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The magnetic ordering and critical behavior of antiferromagnetiNE®),(pyrazing, has been studied by
neutron powder diffractiodNPD), inelastic neutron scatterin@gNS), Mossbauer spectroscopy, and magnetic
measurements. The system can be regarded as a two-dimen@bpaintiferromagnet even in the ordered
phase, given that long-range magnetic ordering between the layers simply follows a necessary consequence of
the establishment of long-range ordering within the planes. The INS data, which were taken on a cold neutron
time-of-flight spectrometer, reveals that when the temperature is lowered toWgrdise correlation length
within the 2D layers increases and ultimately crosses over from two- to three-dimen&@abehavior.

Indeed, 3D long-range antiferromagnetic order, associated with a propagation [\Ae,cﬂoiw el, is observed
in the NPD data below 6.8 K. Furthermore, in agreement with the behavior ofy§d}handC(T) data, the
order parameter follows the exact Osanger solution for @&S2[0/2, Ising system.
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I. INTRODUCTION hyperfine split, although with very broad lines. This obser-

In the past decade, spectacular advances have been mé@éiqn results from relaxation eff(_acts that are ocpurring
in the field of molecular magnetism with the promise of Within the Mossbauer frequency windo(@0™’ s7), which
readily designed magnetic systefsn essential approach to may arise either from slow single-ion relaxation effects or
provide molecule-based materials exhibiting spontaneouom soliton(domain wal) motion. The line broadening per-
magnetization is to construct ordered extended structuresists down to about 7 K, and between 7 and 9 K, satisfactory
with superexchange interactions between the metal cehterssimulations of the spectra could not be achieved by using a
For example, potential bridging ligands such as pyrazinetatic molecular field, preventing an accurate determination
(C4N,H,,py2), provide efficient superexchange pathways.of the Néel temperaturé.

This ligand coordinates to metal ions in a bis-monodentate Using neutron powder diffractioNPD) we were able to
fashion through its two nitrogen lone pairs leading to in-demonstrate that FECS),(py2), shows three-dimensional
tramolecular metal-metal separations of about 6.8—7.5 A, a¢3D) long-range magnetic ordering below 6.8 K. The mag-
sembling one-dimensional1D) linear chains or two- netic structure consists of Fe spins antiferromagnetically or-
dimensional2D) layer compound$.” The most extensively dered in theab plane, exhibiting a sinusoidal modulation
studied complexes of this type have been cofpewhere it ~ along thec axis_with the quasicommensurate propagation
has been found that an important factor in determining the/ector [1,0,i+e]. Furthermore, detailed diffraction mea-
nature of the exchange interactions is an effectiymeta)-  surements show that beloWy the sublattice magnetization
m(pyz) overlap. Overall, the interaction through this ligand is varies agT-Ty|? with 5=0.19.

weak, and discrepancies between theoretical predictions and In order to understand the apparent 2D behavior of the
experimental results can be attributed to the fact that thenagnetic ordering of Reyz),(NCS),, we combined inelas-
calculations overemphasize the intermolecular ovétrfap. tic neutron scatteringNS) with magnetic specific heat mea-
Nevertheless, many systems using pgzits derivativesas  surementgC,,). Between 7 and 50 K, magnetic fluctuations,
a building block display antiferromagnetic ordering rangingwith a gap of about 1 meV, are observed in the INS spectra.
from a few Kelvin up to 62 KL0-12 This finding indicates very-long-range correlations within

In this work we have focused on f¢CS),(pyz), that has the planes, with no measurable correlations between the
been characterized as a 2D sheetlike polymer by Beal,®  planes. In addition, in the vicinity of the critical temperature,
where the thermal variation of its magnetic susceptibility, aC,, can be well described using the Onsager prediction for a
broad maximum at 8.5 K, suggests an antiferromagneti@D Ising square systeit. Accordingly, we conclude that
ground state at low temperature. Furthermore, Mdssbaueaven in the ordered phase the magnetic behavior is predomi-
spectroscopy studies show that below 8.4 K the spectra amantly 2D in character.
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Il. EXPERIMENTAL Neutron SourcgIPNS), Argonne National Laboratory. For

the solution of the magnetic structure, additional measure-
A per-deuterated polycrystalline sample of ments were performed between 2 and 10 K using EBe
Fe(NC9),(pyz), was prepared by the following procedure: A neutron powder diffractometer at the Hahn-Meitner Institut
10-mL aqueous solution of FegrH,O (Aldrich; 4.086 g, (HMI) and the OSIRIS spectrometer at the ISIS facility, Ru-
14.7 mmo) was added while stirring to a 10-mL aqueous therford Laboratory. In order to follow the evolution of the
solution containing NENCS (Baker; 2.350 g, 30.9 mmpl magnetic superlattice reflections as a function of tempera-
and pyzd, (Aldrich; 2600 g, 30.8 mmogl An orange-brown ture, relevant portions of the diffraction pattern were mea-
solid precipitated immediately. The mixture was stirred forsured from 1.4 to 10 K at 0.2 K intervals using tB6 neu-
an additional 1 h to ensure a complete reaction. The solitron powder diffractometer at HMI. The NPD data were
was collected via suction filtration and driéd vacuofor  analyzed by the Rietveld method using theas'® suite of
12 h to yield 4.750 g of R&CS),(pyz-d,), in 95% yield.  programs andULLPROF1®
Sample identity and purity were established by infrared and INS experiments were performed on 3.54 g of a deuter-
Mossbauer spectroscopies. The measured x-ray powder difted powder sample with the high-resolution multichopper
fraction pattern matched that calculated from the knowrtime-of-flight spectrometer NEAT at HMI. Data were col-
crystal structuré. lected at different temperatures, between 2 and 50 K, with an
Neutron powder diffractiogfNPD) was used to probe the incident neutron energy of 3.15 melX=5.1 A), giving a
crystal and magnetic structures of(RES),(pyz-d,), as well  resolution of 217ueV at the elastic peak positioA! The
as to follow the ordering of Fe spins closeTQ. NPD pat- usual data treatment procedure has been followed to correct
terns were measured in the temperature range 4—300 K utiie data for absorption and detector efficiency and normal-
ing the special environment powder diffractomet8EPD  ization runs have been determined by comparing to an
time-of-flight powder diffractometer at the Intense Pulsedempty-can run.
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The heat capacity has been measured by the relaxation
method using a probe and a cryostat manufactured by Oxford
Instruments. A 1 mg polycrystalline sample compacted into a
dense pellet was affixed on a small platform suspended in a
vacuum with a weak thermal link to the heat bath. The heat
capacity is expressed as the ratio between time relaxation
and the thermal resistance.

Mossbauer spectra were determined using a conventional
constant acceleration spectrometer operated in multichannel
scaling mode. The gamma ray source consisted of a 25 mCi
of ®Co in a rhodium metal matrix that was maintained at R R 1|L
ambient temperature. The spectrometer was calibrated using 05 10 15 20 25 30 35
a 6-um-thick natural abundance iron foil. The velocity scale d (A)
is relative to the center of the magnetic hyperfine pattern of
the latter foil taken as zero velocity. The line widths of the  FIG. 2. Rietveld refinement of the back-scattering bank data
innermost pair ofAM,=+1 transitions of the latter Zeeman collected on SEPD for RBICS),(pyz-d,), at room temperature.
pattern were reproducibly determined to be 0.214 mm/sThe cross and the solid line represent, respectively, the experimental
Sample temperature variation was achieved using a standa#d@ta and the result of the refinement. The vertical bars mark the
exchange gas liquid helium cryosté€ryo Industries of positions of the Bragg reflections. The solid line at the bottom is the
America, Inc) with temperature measurement and controlresidual between the experimental and calculated patterns. The in-
based on silicon diode thermometry in conjunction with asert shqws the magnetic structure at 2 K. The arrows indicate the
10-uA excitation source (Lakeshore Cryotronics, Ipc ~ Magnetic reflections.

Samples(~25 mg of polycrystalline powdgrwere bulked  crysiallizes in the monoclinic space gro@2/m with a
with apiezon N grease to insure good thermal contact IN=10.197%2) A, b=10.44792) A, c=7.174%3) A and g
sealed nylon holders. =118.78%2)°. The refinement leads to an excellent agree-
IIl. RESULTS ment factor(R,,=0.0487,x?=1.63 andR 2 =0.0510 and is
consistent with the previous structure established from single
crystal x-ray diffractiorf. Tables | and Il display, respec-

Characterization of both deuterated and nondeuterategively, atomic positions at room temperature and cell param-
samples using magnetic susceptibility measurements showters at selected temperatures.
essentially identical behavior and confirm some of the initial The structure(Fig. 3) may be described as a parallel
measurements made on this matefis. stacking of sheets along tlieaxis organized in thab plane.

We find that while the broadness gfT) [Fig. (a)] sug- Each sheet consists of a slightly distorted square array of
gests that short-range ordering within the 2D layers take§€?* ions, two neighboring Fe ions being connected by a
place below 9 K, the existence of antiferromagnetic correlapyrazine molecule via its nitrogen atoms leading to a in-
tions between F& centers is indicated by the decreasingtrasheet Fe-Fe distance of 7.299 A. The distortion is such
nature of x(T)(T) [see the inset of Fig.(&)]. The value of that the four Fe-Fe distances remain equivalent while the
x(T)(T) at 300 K suggests that the #esite is in a high-spin  angles of the initial square slightly reduce the symmetry of
S=2 ground state, although the observed value othe motif to a diamond with an angle of 91.39F°. The
3.19 emu K/mol is larger than expected for g=2.0, i.e.,pyrazine ligands are canted toward thelirection and thus
3 emu K/mol. A fit of the reciprocal magnetic susceptibility do not lie in theab plane. The two NCScounteranions are
data to a Curie-Weiss expression gives an anisotpilue  terminally bonded to the Fe center and stand above and be-
of 2.091) and §=-8.3G4) K. A deviation from the linear low the sheet in an almost perpendicular fashion. As a result,
Curie-Weiss fit is observed below 25 K reflecting the devel-the Fe ion is a six coordinate with four long equatorial
opment of short-range correlations. Similar behavior wag=e-N; bonds [2.2682) A] and two short axial bonds
previously observed in other Ising systetfis. Fe-N,(2.053 A). The angles within the axially compressed

The occurrence of a sharp peak in the plot of the derivaectahedra deviate slightly from 90°. Consequently, the local
tive of x(T)(T) vs T would indicate the onset of a 3D mag- symmetry around the Fe atom is formaldg,. However, to a
netic ordered phase. Indeed, this is what we observe in Fidirst approximation it remains very close By,. The sheets
1(b), which shows a peak at 6.6 K that is well below Thg,,  alternate and the Fe atom of a given sheet lies vertically
from x(T). As will be shown in the following subsections, above the center of the diamond formed by four Fe atoms in
the Ty, obtained from bulk magnetic measurements agreesdjacent sheets. The intersheet Fe-Fe separation is 7.174 A
quite well with those obtained from the heat capacity, neu-and slightly smaller than the intrasheet one. Neither covalent
tron scattering, and Mossbauer studies. From our knowledgleonds nor dative bonds connect adjacent sheets, and the

20

10+

Intensity (arb. units)

0 P |
A

A. Magnetic susceptibility

of Ty and 4, we obtainTy/6=0.789. shortest distance between them is the terminal sulfur of the
thiocyanate pointing towards an iron atom of the next sheet
B. Crystal Structure at 4.679 A. This lack of a strong chemical connection be-

The resulting crystal structure from the final refinement oftween the layers motivated the description of this compound
the NPD data is shown in Fig. 2. At 300 K, the material as a “2D sheetlike polymef’and our interest in this system.
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TABLE I. Atomic coordinates and atomic displacement paramet@i3P) for FE(NCS),(pyz-d,), at
room temperature. The annotationefers to constrained parameters in the refinement.

Atom type X y z LB, X 10%(A2)
Fe 0 0 0 1.1)
N(1) 0.15773) 0.15532) 0.00635) 252)
N(2) 0.11095) 0 0.32648) 2.83)
c) 0.20957) 0 0.497611) 2.6(4)
c2) 0.20625) 0.32504) -0.17148) 3.689)°
c@3) 0.11535) 0.22975) ~0.15968) 3.689)°
S 0.34627) 0 0.7484) 9.6715)
D(1) 0.33447) 0.10876) 0.302110) 7.9413)%
D(2) 0.00247) 0.21946) 0.29849) 7.9413)%

Further evidence that the sheets are loosely connected isflections clearly indicate 3D long-range ordering. Due to
given by anisotropic peak broadening in the NPD data. Acthe presence of 2D ordering, the magnetic lattice would be
cordingly, the only reasonable refinement was achieved bgescribed by rods in reciprocal space, and the magnetic scat-
using a peak profile function that included anisotropic Loren+ering in a powder measurement would have a broad saw-
ztian broadeningan order 2 tensdr;1<i,j=<3). While the  toothlike asymmetric profile. Indeed a long tail would be
parameterd 1, and L,, are nearly resolution limited. 3 is
significantly larger(Ls3=3 X L;;=3L,,), consistent with the
observation of stacking faults along the ¢ a%©n cooling,
no symmetry lowering is observed. The structure can be de-
scribed with the same monoclinic space group and the aniso-
tropic broadening does not vary. However, a weak contrac-
tion of theb axis is observed below 8 K, while no anomalies
were detected in th& dependence of tha andc axis. This
behavior corresponds to a weak contraction of the diamond
angle, and because it occurs at a temperature close to the
maximum observed in the magnetic susceptibility, it may be
correlated to the onset of spin ordering in the 2D lattice.

C. Critical behavior

A principal point of interest is of course the question of
whether in the magnetically ordered phase(N&&S),(pyz
-d,), will show the characteristics of a 2D system or if it
simply resembles a 3D model.

1. Zero-field magnetic structure

Below 6.8 K, nine additional magnetic reflections are de-
tected in the NPD datesee insert of Fig. 2 These superlat-

tice (SL) reflections are consistent with an antiferromagnetic ({é })_ ?/é N\ }; e, (O- ?)3
ground state, in agreement with the decrease of the magneticd” & : s .

susceptibiliy at low temperature, whilg, coincides with the

sharp peak observed in tagT/dT plot. The shape of the SL (}—O) ? :P/" } \ i ;-rf
TABLE II. Unit cell parameters for RNCS),(pyz-d,), at se- _(; i T8 f
lected temperatures as determined from the SEPD data. Jé re O})—({J}} Jé_(f ‘{O_

TK)  a@) b(A) c(R) B(°) V(A3

4 10.13202) 10.39672) 6.935G2) 117.3872) 648.662)

25 10.13252) 10.39832) 6.93812) 117.4082) 648.952) FIG. 3. Nuclear structure of FNCS),(pyz-ds), perpendicular
300 10.1978) 10.44792) 7.174%3) 118.78%2) 669.942) (top) and parallel tqbottom) to the sheets. The gray line marks one
unit cell.

224405-4



S=% ISING BEHAVIOR IN THE TWO-DIMENSIONAL... PHYSICAL REVIEW B 69, 224405(2004

30

m
h

C (T) JK'mol™

T T T T ™ 0

\WJ“ >
0 2 4 10 e NNT N

6 8 ‘ ‘ ‘
z-axis (units of ¢) 0 5 10 15 20 25 30
T (K)

‘ FIG. 6. Magnetic specific hedC,,) for FANCS),(pyz-ds), at
a

D o low temperature. The solid line represents the Onsager prediction
for a 2D Ising square&=1/2 system in the vicinity of the critical
temperature, calculated using E48). The insert displays the total

1/2,1/2) specific heat measured on the system.

3D grid search was performed, in which the direction of the
propagation vector varies throughout a hemisphere of recip-
rocal space centered @t while the magnitude of the vector
varies between 0 anft’|/2. For each propagation vector
explored, a figure of merit was calculated based on the
weighted root mean square difference between the observed
satellite peak positions and the nearest calculated positions.
The observed spacings were obtained through individual
fits to each of the well-defined satellite peaks. The observa-
(2,2) tion of three strong peaks in the figure of m&FOM) map
indicates the possible solutions. However, while all these so-
lutions allow an index to the observed SL reflections, only
FIG. 4. Spin structure of RBICS),(pyz-ds),. one solution at approximatively /4, provides a model that
reproduced the satellite peak intensities in our Rietveld re-
observed on the higlp side of the peak arising form density finement. The result of the refinement gave a propagation
of state scattering and well described by a Warren funéion. vector of 7=[1,0,0.271)], which is close to the commensu-
Definitely, this is not the case in our measurement as all th&ate value.
magnetic SL peaks have a nearly Gaussian profile. Only one Our model of the magnetic structure consists of antiferro-
peak atd=9.47 A shows an asymmetric feature, and if likely Magnetic moments aligned in tia plane and a sinusoidal
results from the unresolved convolution of multiple reflec-modulation(transverse wayeof these moments along ttee
tions rather than from a pseudocontinuum. direction as shown in Fig. 4. The sinusoidal modulation of

The first attempt to manually index the SL peaks with the magnetic structure may be a consequence of some micro-

different propagation vectors failed, thus another approac tructural disorder where a certain degree of frustration arises
was used. A starting propagation vector was determined ug[om the packing sequenc&Figure 5 displays the tempera-

ing a modified form of the method of WilkinsdA.Here, a  —'¢ dependence of the integrated intensity of (860-7
reflection. The intensity of the magnetic peak depends on the

12 AF staggered magnetizatioifT) «|M(T)|%2. Below Ty, the
B=0.19(2) intensity of this reflection increases abruptly and saturates
1.0' 1 s haum . . . .
08 rapidly to a maximum value. This squarelike dependence of
0.8 os M(T) resembles the behavior expected for 2D systems char-
—= 0.6- ld acterized by a small critical exponent. Indeed, a fitvi(T)
= o04] i in the critical regime gives a critical exponept=0.192)
0.2] that is consistent with the layered nature of the spin system
’ and, in fact, very close to the exact theoretical value of the
0.0 o 1 2D Ising systent? 5=0.125. Similar observations concern-
2 4 6 8 10 12 ing Ni** and Fé* have been reported in other layered
T(K) systemg?-27

2. Heat capacity and spin analysis of the sublattice

FIG. 5. Integrated intensity of th€200-7 reflection (square bt
magnetization

dot9. The solid line is a fit of the experimental data to a power law
1/15=(1-T/Ty)?#, with 8=0.19. In the insert, we show the calcula-  In this section, we will first consider the specific heat
tion of the critical exponent using the universality hypothé&is. [CH(T)] data and then explore the spin-wave results as a
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¢TN = 6.8K

Ising finite short range order

long range order

Energy (meV)

~

purely Ising behaviour

10
Temperature (K)

FIG. 8. Evolution of the spin-wave frequency in
Fe(NC9),(pyz-d,), vs Temperature. The solid curves are fit to the
data using the spin-wave theory as described in the text. The dashed
line is the expected temperature dependence of a magnon in a Ising
system without crossover from the 2D to the 3D ordering With
=6.8 K. Above Ty magnetic excitation is observed due to finite
correlations in the 2D system.

function of the sublattice magnetization. A summary of the
results of the exact solution of the Ising model in 2D that is
necessary to the analysis of our experiments is given in the
Appendix1429

The magnetic specific he&€,,) was calculated by sub-
tracting from the total specific heat, the electronic and
lattice contributions deduced from a fit of the high tempera-
ture regimeT=12 K to the lawC,=yT+aT® (see the inset
of Fig. 6). The solid line in Fig. 6 is the best fit to the
experimental data obtained using E@\8) for 4.5<T
<12 K, yielding a value forJ=0.251)meV(2.95 K) and
Ty=6.612)K.

To obtain a better global understanding of the 2D mag-
netic behavior of FINCS),(pyz-ds),, INS experiments were
performed between 1.8 and 50 K. INS spectra at selected
temperatures are shown in Fig. 7. From Figp) ive observe
that the peak ascribed to a spin-wave excitation is sharp well
below Ty and rapidly broadens on heating. FB< Ty, the
observation of a large gap of about 1.64 meV, equivalent to
a thermal energy of By, as well as no noticeable dispersion
of the spin-wave modgsee Fig. ()] is directly associated
with the Ising character of the systeéd°While in the para-
magnetic phase, abovg,, the broadening and the smooth
form-factor-like decrease at the large momentum transfer of
the magnetic excitation reflects that antiferromagnetic order-
ing is preserved within the layers on a local scale well above
T).26:30

Moreover, as can be seen in Fig. 8, up tolQ,&he varia-
tion of the spin-wave gap with temperature is comparable to
the change of the integrated intensity of {280-r magnetic
Bragg reflection. Similar behavior was also observed in the
layer compounds kNiF, and KFeF,.31-33

To fit the inelastic data above the Néel temperature, where
only short-range ordering is expected, E¢&6) and (A7)
were used, giving a’ value of 0.13 meV, which agrees

<2.24 K1) Below Ty, besides the elastic peak, a main inelasticduite well with the value previously reported in the same
response appears at 1.64 meV, which upon heating seems to mertnperature rangeBelow Ty, where long-range magnetic
with the peak observed at higher temperatures located at 1.04 meWrdering takes place, Eq&A4) and (A7) gave, for a critical
(b) (Color onling Energy-momentum spectra at 1.8 and 50 K usingexponent3=0.19, an ordering temperatuiig=8.7 K. The

NEAT.

apparent discrepancy between the observed and calculated
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FIG. 9. Méssbauer spectra of the(RES),(pyz-d,), at various temperatures.

Néel temperature can be accounted for by the fact that theopy plays an important role in defining the unique direction
near-neighbor correlations remain anomalously strong eveaf the magnetic moments.
aboveTy. This is consistent with other 2D Ising systems An interesting modulation of the present system would
with a couplingd’ between the layers, where an energy dif- consist of lightly doping the Fe site with a diamagnetic ion
ference of 2'N, N being the average number of spins perwith the aim of decreasing the coherence length of the intra-
domain within the layer, is observé#?2-26 layer ordering and to study the doping threshold for which
Finally we mention that the NPD and heat capacity value8D ordering is quenched. Another alternative will be to use
of Ty=6.8 K agree with our temperature-dependent Mdssvarious size counteranions and thus modulate the interlayer
bauer data for R&NCS),(pyz-d,),. In particular, the magnetic coupling. In this context, we mention preliminary helium-3
hyperfine splitting of this complex occurs far=7 K, see  Mdssbauer spectroscopy studieon FeCh(pyz), which
Fig. 9, as opposed to between 8 and $°K. show that it magnetically orders near 0.5 K.
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M(T) the moment at a givefi, andkg the Boltzmann con-

The 2D Ising system is the only low-dimensional systemStant.

capable of exhibiting a phase transition for which an exact

solution exists which was derived by Onsatfefhis model
gives an exact set of critical exponents for tthe2, n=1
universality class. The Hamiltonian is given as

H=-JX§-§-hXs, (A1)
ij i

The condition for determining the critical temperature at
which the phase transition occurs is then given by the rela-
tion

tant?(2J/kgTy) =1, with kgTy ~ 2.269 183.
(AS5)

For T> Ty, and just below the onset of the 2D long-range

where J is the coupling constant, which represents for thegrder, the interaction between staggered magnetization of ad-

physical exchange energyi,j represents the nearest- jacent layers after renormalization of the exchange can be
neighbor summations, ank is the temperature-dependent gpproximated by the 1D Ising mod#:

staggered magnetization responsible for the stabilization of
the long-range magnetic order.

In the thermodynamic limit, and at zero field, the energy
per spin is then given by

M=-2 tanl‘(ﬂ)
e kT

2J'
MlD(T) ~ exp? . (AG)
From spin-wave theory and antiferromagnetic resonance
measurements it is well known from that for layer
compound¥-38the gapE,-, scales with the sublattice mag-
netization as:

KdK (™
+—_
27Td0 0

Sir? ¢
A(1+A)’
(A2)
M(T)

Ex=o(T) = Ex=0(0) M
0

where

(A7)
A=v1-KZ?sir? ¢

Hence forT <T,, the magnetization becontés

Furthermore the heat capacity per spin is given by
2 -
w0 Tand 2] e g na =Sl [ ol (5))
- sin kBT an B_ 81 ( ) kB T kBTN TN 2J 4
indicating the presence of an order-disorder phase transition

Mo
(A8)
at zero field M, represents the fully ordered moment at 0 K, which diverges logarithmically as— Ty.

(A3)

*Electronic address: bordallo@hmi.de
TElectronic address: L.C.Chapon@rl.ac.uk
1See, for example, O. KahMolecular MagnetisniJohn Wiley &

12B -Q. Ma, H.-L. Sun, S. Gao, and G. Su, Chem. Mati8, 1946
(200Y). In this particular case the highy is due to a combina-
tion of both bridging azide antl,N'-pyrazine-dioxide ligands.

Sons, New York, 1993 13J. C. Haynes, A. Kostikas, J. R. Sams, A. Simopoulos, and R. C.

2W. R. Entley and G. S. Girolami, Scien@68, 397 (1995. Thompson, Inorg. Chem26, 2630(1987).

3A. Santoro, A. D. Mighell, and C. W. Reimann, Acta Crystallogr., *L. Onsager, Phys. Re\65, 117 (1944).

Sect. B: Struct. Crystallogr. Cryst. Cher@d6, 979 (1970. 15A. C. Larson and R. B. V. Dreele, General Structure Analysis
4P. W. Carreck, M. Goldstein, E. M. MacPartlin, and W. D. Un-  (GSAS), Los Alamos National Laboratory Report L-UR-86—748
sworth, J. Chem. Soc., Chem. Commur@71, 1634. (1994).

5J. Darriet, M. S. Haddad, E. N. Duester, and D. N. Hendrickson16J. Rodriguez-Carvajal, Physica B92, 55 (1993.

Inorg. Chem.18, 2679(1979. 17Because the sample angle was 135° the energy resolution in-
6J. A. Real, G. D. Munno, M. C. Munoz, and M. Julve, Inorg. creases at higher angles.

Chem. 30, 2701(1991).

"H. N. Bordallo, L. Chapon, J. L. Manson, C. D. Ling, J. S. Qualls,

D. Hall, and D. Argyriou, Polyhedror22, 2045(2003.

8], S, Haynes, S. J. Rettig, J. R. Sams, R. C. Thompson, and
Trotter, Can. J. Chem65, 420(1987.

9P. J. Hay, J. C. Thibeault, and R. Hoffman, J. Am. Chem. Sdc.
4884(1975.

183, Y. Wu, W.-H. Li, K. C. Lee, J. W. Lynn, T. H. Meen, and H. D.
Yang, Phys. Rev. B54, 10019(1996).

193, Hernandez-Velascgprivate communication Recent HRTEM

J. results indicate the existence of stacking faults alongcthgis.

20B, E. Warren, Phys. Re\59, 693(1941).

2lc. Wilkinson, G. Lautenschlager, R. Hock, and H. Weitzel, J.

Appl. Crystallogr. 24, 365(19917).

103, L. Manson, Q. Z. Huang, J. W. Lynn, H. J. Koo, M. H. 22J. W. Lynn, T. W. Clinton, W.-H. Li, R. W. Erwin, J. Z. Liu, K.
Whangbo, R. Bateman, T. Otsuka, N. Wada, D. N. Argyriou, and Vandervoort, and R. N. Shelton, Phys. Rev. Le®3, 2606

J. S. Miller, J. Am. Chem. Socl3, 162(2003).
1H.-L. Sun, B.-Q. Ma, S. Gao, and G. Su, Chem. Comn{@am-
bridge) 24, 2586(2002).

(1989.

23G. Bottger, P. Fischer, A. Donni, Y. Aoki, H. Sato, and P. Be-

rastegui, J. Magn. Magn. Matet.77, 517 (1998.

224405-8



S=% ISING BEHAVIOR IN THE TWO-DIMENSIONAL... PHYSICAL REVIEW B 69, 224405(2004

24D, Vaknin, J. L. Zarestky, J. E. Ostenson, B. C. Chakoumakos, A. Commun. 8, 13(1970.
Goni, P. Pagliuso, T. Rojo, and G. E. Barberis, Phys. Re60B  32M. P. H. Thurlings, E. Frikkee, and H. W. deWijn, Phys. Rev. B

1100(1999. 25, 4750(1982.
25p. Nordblad, D. P. Belanger, A. R. King, V. Jaccarino, and H.33S. Fulton, S. E. Nagler, L. M. N. Needham, and B. M. Wanklyn,
Ikeda, Phys. Rev. B8, 278(1983. J. Phys.: Condens. Matte, 6667 (1994).
2R J. Birgeneau, H. J. Guggenheim, and G. Shirane, Phys. Rev. #u. Balucani, M. G. Pini, and V. Tognetti, J. Phys. 83, 2925
8, 304 (1973. (1980.
21]. Skalyo, G. Shirane, R. J. Birgeneau, and H. J. Guggenhein?W. M. Reiff, J. Li, M. A. Lawandy, C. C. Torardi, and T. Yuen,
Phys. Rev. Lett.23, 1394(1969. The VIith International Conference on Molecular Magnetism,
283, T. Bramwell and P. C. W. Holdsworth, J. Appl. Phyk8, 6096 San Antonio, Texa$2000.
(1993. 36H. W. deWijn, R. E. Walstedt, and H. J. Guggenheim, Phys. Rev.
29C. N. Yang, Phys. Rev85, 808(1952. Lett. 24, 832(1970.
80S. Skanthakumar, J. W. Lynn, and F. Dogan, J. Appl. Pi8fs.  37H. W. deWijn, L. R. Walker, S. Geschwind, and H. J. Guggen-
4934(1987. heim, Phys. Rev. B3, 299 (1973.

81R. J. Birgeneau, F. D. Rosa, and H. J. Guggenheim, Solid Statt®A. F. M. Arts and H. W. deWijn, Phys. Rev. B5, 4348(1977).

224405-9



