S LRMO Ref.
CuMn(S,C,0,),(H, Y 26
0);-4.5H,0
Mn,Cl 15 9/2 N 30
Mn,Br 1.33 108 9 Y 31
Mng 0.15 48 12 Y 32
Mnj,Ac 0.90 3.0 38 10 YP 33-35
Mn,,Pr 3.5 30 9 N 36
Fey, 150 5/2 37
Fe; 0.81 23 35/2 Y 38
Feyo 1.19 33/2 Y 39
Fey, 1.87 10 25 Y 40
Mn[N(CN),],(pyz) 2.53 5/2 Y 41
MnCu(opba)(H,0),-DMSO 5 Y 42
CogH, ¢Fe,N,Og 8.6 73 4 Y This
work

“MnyCl has a N-type anomaly at 7 K, which is of nonmagnetic origin, probably associated with a structural

transition.

"The LRMO of Mn,,Ac is not revealed in specific heat measurement, but is confirmed by neutron diffraction.

gas constant, giving a relatively small value, S=0.03R. The
theoretical magnitude of the magnetic entropy difference be-
tween spin ordering and disordering states can be simplified
as S=R1In(2S+1). In the ideal case, Fe' (§=2) gives the
magnetic entropy S=1.6R. The experimental value only con-
tributes 1.9% of the theoretical one. This may be due to the
fact that above T,, there still exist some ordering (short
range) of the spins and, as a result, a minimum fluctuation
occurs even at 7>T,,. Below T,,, it changes into long-range
magnetic ordering. The negligible amount of entropy was
frequently observed in the low-dimensional spin system; for
example, a  quasi-one-dimensional  antiferromagnet
(CH;)4,NMnCl;, whose residual entropy below the Néel tem-
perature was estimated to be 1% of total magnetic entropy.*’

The LRMO below T,, could arise from the increase of
interchain -7 interaction with decreasing temperature.
Therefore, the crystalline structure builds a much stronger
3D lattice framework instead of loosely independent chains,
and consequently, reduces the difference of Landé factors. As
mentioned above, the different Landé factors of two Fel ions
cause a net moment and form a ferrimagnetic state. The de-
crease of the difference of Landé factors will reduce the net
moments, which could account for the sudden drop of the y
vs T curve below 8 K.

In Fig. 7, there are two interesting phenomena under the
effect of an external magnetic field which may have different

origins. First, the magnetic-field-dependent specific heat
plotted in C/T vs T shows that the small robust A-type
anomaly is shifted to higher temperature due to the applica-
tion of a magnetic field. It is consistent with the field-
dependent magnetization and reveals that the magnetic field
promotes the formation of LRMO. A traditional antiferro-
magnetic material shows that the A-type anomaly is shifted
toward lower temperature by an applied magnetic field.**
However, the behavior of the present compound is different
from that. It may be due to the fact that the studied system is
ferrimagnetic. Secondly, there is a small anomaly located
around 1 K under the low field, which gradually becomes a
hump at around 5 K under a magnetic field of 6 T, but is not
clearly seen from corresponding magnetization data. From
the results of an earlier report,** the energy level splitting
caused by the internal crystal field can be seen from specific
heat and conforms to a model where the double wells are
separated by the energy barrier. By applying an external
magnetic field, the symmetry and degeneracy of m, (spin
quantum number) states are broken, leading to an extra field-
dependent Schottky anomaly of the Zeeman splitting states.*
Each of the spin states could be thermally lifted to an excited
state with an increasing field, but the distributed spins among
energy levels pass through the energy barrier with different
probabilities. This scenario would, in fact, describe the re-
sults of our field-dependent data, where the small anomaly is
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broadened and shifted to higher temperature. Definitely,
more experiments and quantitative analyses are needed to
further confirm this scenario.

As low-dimensional systems are not prone to construct
long-range ordering, it is difficult to verify such a long-range
magnetic ordering in such system. We collected some ex-
amples in Table III in order to compare different instances of
LRMO. The first way to prove LRMO is to find the \-type
anomaly in the specific heat measurement, as in our work
and for many other SMM.3%-#! However, for the ideal SMM,
the spin-lattice relaxation becomes very slow below the
blocking temperature because of the large anisotropy barrier
and lack of phonon, and the fact that the thermal equilibrium
requires too much time. Consequently, it is difficult to mea-
sure specific heat at such a low temperature, even if there
exist some LRMO. The second way is to measure the varia-
tion in the magnetic peaks with temperature by performing a
neutron diffraction experiment. The typical example is
Mn,AC, in which long-range magnetic ordering is not con-
firmed by specific heat but by neutron diffraction.*® The third
way is to analyze magnetic susceptibility behavior by em-
ploying the existing model.?>?>2%42 In our work, all three
techniques are used, which gave consistent results to confirm
that [Fe''(A)Fe'(A)(ox),(Phen),], exhibits LRMO at T
< 8.6 K. In addition, in Table III, we can clearly see that the
SMM usually shows LRMO at temperatures lower than that
of chainlike compounds. It may be due to the lack of inter-
action between SMM particles. Furthermore, among the
chainlike compounds, [Fe(A)Fe'(A)(0x),(Phen),], exhibits
LRMO at a much higher temperature, suggesting that the
interaction between chains of [Fe'(A)Fe''(A)(ox),(Phen),],
is relatively strong. The T. is believed to be strongly influ-
enced by the dimensionality of the molecular-base magnet,
for example, a layered molecular magnet (2D) which also

PHYSICAL REVIEW B 76, 224417 (2007)

uses Fe! ions as magnetic center shows ferrimagnetic order-
ing around 90 K,* and the well-known Prussian bluelike
structure complexes, which are created in a 3D framework,
give a higher T. at around room temperature.*3-0

IV. CONCLUSION

[Fe"(A)Fe"(A)(0x),(Phen),], has been studied by magne-
tization, neutron diffraction, and field-dependent specific
heat measurement to clarify the nature of its magnetic prop-
erties. There are several prominent findings: (1) At the high-
temperature region (7>T,,), the short-range fluctuated spin
ordering follows an Ising chain model with two different
Landé factors, which leads to a ferrimagnetic behavior. (2)
At the low-temperature region (T<T,,), the long-range anti-
parallel alignment between the spins of Fe!l ions is derived
by neutron diffraction and specific heat measurements. How-
ever, the different g values of Fe! jons leads to a net ferri-
magnetic structure. (3) The entropy, estimated from the spe-
cific heat anomaly, is only about 1.9% of the expected
theoretical value, indicating the low-dimensional character of
magnetic ordering at 7<<T,, and the short-range spin fluctua-
tions in high temperatures. (4) Application of a magnetic
field shifts the value of 7,, toward the higher temperature
regime, indicating that the magnetic field promotes the for-
mation of LRMO.
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