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Short-range antiferromagnetic correlations have been studied in the layered compounds (PPh4)
@FeIIFeIII (ox)3# and (NBu4) @FeIIFeIII (ox)3# by neutron polarization analysis and Mo¨ssbauer spectroscopy.
Polarized neutron diffraction profiles obtained between 2 and 50 K on (d20-PPh4) @FeIIFeIII (ox)3# show no
magnetic Bragg scattering; the lack of such scattering indicates the absence of long-range magnetic order.
However, a broad asymmetric feature observed at aQ of ca. 0.8 Å21 is attributed to two-dimensional short-
range magnetic correlations, which are described by a Warren function. The correlation length is ca. 50 Å
between 2 and 30 K and then decreases to ca. 20 Å at 50 K. The Mo¨ssbauer spectra of (PPh4) @FeIIFeIII (ox)3#
and (NBu4) @FeIIFeIII (ox)3# have been measured between 1.9 and 293 K and 1.9 and 315 K, respectively, and
are very similar. The paramagnetic spectra exhibit both high-spin FeII and FeIII doublets with relative areas
which indicate a 5% and 2% excess, respectively, of FeIII . The coexistence in (PPh4) @FeIIFeIII (ox)3# between
10 and 30 K of broad sextets and doublets in the Mo¨ssbauer spectra and the paramagnetic scattering observed
in the polarized neutron measurements indicate the coexistence of spin-correlated and spin-uncorrelated re-
gions in the layers of this compound. The polarized neutron scattering profiles and the Mo¨ssbauer spectra yield
the magnetic exchange correlation length and lifetime, respectively, and the combined results are best under-
stood in terms of layers composed of random frozen, but exchange correlated domains of ca. 50 Å diameter at
the lowest temperatures, of spin-correlated domains and spin-uncorrelated regions at intermediate tempera-
tures, and of largely spin-uncorrelated regions above the Ne´el temperature as determined from magnetometry.
The similarity of the Mo¨ssbauer spectra of (PPh4) @FeIIFeIII (ox)3# and (NBu4) @FeIIFeIII (ox)3# leads to the
conclusion that similar magnetic exchange correlations are present in the latter compound.

DOI: 10.1103/PhysRevB.66.104407 PACS number~s!: 75.25.1z, 76.80.1y, 75.30.Kz
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I. INTRODUCTION

The layered molecular-based ferromagnets and ferrim
nets ~A! @M IIM III (ox)3#, whereA is an organic cation,M II

andM III are 3d ions, and~ox! is the oxalate anion, C2O4
22,

are attractive systems in which to observe the establishm
of magnetic correlations in two-dimensional honeycomb
tices, and as such they have been the subject of nume
studies.1–6 In these insulating materials, theM II and M III

cations are disposed in an alternating honeycomb ar
bridged by oxalates so that each metal has a trigonally
torted octahedral environment, and theA cations lie in be-
tween the metal-oxalate layers, often with one or more s
chains penetrating into the hexagonal cavities between
oxalates. Among the many compounds of this type, th
containing FeII and FeIII have proved particularly fascinating
Both metal ions are in the high-spin state and the ne
neighbor magnetic exchange is antiferromagnetic. For m
A, the bulk magnetization of the resulting compounds
sembles that of a Ne´el class-N ferrimagnet7 with a compen-
sation temperature and a negative magnetization at low t
0163-1829/2002/66~10!/104407~12!/$20.00 66 1044
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perature in small applied field. In contrast, where theA
cation is tetraphenyl-phosphonium or tetraphenyl-arsoniu
the bulk magnetization resembles7 Néel’s class Q with
monotonically increasing magnetization below the appar
ordering temperatureTN and no compensation behavior. E
amples of the magnetization of each class of materials ca
found in Fig. 1, which shows recent magnetization measu
ments on compounds whose behavior we have repo
earlier.6 Néel ascribed such differences in bulk magnetizati
to different ordering rates of the two sublattices in a fer
magnet. Recent magnetometry and Monte Carlo studies8 on
compounds doped with diamagnetic ions suggest that
apparently type-N behavior is inhibited and then destroye
by increasing deficiency on the divalent magnetic sublatt
Unpolarized powder neutron diffraction measurements p
formed on (d20-PPh4) @FeIIFeIII (ox)3# ~Ref. 9! showed a
broad magnetic feature below 35 K; unfortunately this fe
ture overlapped with a strong nuclear Bragg peak and co
not be thoroughly analyzed. The temperature dependenc
the intensity of this feature resembled that expected fo
sublattice magnetization.
©2002 The American Physical Society07-1
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In this paper we present detailed Mo¨ssbauer spectral dat
measured between 295 and 1.9 K for one example of e
type, A15PPh4

1 @type Q, PPh4
15P(C6H5)4

1] and A1

5NBu4
1 @typeN, NBu4

15N(n-C4H9)4
1] to probe the rea-

sons for the difference in the ordering process in the t
types. This study is complemented by neutron polarizat
analysis measurements on (d20-PPh4) @FeIIFeIII (ox)3# which
directly monitor the buildup of short-range exchange cor
lations aboveTc and the coexistence of correlated and pa
magnetic regions belowTc . The neutron measurements
the spatial magnetic exchange correlation, with a time sc
of ;10211 s, serve to supplement the time-dependent m
netic exchange correlation observed in the Mo¨ssbauer re-
sults, for which the time scale is;1028 s. Preliminary po-
larization analysis measurements on (d20-PPh4)
@FeIIFeIII (ox)3# at 5 K have already been reported.10

Although there have been no detailed reports on
Mössbauer spectral properties of (PPh4) @Fe2(ox)3#, the
spectral properties of (NBu4) @Fe2(ox)3# as well as of the
related (NBu4) @M IIM III (ox)3# compounds have bee
studied1,3,5,11–15,17in detail ~Table I!. There is good agree
ment in both the iron~II ! and iron~III ! hyperfine parameter
for the compounds in the paramagnetic state. Below
magnetic ordering temperature, the agreement is also g
for the iron~II ! site and most authors report a quadrup
interaction of ca. 1.8 mm/s and negativeVzz and a surpris-
ingly small hyperfine field of ca. 35–52 kOe for this sit
In contrast, for the iron~III ! site there are reports of bot
positive and negative quadrupole interactions of ca. 0
mm/s and both positive and negative signs ofVzz, although
the hyperfine fields are typical of iron~III !: the angleu be-
tween this field and the principal axis of the electric fie
gradient Vzz has been reported to have both large and
small values. These trends are further complemented
studies14,15 of mixed-metal complexes, such as (NBu4)
@(FexMn12x)

IICrIII (ox)3#, (NBu4) @(FexNi12x)
IIFeIII (ox)3#,

and (NBu4) @MnII(FexCr12x)
III (ox)3#, in which two differ-

ent metals of the same oxidation state occupy the same
There have been fewer Mo¨ssbauer spectral studies wi

other A cations, but Iijima and Mizutani13 have studied
(NBu4) @FeIIFeIII (ox)3#, (Nn-propyl4) @FeIIFeIII (ox)3#,
(Nn-propyl4) @FeIICrIII (ox)3#, and (Nn-propyl4)
@MnIICrIII (ox)3# in some detail, the latter of which contain
small amounts of iron-57 on the MnII site and Ovanesyan
et al.17 and Bottyán et al.18 have studied (Nn-pentyl4)
@MnIIFeIII (ox)3# and (Nn-pentyl4) @FeIIFeIII (ox)3#. Finally,
the very unusual bulky cations@CoIII (Me5Cp)2#1 and
@FeIII (Me5Cp)2#1, which form layered oxalate compound
@M III (Me5Cp)2# @M IIM III (ox)3#, have been studied b
Coronadoet al.19 The spectra of many of these compoun
will be discussed below as is appropriate.

In order to better understand the complex but virtua
unstudied Mo¨ssbauer spectral properties of (PPh4)
@Fe2(ox)3#, we have carried out a parallel study of (NBu4)
@Fe2(ox)3#, which has proved extremely valuable in unde
standing the more complex spectra of (PPh4) @Fe2(ox)3#.
The results of both of these studies are reported and c
pared herein.
10440
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II. EXPERIMENT

A. Preparation

The (d20-PPh4) @FeIIFeIII (ox)3# and (NBu4)
@FeIIFeIII (ox)3# samples were prepared as reported earlie6,9

One of the (d20-PPh4) @FeIIFeIII (ox)3# samples was the sam
as that used in an earlier unpolarized neutron diffract
study.9 Earlier chemical analysis20,21 of related ~A!
@FeIIFeIII (ox)3# compounds have shown a ca. 1%–7% de
ciency of iron cations relative to the number of oxalate a
ions. Because of the extremely high cost of the (d20-PPh4)1

cation, no chemical analysis of (d20-PPh4) @FeIIFeIII (ox)3#
was performed, but as discussed below, the Mo¨ssbauer spec
tra show a 5% deficiency in iron~II ! content relative to the
total iron content. This deficiency no doubt results in iron~II !
vacancies in the honeycomb lattice, which may be occup
by simple H3O1 cations because the complex is made
acidic solution.

B. Magnetization

dc bulk magnetization measurements were performed
ing a Quantum Design MPMS7 superconducting quant
interference device~SQUID! magnetometer. Samples we
accurately weighed to a precision of61 mg and loaded in
gelatine capsules which were then mounted in a pla
drinking straw. Magnetization was measured as a function
temperature between 5 and 50 K in an applied field of 1
Oe. The measured data were corrected for diamagnetic
tributions using Pascal’s constants. Figure 1 shows the m
netizations of (d20-PPh4) @FeIIFeIII (ox)3# and (NBu4)
@FeIIFeIII (ox)3# as a function of temperature.

C. Neutron diffraction

Polarized neutron diffraction experiments were perform
on the diffuse scattering spectrometer D7 at the Inst

FIG. 1. The temperature dependence of the field-cooled ma
tization of (PPh4)@Fe2(ox)3# ~j! and (NBu4)@Fe2(ox)3# ~d! mea-
sured in an applied field of 100 Oe.
7-2
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POLARIZED NEUTRON DIFFRACTION AND MÖSSBAUER . . . PHYSICAL REVIEW B 66, 104407 ~2002!
Laue-Langevin~ILL !, Grenoble, France. The incident bea
of cold neutrons, wavelength 4.84 Å, is polarized by a
permirror. Thirty-two3He detectors, arranged in four bank
each have their own supermirror analyzer. A set of th
Helmholz coils allows the polarization direction of the inc
dent beam to be defined alongx, y, or z. The disk chopper
which permits time-of-flight energy analysis was not pres
for these measurements.

Two polycrystalline samples of (d20-PPh4)
@FeIIFeIII (ox)3# of mass 3.58 and 7.30 g were mounted in
ILL Orange cryostat in a cylindrical vanadium can. Measu
ments were performed at 2, 5, 10, 15, 18, 20, 22, 25, 30,
40, and 50 K. At each temperature, fullxyz polarization
analysis22 was carried out, the spin-flip and non-spin-fl
scattering being measured with the incident beam polar
tion direction along each of the three axes. This enables
total scattering to be separated into its nuclear coherent,
incoherent, and magnetic components. Data were colle
over the range 0.15<Q<2.5 Å21, and parts of these data
the fits of which are discussed below, are shown in Fig
The data are to scale but each successive profile is vertic
displaced by 5 b sr21 per formula unit at each temperatur
All measurements were corrected for the scattering of
vanadium can and normalized to the scattering of a kno

FIG. 2. The differential magnetic scattering cross-sect
ds/dV of (d20-PPh4)@Fe2(ox)3#. The solid lines correspond to a fi
to a Warren function as is discussed in the text.
10440
-

e

t

-
5,

a-
he
in

ed

.
lly

e
n

mass of vanadium powder or foil, giving an absolute me
sure of the scattering intensity as a function ofQ.

D. Mössbauer spectra

The Mössbauer spectral absorbers contained 75 mg/2

of powder and the spectra were measured between 1.9
293 or 315 K on a constant-acceleration spectrometer wh
utilized a room-temperature rhodium matrix cobalt-57 sou
and was calibrated at room temperature witha-iron foil. The
estimated absolute errors are60.01 mm/s for the isomer
shifts, 60.02 mm/s for the quadrupole splittings and lin
widths, and62% for the percentage areas of the spec
components. The relative errors are estimated to be sm
by a factor of about one-half.

III. RESULTS AND DISCUSSION

A. Magnetization

The magnetization of (NBu4) @FeIIFeIII (ox)3# has been
reported earlier,4,6,20,23 and its magnetization and that o
(d20-PPh4) @FeIIFeIII (ox)3# used herein have been measur
and are shown in Fig. 1. As expected the magnetization
(d20-PPh4) @FeIIFeIII (ox)3# corresponds to that of a Ne´el
class-Q ferrimagnet7 and shows a constant, essentially ze
value above 30 K and a monotonically increasing va
reaching ca. 210 erg Oe21 mol21 under 100 Oe below 30 K
a small value as expected for the ferrimagnetic coupling
tween high-spin iron~II ! and high-spin iron~III !. In contrast
the magnetic properties of (NBu4) @FeIIFeIII (ox)3# are quite
different, as discussed earlier,4,6,20,23 and correspond to a
Néel class-N ferrimagnet.7

B. Polarized neutron diffraction

Figure 2 shows the differential magnetic cross sect
ds/dV of (d20-PPh4) @FeIIFeIII (ox)3# at temperatures be
tween 2 K and 50 K. Because no structure is observed in
magnetic scattering for 0.15<Q<0.5 Å21, the observed in-
tensity must be due to paramagnetic scattering. The num
cal integration of the magnetic intensity over theQ range
0.15<Q<0.50 Å21 gives an estimate of the relative propo
tion of fluctuating, uncorrelated spins present. The perce
age of the paramagnetic scattering that is expected to fa
this Q range can be calculated from the magnetic form f
tors for FeII and FeIII as 12.72%.24 Normalizing to this per-
centage and the total magnetic scattering over the wholQ
range gives the percentage of uncorrelated magnetic
ments, shown in Fig. 3.

While the uncertainties in this measurement are high, i
still clear that three different scattering regimes can be d
tinguished. At low temperaturesT<10 K, the paramagnetic
intensity is very low. In the intermediate regime 10,T
<30 K, it becomes somewhat higher, while forT.30 K it is
higher still. This result is in clear agreement with the analy
of the Mössbauer spectra presented in the following secti

As can be seen in Fig. 2 even at 2 K, the lowest tempe
ture studied, no magnetic Bragg scattering was found o
the entireQ range studied. This indicates the absence of a

n
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SIMON G. CARLING et al. PHYSICAL REVIEW B 66, 104407 ~2002!
three-dimensional long-range magnetic order in (d20-PPh4)
@FeIIFeIII (ox)3#. However, a broad and asymmetric feature
apparent atQ0'0.8 Å21, a feature which becomes weak
and broader above 35 K but is still present at 50 K. T
non-Bragg scattering is ascribed to quasi-two-dimensio
~2D! short-range magnetic correlations and can be descr
by a Warren function25,26

p~u!5KmFhk
2 ~11cos2 2u!

2~sinu!3/2 S j

lAp
D 1/2

F~a!, ~1!

wherel is the neutron wavelength,K is a scale factor,m is
the multiplicity of the 2D reflection@hk# whose structure
factor is Fhk and whose position isu0 , j is the spin-spin
correlation length, and

F~a!5E
0

`

exp@2~x22a!2#dx, ~2!

where

a5
2jAp

l
~sinu2sinu0!. ~3!

Based on the unit cell parameters determined from
previous, unpolarized neutron diffraction measurements,9 the
scattering intensity at 0.8 Å21 was assigned as@20#. Because
the integral in Eq.~2! cannot be solved analytically, the func
tion was integrated numerically to an upper limit of 20 wi
results that compare favorably with those given in Ref.
Fitting the Warren-like feature therefore yields the tempe
ture dependence of the 2D correlation length. Fits were
formed for each temperature in theQ range 0.5<Q
<1.15 Å21 and are shown at each temperature in Fig. 2

The variation of the magnetic exchange correlation len
with temperature in (d202PPh4) @FeIIFeIII (ox)3# is shown in
Fig. 4.

FIG. 3. The paramagnetic intensity integrated over theQ
range of 0.15<Q<0.50 Å21, normalized to give the fraction o
paramagnetic scattering, as a function of temperature
(d20-PPh4)@Fe2(ox)3#.
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As expected, above 30 K the correlation length decrea
with increasing temperature in the paramagnetic phase.
low 30 K, rather unexpectedly, the correlation length
creases only slightly and reaches a maximum of only ca.
Å at 20 K. These results seem to indicate a small decreas
the correlation length, a decrease that may be an artifac
the two samples used for this study; most likely the corre
tion length is unchanging at ca. 50 Å below 20 K. Th
distance corresponds to between five and six honeyco
units.

The diffraction observed here, while not conclusive,
compatible with an orientation of the magnetic moments
the basal plane. On the basis of their unpolarized neu
diffraction work on (d202PPh4)MnIIFeIII (ox)3 , which does
exhibit long-range magnetic order, Nuttall and Day9 con-
cluded that the moments in this compound are axial, an
entation that seems reasonable for a magnetic compo
with an 6A1g ground state for both ions and, hence, no
bital contribution to the magnetic anisotropy. In contrast,
(d202PPh4) @FeIIFeIII (ox)3# the iron~II ! ion does have a sig
nificant orbital contribution to the magnetic moment, as d
cussed below, and hence its contribution to the magnetic
isotropy may be quite different. As a consequence
magnetic moments in (d202PPh4) @FeIIFeIII (ox)3# may be
basal, an orientation which would lead to a threefold deg
eracy, giving rise to three energetically equivalent easy
rections of magnetization. In this case the spin configu
tional entropy may limit the exchange correlation length a
the direction of the exchange-correlated moments may
different, depending on their nucleation site.

C. Mössbauer spectral analysis

1. Paramagnetic spectra

The Mössbauer spectra of (PPh4)@Fe2(ox)3# and
(NBu4)@Fe2(ox)3# have been measured as a function of te
perature and selected paramagnetic spectra are show
Figs. 5 and 6, respectively.

The experimental data shown in these figures clearly
dicate the presence of two quadrupole doublets, which m

r

FIG. 4. The two-dimensional magnetic correlation lengthj as a
function of temperature for (d20-PPh4)@Fe2(ox)3#.
7-4
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POLARIZED NEUTRON DIFFRACTION AND MÖSSBAUER . . . PHYSICAL REVIEW B 66, 104407 ~2002!
be assigned to iron~II ! and iron~III ! ions. Although the fits
shown in these figures are not unique in terms of the pla
ment of the two lines found at ca. 0.0 mm/s, they do yie
hyperfine parameters which are consistent both with ea
studies, summarized in Table I, and with the parameters
tained for the magnetically ordered spectra, which are
cussed in detail in the next section. Further, these fits y
hyperfine parameters which are physically realistic for hig
spin iron~II ! and iron~III ! ions in the distorted octahedra
coordination environment expected in these compounds.
resulting hyperfine parameters are given in Tables II and
for (PPh4)@Fe2(ox)3# and (NBu4)@Fe2(ox)3#, respectively.

The Mössbauer spectra of (PPh4)@Fe2(ox)3# shown in
Fig. 5 clearly indicate that this compound is paramagne
between 293 and 40 K. Although the spectrum observe
30 K is similar to the 40 K spectrum, the lines are clea
broader, an indication of the onset of magnetic excha
correlations. As will be seen in the next section, the spe
of (PPh4)@Fe2(ox)3# clearly show the influence of magnet
exchange correlations at 25 K and below. In contrast,
spectra of (NBu4)@Fe2(ox)3# shown in Fig. 6 indicate that i
is paramagnetic between 315 and 50 K. Although the sp
trum observed at 42.5 K is similar to the 50 K spectrum,
lines are broader, again an indication of the onset of m
netic exchange correlations. As will be seen in the next s
tion, the spectra of (NBu4)@Fe2(ox)3# clearly show the in-
fluence of magnetic exchange correlations at 40 K a
below.

FIG. 5. Selected paramagnetic Mo¨ssbauer spectra o
(PPh4)@Fe2(ox)3# obtained at the indicated temperatures.
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The isomer shifts of the iron~II ! sites in the two com-
pounds are very similar at 1.12 and 1.16 mm/s at 293
values which are characteristic of high-spin iron~II !. The iso-
mer shifts of the iron~III ! sites in the two compounds ar
virtually identical at 0.39 and 0.38 mm/s at 293 K, valu
which are characteristic of high-spin iron~III !. The isomer
shift values are very similar to those observed27–29 for
iron~II ! in Fe~ox!•2H2O and iron~III ! in K3Fe~ox!3 and con-
firm the assignments presented in Tables II and III. Furth
the paramagnetic spectra are very similar to those repo
earlier3,13,15and the spectra reported by Coronadoet al.19 for
@FeCp2* #@Fe2(ox)3# except for the presence of an addition
line due to the (FeCp2* ) cation. The observed decrease in t
isomer shifts of (PPh4)@Fe2(ox)3# and (NBu4)@Fe2(ox)3#
with increasing temperature~see Tables II and III! results
from the second-order Doppler-shift contribution to the is
mer shift and validate the analysis.

As is revealed in Tables II and III, the quadrupo
splittings of the iron~III ! sites are similar and almost inde
pendent of temperature in both (PPh4)@Fe2(ox)3# and
(NBu4)@Fe2(ox)3# with respective values of20.64 and
20.65 mm/s at 293 K. The values are negative as is requ
to obtain thebestfit of the magnetically ordered spectra, b
the equivalent positive values may be equally acceptable;
discussion below. The slightly larger magnitude of the qu
rupole splittings observed for (PPh4)@Fe2(ox)3# at lower
temperatures may indicate that larger distortions in
iron~III ! coordination environment are produced on coolin
the same trend is observed for the iron~II ! site in this com-
plex.

FIG. 6. Selected paramagnetic Mo¨ssbauer spectra o
(NBu4)@Fe2(ox)3# obtained at the indicated temperatures.
7-5
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SIMON G. CARLING et al. PHYSICAL REVIEW B 66, 104407 ~2002!
In contrast to the iron~III ! sites and, as expected30 for a
high-spin iron~II ! ion with the approximatet2g

4 eg
2 electronic

configuration in a distorted octahedral coordination envir
ment, the quadrupole splittings for the iron~II ! sites in both
(PPh4)@Fe2(ox)3# and (NBu4)@Fe2(ox)3# are rather different
and decrease dramatically with increasing temperature ab
ca. 50 K, the change being larger for (PPh4)@Fe2(ox)3# than
for (NBu4)@Fe2(ox)3#. The temperature dependence for bo
compounds is shown in Fig. 7, where again the quadrup
splitting values are taken to be negative as is required to
fit the ordered spectra.

The temperature dependence of the iron~II ! quadrupole
splitting DEQ in a distorted environment may be fitted wi
the Ingalls model30 in which

DEQ5DEQ~0!tanhS D

2kTD , ~4!

whereDEQ(0) is the quadrupole splitting at 0 K andD is
the splitting of the orbital triplet5T2g octahedral iron~II !
ground state by low-symmetry components of the crys
field. The solid lines shown in Fig. 7 correspond to the b
fits of the quadrupole splittings with this model. F
(PPh4)@Fe2(ox)3# the best-fit parameters areDEQ(0)
51.98 mm/s, Vzz529.0631021 V/m2, and D5292 cm21

and for (NBu4)@Fe2(ox)3# they areDEQ(0)51.79 mm/s,
Vzz528.1931021 V/m2, and D5312 cm21. The fits with

TABLE I. Previous Mössbauer spectral studies of (NBu4)
@M IIM III (ox)3#.

Site M II M III T
~K!

d
~mm/s!b

DEQ

~mm/s!
Vzz

a Heff

~kOe!
u

~deg!
Ref.

FeII Fe Fe 78 1.30 1.79 6 0 3
4.2 1.32 1.92 2 52 90 11

Fe Cr 298 1.18 1.26 6 0 3
12 1.33 1.82 6 0
10 1.32 1.85 2 35 90
4.2 1.33 1.86 2 38 90

Fe Cr 293 1.18 1.23 6 0 15
4.2 1.78 2 45 90

FeIII Fe Fe 78 0.51 0.60 6 0 3
4.2 0.60 1 537 81 11

0.60 2 537 37
Mn Fe 78 0.49 0.62 6 0 11

30 0.50 0.62 6 0
25 0.50 0.62 1 320 52
20 0.51 0.62 1 380 58
15 0.49 432
4.2 0.50 502

Ni Fe 78 0.49 0.68 6 0 11
25 0.51 0.71 6 0
20 0.50 0.71 1 391 28 13
4.2 0.50 0.71 1 509 28

a6 indicates that either the sign was unknown or not reported.
bThe isomer shifts are given relative to room-temperaturea-iron
foil.
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this model are not fully adequate, most probably becaus
small changes inD with temperature, which are ignored b
the Ingalls model. Changes inD with temperature are no
unexpected in complexes of the type studied here, as a re
of anisotropic changes in the coordination environment
the iron~II ! sites.

2. Magnetically ordered spectra

The magnetically ordered Mo¨ssbauer spectra o
(PPh4)@Fe2(ox)3# and (NBu4)@Fe2(ox)3# are shown in Figs.
8 and 9, respectively. It should be noted that the spe
shown in Figs. 8 and 9 are again qualitatively very similar
those reported earlier3,13,15,16,18and by Coronadoet al.19 for
@FeCp2* #@Fe2(ox)3# except for the presence of an addition
line due to the (FeCp2* ) cation.

TABLE II. Mössbauer spectral hyperfine parameters
(PPh4)@Fe2(ox)3#.

Site T
~K!

d
~mm/s!a

DEQ

~mm/s!
Vzz

(1021 V/m2)
Hmax

~kOe!
G

~mm/s!
Area
~%!

FeII 293 1.123 1.30 25.95 0.34 39
240 1.169 1.42 26.50 0.25 40
190 1.217 1.55 27.09 0.29 42
140 1.248 1.70 27.78 0.30 41
90 1.275 1.88 28.60 0.33 43
60 1.299 1.97 29.02 0.38 45
40 1.307 1.98 29.06 0.35 45
30 1.317 2.00 29.15 1.12 51
25 1.307 1.98b 29.06 40 1.40 52

22.5 1.307 1.98b 29.06 55 1.23 54
20 1.304 1.98b 29.06 61 0.95 51
15 1.337 1.98b 29.06 68 0.85 46
10 1.306 1.98b 29.06 68 0.84 43
6 1.338 1.98b 29.06 65 0.91 45

4.2 1.316 1.98b 29.06 65 0.83 44
1.9 1.329 1.98b 29.06 68 0.78 43

FeII 293 0.390 0.65 22.98 0.33 61
240 0.410 0.60 22.75 0.35 60
190 0.440 0.60 22.75 0.35 58
140 0.467 0.62 22.84 0.32 59
90 0.479 0.63 22.88 0.33 57
60 0.486 0.67 23.07 0.32 55
40 0.488 0.68 23.11 0.35 55
30 0.500 0.72 23.30 0.47 49
25 0.493 0.72 23.30 460 0.98 48

22.5 0.479 0.72 23.30 485 1.02 46
20 0.494 0.75 23.43 500 1.24 49
15 0.507 0.75 23.43 520 0.64 54
10 0.512 0.75 23.43 526 0.52 57
6 0.517 0.78 23.57 527 0.56 55

4.2 0.532 0.74 23.39 540 0.38 56
1.9 0.527 0.72 23.30 541 0.42 57

aThe isomer shifts are given relative to room-temperaturea-iron
foil.

bParameter constrained to the value given.
7-6
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The spectra shown in Figs. 8 and 9 have been fitted w
a minimization program31 which calculates the eigenvalue
and eigenvectors of the ground- and excited-state Ham
nians describing the combined quadrupolar and magnetic
teractions. The adjustable hyperfine parameters for a g
component in the spectral fits are the isomer shiftd, the
effective hyperfine fieldHeff , the quadrupole interaction
DEQ , the angleu between the principle axis of the electr
field gradient and the magnetization direction, and the li
width G. In all fits reported hereinh50.0 as is expected fo
the axially symmetric trigonal iron~II ! and iron~III ! sites in
these complexes. Further, any attempt to increase the v
of the asymmetry parameterh above zero leads to substa

TABLE III. Mö ssbauer spectral hyperfine parameters
(NBu4)@Fe2(ox)3#.

Site T
~K!

d
~mm/s!a

DEQ

~mm/s!
Vzz

(1021 V/m2)
Hmax

~kOe!
G

~mm/s!
Area
~%!

FeII 315 1.162 1.12 25.13 0.33 44
293 1.164 1.14 25.22 0.38 48
240 1.204 1.34 26.13 0.32 46
190 1.235 1.42 26.50 0.31 47
140 1.265 1.60 27.32 0.31 47
90 1.291 1.72 27.87 0.30 49
50 1.290 1.79 28.19 0.36 53
45 1.306 1.78 28.15 0.39 52

42.5 1.306 1.79 28.19 0.43 55
40 1.306 1.79b 28.19 38 0.82 58
39 1.315 1.79b 28.19 38 0.98 65
38 1.312 1.79b 28.19 45 0.81 60
35 1.275 1.79b 28.19 40 0.75 52
30 1.319 1.79b 28.19 50 1.10 50
10 1.331 1.79b 28.19 58 0.68 47
4.2 1.327 1.79b 28.19 57 0.59 47
1.9 1.329 1.79b 28.19 58 0.59 48

FeIII 315 0.363 0.63 22.88 0.33 56
293 0.380 0.64 22.93 0.32 52
240 0.416 0.65 22.98 0.40 54
190 0.435 0.65 22.98 0.35 53
140 0.461 0.64 22.93 0.32 53
90 0.486 0.64 22.93 0.29 51
50 0.481 0.65 22.98 0.36 47
45 0.489 0.65 22.98 0.37 48

42.5 0.495 0.66 23.02 0.39 45
40 0.504 0.67 23.07 360 0.78 42
39 0.518 0.64 22.93 405 0.92 35
38 0.518 0.64 22.93 405 1.08 40
35 0.518 0.64 22.93 428 1.02 48
30 0.518 0.67 23.07 462 0.72 50
10 0.503 0.68 23.11 530 0.44 53
4.2 0.520 0.67 23.07 544 0.31 53
1.9 0.520 0.66 23.02 545 0.29 52

aThe isomer shifts are given relative to room-temperaturea-iron
foil.

bParameter constrained to the given value.
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tially poorer fits. Thus the spectra were fit by adjusting t
five adjustable parameters for each spectral component
by using enough spectral components to reproduce the
perimental spectrum. In addition, at a given temperature,
d, DEQ , andG values associated with a given iron oxidatio
state have been constrained to be equal. In contrast, in n
of the fits have the relative areas of the iron~II ! and iron~III !
components been constrained.

In the spectra shown in Figs. 8 and 9 it is immediate
apparent that the iron~III ! ions exhibit a sextet with a large
hyperfine field. In contrast, the iron~II ! ions exhibit a rela-
tively small hyperfine field. The presence of these sex
would seem to indicate the presence of long-range magn
order in these complexes, a presence which initially appe
inconsistent with the polarized neutron diffraction resu
presented above for (PPh4)@Fe2(ox)3#.

Below 10 K for (PPh4)@Fe2(ox)3# and below 30 K for
(NBu4)@Fe2(ox)3# the Mössbauer spectra show sharp se
tets, which indicate that the short-range magnetic excha
correlations observed in the polarized neutron scatte
study yield an apparently static hyperfine field at both ir
sites. Between 10 and 30 K for (PPh4)@Fe2(ox)3# and be-
tween 30 and 45 K for (NBu4)@Fe2(ox)3#, the Mössbauer
spectra are a superposition of broadened sextets and
magnetic doublets. We believe that this behavior results fr
the dynamic behavior of the short-range magnetic excha
correlations. Each layer within a compound can be envisa

FIG. 7. The temperature dependence of the iron~II ! quadrupole
interactions of (PPh4)@Fe2(ox)3# ~j! and (NBu4)@Fe2(ox)3# ~d!.
The absolute error bars are shown. The solid lines represent a
the quadrupole splittings based on the Ingalls model as is discu
in the text.

r
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as composed of small regions of ca. 50 Å diameter, in wh
there is magnetic exchange correlation. The Mo¨ssbauer spec-
trum will depend on the lifetime of this correlation. At th
lowest temperatures, the lifetime is longer than the Larm
period of the nuclear moment and the Mo¨ssbauer spectra
show sharp sextets. As the temperature increases, the life
decreases and a given iron nucleus then sees a relaxing
perfine field which gives rise to the broadened sextets or
paramagnetic doublets, depending upon the relaxation r
Hence the Mo¨ssbauer spectra probe the time domain of
short-range magnetic exchange correlations observed by
larized neutron scattering. More specifically, at 1.9 K t
relaxation time of the hyperfine field is longer than the La
mor precession period of the nuclear moment, a per
which can be obtained from the splitting of the outer lines
the Fe~III ! sextet. In other words, the relaxation time is
least one order of magnitude longer than the Larmor per
of 0.531028 s. As the temperature increases, the relaxat

FIG. 8. Selected Mo¨ssbauer spectra of (PPh4)@Fe2(ox)3# ob-
tained at the indicated temperatures.
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time becomes smaller and paramagnetic doublets are
served if the relaxation time is at least one order of mag
tude shorter than the Larmor period of 0.531028 s. The
broadened sextets correspond to intermediate relaxa
times between 1027 and 1029 s. Because a superposition o
sextets and doublets is observed, there is a distribution
relaxation times within the layer. As expected, the relat
area of the paramagnetic doublets increases as the tem
ture approaches the critical temperature.

The preliminary fits also indicated that more than o
magnetic sextet was required to fit the spectral compon
associated with the iron~III ! ions, even at the lowest tempera
tures of 4.2 and 1.9 K. At higher temperatures these magn
sextets are quite broad, presumably because of differing
laxation rates of the hyperfine fields due to the dynamic
ture of the short-range magnetic exchange correlati
within the layers. In contrast to the iron~III ! site, only one
magnetic component was required to fit the iron~II ! contri-

FIG. 9. Selected Mo¨ssbauer spectra of (NBu4)@Fe2(ox)3# ob-
tained at the indicated temperatures.
7-8
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bution to the spectra but in this case, the very much redu
hyperfine field would be less sensitive to variations in
magnetic environment. Further, the failure of our model
more adequately fit the observed spectral profile of
iron~II ! sextet is an indication of the presence of some va
tion in the magnetic environment.

As expected from the quadrupole splitting observ
in the paramagnetic spectra, the magnetic spectra
(PPh4)@Fe2(ox)3# and (NBu4)@Fe2(ox)3# exhibit quadru-
pole shifts~QS’s!. These quadrupole shifts are most eas
observed in the spectra as a difference in the splitting o
and 2 and 5 and 6 iron~III ! lines at 1.9 K. Because th
quadrupole shift is determined byboth the quadrupole split-
ting DEQ andu through the equation

QS5
1

2
DEQ~3 cos2 u21!, ~5!

it is not possible to determine bothDEQ and u from the
magnetic spectra. Fortunately, it is well known31 that DEQ
approaches a constant value at low temperatures. Henc
fitting the iron~II ! component of the magnetic spectra,DEQ
was constrained to be equal to the value observed in
lowest-temperature paramagnetic spectrum and theu value
was adjusted to yield the observed quadrupole shift. Es
tially the same approach was used for the iron~III ! compo-
nents except that it was found unnecessary to fix theDEQ
andu values, which could easily be estimated from the o
served spectra. For the iron~II ! sextet thebest fits always
corresponded toVzz,0 andu values of 90°; no acceptabl
fits could be obtained with positiveVzz. Further, for the
iron~III ! sextets thebestfits always corresponded to a neg
tive Vzz andu values of ca. 40°; the results of thesebestfits
are shown in Figs. 10 and 11. However, for the iron~III !
sextets it was found that alternative fits with a positiveVzz
and u values which are much closer to 90° were alm
as good as the best fits. At 1.9 K the alternative fit
(PPh4)@Fe2(ox)3# corresponds to DEQ50.75 mm/s,
Vzz.0, and u572.4° and the alternative fit fo
(NBu4)@Fe2(ox)3# corresponds toDEQ50.67 mm/s, Vzz
.0, and u581.1°. A comparison of these alternative fi
with the fits shown in Figs. 10 and 11 indicates that t
alternative fit is potentially acceptable.

If the principal axis of the electric field gradient tensor
the iron site is reasonably assumed to be thec axis, theu
angle of 90° for the iron~II ! site indicates that the iron~II !
hyperfine field is within the plane of the layer. A simila
conclusion was reached by Iijima and Mizutani11 for
(NBu4)@Fe2(ox)3#. If the effective hyperfine field is as
sumed to be parallel to the iron moment, then the iron~II !
Mössbauer spectral fit and hyperfine parameters are f
consistent with a basal orientation of the moments.

In the case of the iron~III ! sextet, if the negative
quadrupole interaction values are used, theu angles are
40°61° and ca. 37°61° for (PPh4)@Fe2(ox)3# and
(NBu4)@Fe2(ox)3#, respectively, and indicate that th
iron~III ! hyperfine fields and moments are canted from
c axis. If the positive quadrupole interaction values a
used, the u angles are 72°61° and ca. 81°61° for
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(PPh4)@Fe2(ox)3# and (NBu4)@Fe2(ox)3#, respectively, and
indicate that the iron~III ! hyperfine field and moments ar
close to the basal plane. In either case, there is a compo
of the moments in the basal plane. So the magnetic
ordered Mo¨ssbauer spectra are certainly consistent with
basal orientation of the iron magnetic moments in bo
(PPh4)@Fe2(ox)3# and (NBu4)@Fe2(ox)3#. They suggest tha
perhaps there is either some canting of the moments or s
noncollinearity of the iron~II ! and iron~III ! moments.

In attempting to fit the spectra obtained just below t
apparent freezing temperature, it was found that no acc

FIG. 10. The temperature dependence of the maximum hy
fine field Hmax and the weighted average hyperfine field^H& for
iron~III ! and the hyperfine field for iron~II ! in (PPh4)@Fe2(ox)3# ~a!
and in (NBu4)@Fe2(ox)3# ~b!.
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able fits could be obtained unless the fit also included p
magnetic components, which were constrained to have
samed, DEQ , andG values as the magnetic components
the spectra. The necessity of including these paramagn
components is most easily observed in the 22.5 K spect
of (PPh4)@Fe2(ox)3# shown in Fig. 8 and the 38 K spectrum
of (NBu4)@Fe2(ox)3# shown in Fig. 9. The presence of the
paramagnetic components is consistent with the magn
properties discussed above. At the temperatures requ
these components, a portion of the iron ions experienc
rapidly fluctuating hyperfine field because of the dynam
nature of the exchange correlated regions within the laye

The fits of the magnetic spectra yield isomer shifts a
quadrupole splittings that are reasonable and consistent
the values obtained from the paramagnetic spectra:
Tables II and III and Fig. 7. Further, in all cases, the unc
strained ratio of iron~II ! to iron~III ! spectral areas is close t
50:50 in agreement with the small iron~II ! deficiency ob-
served experimentally in these compounds.23 The 0 K ex-
trapolated values of the iron~II ! percentages are 48% an
45% in (NBu4)Fe2(ox)3 and (PPh4)Fe2(ox)3 , respectively.

The magnetic hyperfine fields are shown as a funct
of temperature in Fig. 10, which shows for the iron~III ! spec-
tral components both the maximum fieldHmax and the
weighted average field̂H&. For both (PPh4)@Fe2(ox)3# and
(NBu4)@Fe2(ox)3# the iron~III ! hyperfine fields approach
540 kOe at low temperatures and are typical of high-s
iron~III ! with an S5 5

2 electronic ground state. In contras
the iron~II ! ions in the two compounds have saturation h
perfine fields of ca. 65 and 55 kOe, fields which are mu
lower than the values of ca. 440 kOe expected of high-s
iron~II ! with an S52 electronic ground state. Similar ver
small iron~II ! fields have been reported3,12 earlier for
(NBu4)@Fe2(ox)3#.

FIG. 11. A comparison of the percentage area of the param
netic quadrupole doublets observed in the Mo¨ssbauer spectra o
(PPh4)@Fe2(ox)3# ~j! and (NBu4)@Fe2(ox)3# ~d! as a function of
temperature.
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The effective magnetic hyperfine field,Heff , at the iron
site is given32 by

Heff5Hcore1Horb1Hdip , ~6!

whereHcore is the Fermi contact term and is typically2440
kOe, andHdip andHorb are the fields produced by the dipola
interaction of the nuclear magnetic moment with the el
tronic and orbital spin moment, respectively. Usually the
last two terms are small. However, in (PPh4)@Fe2(ox)3# and
(NBu4)@Fe2(ox)3#, the iron~II ! orbital moment is not
quenched by the trigonal symmetry at the iron~II ! site16,18

and, further, its contribution is expected33 to oppose that of
Hcore. Thus, from the observed effective hyperfine fiel
Heff , which are known15 to be positive, we calculate tha
Horb1Hdip is ca.1500 kOe.

A comparison of Figs. 10~a! and 10~b! indicates that
the 30 K ordering temperature of (PPh4)@Fe2(ox)3# is
substantially lower than the 45 K value observed
(NBu4)@Fe2(ox)3#. The latter value is very similar to the 4
K ordering temperature observed19 for @FeCp2* #@Fe2(ox)3#.

Figures 10~a! and 10~b! show that both sublattices orde
at the same temperature. Further, both hyperfine fields
crease at the same rate, contrary to the prediction of Nu
and Day. For instance, at 30 K just below the compensa
temperature of (NBu4)@Fe2(ox)3#, both fields have reache
85% of their saturation value. Hence, we do not fi
any evidence in the temperature dependence of
hyperfine fields to explain the negative magnetization
(NBu4)@Fe2(ox)3#. However it is difficult to relate directly
the hyperfine fields to the sublattice magnetization, es
cially for the iron~II ! ions because of the large orbital contr
bution to this field.

It should be noted that the three regions of differing pa
magnetic intensity observed in the polarized neutron diffr
tion results shown in Fig. 3 are also reflected in the perce
age area of the paramagnetic doublets observed in
Mössbauer spectra of (PPh4)@Fe2(ox)3# and shown in Fig.
11. Below 10 K, virtually no paramagnetic doublets we
observed. Between 10 and 25 K, paramagnetic doublets
required and are consistent with the intermediate intensit
the paramagnetic scattering observed in the polarized n
tron diffraction results. Above 30 K, only paramagnetic do
blets are observed and the intensity of the paramagn
scattering is the highest. The analogous results
(NBu4)@Fe2(ox)3# are also shown in Fig. 11 and see
to indicate a parallel behavior to that observed in t
(PPh4)@Fe2(ox)3#, a parallel behavior which is shifted t
higher temperature by ca. 15 K. The similarity would see
to indicate that the magnetic exchange correlations are v
similar in the two compounds but the different cations a
the presence of additional vacancies in (PPh4)@Fe2(ox)3#, as
compared to (NBu4)@Fe2(ox)3#, lowers the onset of the
magnetic exchange correlations by ca. 15 K.

IV. DISCUSSION

The polarized neutron diffraction results reported her
give the first description of the onset of magnetic interactio

g-
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in (d20-PPh4) @FeIIFeIII (ox)3#. The unexpected result is th
absence of long-range magnetic order. In contrast, sh
range magnetic correlations are present below ca. 50 K.
existence of small magnetically correlated regions, or
mains of ca. 50 Å diameter, within the layer plane is inco
patible with iron magnetic moments parallel to thec axis.
Hence, the iron magnetic moments must lie within the la
plane or at least have a component within the layer pla
This conclusion is in agreement with the analysis of
magnetically ordered Mo¨ssbauer spectra. While no neutro
diffraction data are available for (NBu4)@Fe2(ox)3#, the
similarities between the Mo¨ssbauer spectra o
(PPh4)@Fe2(ox)3# and (NBu4)@Fe2(ox)3# lead to the conclu-
sion that the magnetic behaviors of the two compounds
similar. Particularly, regions of differing paramagnetic inte
sity are found in both compounds. This suggests tha
similar freezing process is involved in the ordering
both compounds. Without polarized neutron diffraction da
however, the spatial extent of the correlated domains
(NBu4)@Fe2(ox)3# cannot be determined.

The magnetic behavior of (NBu4)@Fe2(ox)3# has been
interpreted in terms of a spin-glass-like behavior in seve
previous papers.11,34–36 This spin-glass-like behavior an
the short-range magnetic correlation model proposed he
can be reconciled as follows. As indicated by the chem
analyses both (PPh4)@Fe2(ox)3# and (NBu4)@Fe2(ox)3# are
iron deficient, a deficiency which results in a shortage
iron~II ! in agreement with the 45% and 48% of iron~II ! ob-
served in the Mo¨ssbauer spectra of (PPh4)@Fe2(ox)3# and
(NBu4)@Fe2(ox)3#, respectively. When the temperature d
creases below the freezing temperature, small regions or
mains of correlated spins form most likely at nucleati
sites, sites which may be located near one of the iron~II !
vacancies. Because of the three magnetically equivalen
rections within the layer plane, these spin-correlated dom
grow with a spin direction parallel to one of three equivale
directions. Between these domains, there are regions of
correlated spins observed as the paramagnetic scatterin
the polarized neutron diffraction profiles and as the param
netic doublets in the Mo¨ssbauer spectra. As the temperatu
decreases further, the exchange-correlated spin dom
grow at the expense of the uncorrelated regions, as
indicated by the temperature dependence of the p
magnetic contribution to the Mo¨ssbauer spectra: see Fig. 1
Below ca. 10 K for (PPh4)@Fe2(ox)3# and 30 K for
(NBu4)@Fe2(ox)3# the random spin structure freezes and
paramagnetic doublets are observed in the Mo¨ssbauer spec
tra. In these temperature regions, the spin structure ca
viewed as a glass formed by small domains of magnetic
correlated spins randomly aligned parallel to one of the th
equivalent directions within the layer plane. The average s
of these regions is ca. 50 Å as is indicated by the polari
neutron diffraction profiles. This description of the ons
of the magnetic structure may also explain the small ma
mum in the correlation length that may be present at 20 K
the polarized neutron diffraction measurements
(d20-PPh4)@Fe2(ox)3#. When the compound is heated fro
its frozen spin structure, the smaller spin correlated regi
are more likely to lose their correlations first and, as a c
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sequence, the average observed correlation length incre
between 10 and 20 K. Above 20 K the larger exchange c
related domains begin to lose their correlation because
thermal agitation and the correlation length again decrea
Finally, it is interesting to note that a magnetic transiti
at 16.3 K has been observed34 in the heat capacity of
(NBu4)@Fe2(ox)3# and the proximity of the temperatures o
16.3 and 20 K may indicate that these magnetic transiti
have the same origin.

V. CONCLUSIONS

Neutron polarization analysis and Mo¨ssbauer spectros
copy have been used to study the short-range antiferrom
netic correlations in the layered insulato
(PPh4) @FeIIFeIII (ox)3# and (NBu4) @FeIIFeIII (ox)3#. The
absence of magnetic Bragg scattering in the polarized n
tron diffraction profiles obtained between 2 and 50 K
(d20-PPh4) @FeIIFeIII (ox)3# indicates the absence of long
range magnetic order. However, a broad asymmetric fea
observed at aQ of ca. 0.8 Å21 is attributed to two-
dimensional short-range magnetic correlations, which are
scribed by a Warren function. The correlation length is ca.
Å between 2 and 30 K and then decreases to ca. 20 Å a
K. The Mössbauer spectra of (PPh4) @FeIIFeIII (ox)3# and
(NBu4) @FeIIFeIII (ox)3# have been measured between 1
and 293 K and 1.9 and 315 K, respectively, and are v
similar. Between 10 and 30 K, paramagnetic scattering in
polarized neutron diffraction profiles of (PPh4)
@FeIIFeIII (ox)3# and the coexistence of broad sextets a
doublets in the Mo¨ssbauer spectra both indicate the coex
ence of spin-correlated and spin-uncorrelated regions in
layers of this compound on the time scales of both te
niques. The polarized neutron scattering profiles yield
spatial correlation length, while the Mo¨ssbauer spectra yield
the time autocorrelation function, and the combined res
are best understood in terms of layers composed of ran
frozen, but exchange-correlated domains, of ca. 50 Å dia
eter at the lowest temperatures, of spin-correlated dom
and spin-uncorrelated regions at intermediate temperatu
and of largely spin-uncorrelated regions above the appa
Néel temperature as determined from bulk magnetome
The similarity of the Mo¨ssbauer spectra of (PPh4)
@FeIIFeIII (ox)3# and (NBu4) @FeIIFeIII (ox)3# leads us to con-
clude that similar processes occur in the both compound
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