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The structure of anhydrous FeAsQ, has been refined from single crystal X-ray diffraction data. It
displays a unique network of pairs of edge-sharing FeQOs units interconnected by AsQ, tetrahedra.
Magnetic susceptibility measurements reveal pairwise antiferromagnetic exchange (T, ~83 K) while
low-temperature Massbauer spectra show three-dimensional ordering at ~67.5 K. An effective internal
hyperfine field of 517 kG was calculated from the Zeeman-split Massbauer spectrum at 4.2 K. These
magnetic phenomena are discussed in terms of interdimer and intradimer magnetic exchange interac-
tions. The intradimer exchange constant (J ~ —23 cm™') was estimated from the susceptibility data
using the Heisenberg—Dirac—Van Vieck equation. In the range 290 ~ 190 K, the magnetic susceptibility
obeys the Curie—Weiss expression (8 = —231 K, p = 5.90 B.M.)), suggesting dominant antiferromagnetic
exchange interactions. The temperature and field dependence of the molar susceptibility also give

evidence of a further magnetic transition at ~4.5 K.

Introduction

Inrecent years, the combination of Mdss-
bauer spectroscopy, magnetic susceptibil-
ity, and powder neutron diffraction mea-
surements has been svccessfully used to
determine the complex relationship be-
tween crystalline structure and magnetic
structure for three-dimensional! network
materials (/). Ferric phosphate and ferric
sulfate are two such network materials
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which show three-dimensional magnetic or-
der at low temperatures and for which de-
tailed magnetostructural correlations have
been determined (3, 4). Iron (I11) is tetrahe-
drally coordinated in the former complex
and octahedrally coordinated in the latter.
Prior to the structure determination of the
title compound (vide infra), among the few
known examples of five-coordinate high-
spin iron (III) in an oxyanion network sys-
tem were Fe,PO; (5) and Fe, (P0O,),0 (6). In
the present study, a new example of a high-
spin, five-coordinate, Fe(III) network sys-
tem is investigated. A comparison of the
FeAsQ, system with Fe;PO, and with other
Fe(lll)-oxyanion systems provides valuable
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insight into the relationship between the co-
ordination geometry and the magnetic prop-
erties of network compounds for iron (I1I)
in four-, five-, and six-coordination. Of
the iron (II1) salts based on tetrahedral
oxyanions and known to undergo magnetic
phase transitions (e.g., FePO,, Fe, (SO,
Fe,(MoQ,); (3, 4, 1)), ferric phosphate is
particularly interesting since, in addition to
undergoing a transition to three-dimensional
antiferromagnetic order at 24 K, it also ap-
pears to undergo a novel phase transition at
I7 K in which the direction of the ordered
¢lectronic spin rotates within the antiferro-
magnetic structure (3). Such spin reorienta-
tion transitions are not unprecedented. o-
Fe,0,, for example, undergoes a similar spin
reorientation at 260 K, the well known
Morin transition. However, unlike FePQ,,
this reorientation accompanies a change in
the magnetic character of the material from
antiferromagnetism <260 K to weakly ferro-
magnetic between 260 and 956 K (7). We
were encouraged by the interesting mag-
netic behavior of FePO, to conduct a de-
tailed study of the magnetism and Moss-
bauer spectroscopy of the stoichiometri-
cally similar FeAsO,, although, strictly
speaking, these materials are not directly
comparable, as evidenced by the different
structure reported herein.

Although the preparation of FeAsO, was
first reported by Shafer ef al. (8) in 1956, it
was surprising to find at the outset of this
work that neither the structure nor low-tem-
perature Mossbauer spectroscopy data for
anhydrous FeAsO, has been reported. Our
objective in the present study, therefore,
was to magnetically characterize anhydrous
iron (III) arsenate down to 4.2 K and ulti-
mately to correlate, if possible, our findings
with the single-crystal X-ray structure re-
finement of the present investigation. In the
meantime, determination of the structure of
FeAsQ, for a polycrystalline powder sam-
ple, using a neutron diffraction spallation
source, has been accomplished and pub-
lished elsewhere (9). The results of the latter
investigation agree in essentially all details
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with those of the single-crystal X-ray dif-
fraction study reported herein.

2. Experimental
2.1. Sample Preparation

Powder samples of anydrous FeAsO,
were obtained by first preparing FeAsO, -
2H,0 (mineral name scorodite), then heat-
ing the dihydrate in air in an alumina cruci-
ble at 800°C for 24 hr. Noimpurity lines were
observed in the X-ray powder diffraction
pattern of the anydrous compound, and all
diffraction peaks fit the monoclinic unit cell
described by D’Yvoire (10). The FeAsQ, -
2H,0 precursor was synthesized by reac-
tion of aqueous solutions of Fe(NO,), -
9H,0 and As,0s. Stoichiometric quantities
of each compound were dissolved sepa-
rately in distilled water, and the two solu-
tions were combined and heated with
stirring until the off-white compound pre-
cipitated. This precursor product was fil-
tered, washed with distilled water, and dried
at 130°C for 2 hr.

Single crystals of FeAsQ, were kindly
provided by Professor D’Yvoire of the
Laboratoire des Chimie des Solides,
C.N.R.S., Université Paris-Sud, Orsay,
France.

Polycrystalline FePQ, was prepared by
heating stoichiometric amounts of well-
ground Fe,0; and NH,H,PO, at 600°C for
8 hr in an alumina crucible, regrinding and
heating overnight at 600°C, grinding again
and heating for 3 hr at 600°C, and finally
regrinding and heating for 5 days in a plati-
num crucible at 900°C in air. X-ray powder
diffraction analysis of the light-brown prod-
uct showed only the lines of FePQ,.

2.2, Crystal Structure Refinement

The crystal structure of FeAsO, was first
determined from neutron powder diffraction
data (9). The diffraction pattern was in-
dexed according to a monoclinic cell with
space group P2,/n and cell constants a =
7.5636(1), b = 8.0795(1), ¢ = 5.0117(1) A,
B = 104.47(1)°.
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TABLE 1
SUMMARY OF X-RAY DIFFRACTION DATA
FOR FeAsQ,
Color Light brown
Size {mm) 0.008 x 0.092 x 0.200

Crystal system
Space group

a ()

b(A)

c (A)

B
Temperature (°C)
Volume (A3

V4

Formula weight

Calculated density (g/cm’)

p(Mo) (em ™)

Diffractometer

Radiation (graphite
monochromator)

Data collected

Max 28 ()

Max h, k, 1

Data octants

Scan method
Absorption correction
Transmission factors,
range
Rdala merge
No. of unique data
I > 30a(f)y
Refinement method

Anomalous dispersion
Weighting scheme
Atoms refined
Parameters varied
Data/parameter ratio
R

Rw

Error of fit

Secondary extinc. coeff.

(mm)

Monoclinic
P2/n (No. 14)
7.560(1)
8.081(1)
5.012(1)
104.42(1)

20

296.55

4

194.77

4,362

159.55
Enraf-Nonius CAD4
Mo Ka

1900

60.0

10, 11,7

t++, =4, -t
-—+

3

Analytical

0.2119-0.7728

0.025
609

Full-matrix least
squares on F

As, Fe

x[a¥[) + 0.0009]%]7'2

Aniso: all

56

10.88

0.031

0.032

1.17

0.49(1) x 1074

Single-crystal X-ray diffraction data were
collected on an Enraf-Nonius CAD4 dif-
fractometer using the experimental condi-
tions given in Table 1. Cell parameters were
determined from 25 reflections with 6° <
# < 23°. All reflections were corrected for
Lorentz and polarization effects, and an an-
alytical absorption correction was applied

(11). Full-matrix least-squares structural re-
finements were performed using a series of
computer programs developed by 1. C.
Calabrese (I12). Starting atomic positions
were taken from the neutron powder diffrac-
tion study (9). A check on the occupancy
factors confirmed all sites to be fully occu-
pied. A final difference Fourier showed the
strongest peak to be 1.5 ¢ located 0.85 A
from As(1). Atomic positional and equiva-
lent isotropic thermal parameters are given
in Table 11, and anisotropic thermal parame-
ters are shown in Table I1I.

2.3. Mdssbauer Spectroscopy

Approximately 20 mg of the Fe AsO, pow-
der was mixed with an approximately equal
weight of boron nitride and packed in a thin
nyion (15 mm diam. X 2 mm deep) sample
holder. The holder was then mounted in the
tail of a flow-type helium-4 cryostat (Janis
Research Co., Supervaritemp model). Solid
or liquid nitrogen was used as the cryogen
for the range 298-48 K, and liquid helium
was used for the range 48-1.4 K. The tem-
perature was controlled using a DTC-500
setpoint temperature controller (Lakeshore
Cryotronics Co.) connected to an uncali-
brated silicon diode and a 10-{) heater which
was mounted on the copper sample block,
allowing control to a precision of =0.01 K
or better. A calibrated silicon diode driven
by a 10 A constant current source (Lake-
shore Cryotronics) allowed for temperature
measurement with an absolute accuracy of
about 0.1 K. In the temperature range
between 78 and 48 K, a combination of
silicon diode and nitrogen vapor pressure
thermometry was used for temperature de-
termination. The Mdssbauer spectra were
obtained vsing a conventional constant ac-
celeration spectrometer (Canberra Series
35MCA) in conjunction with a Kr/CO, gas
proportional counter. The gamma ray
source was 75 mC Co in a rhodium metal
matrix. Curve fitting of the Mdssbhauer spec-
tra was accomplished using a program writ-
ten primarily by Stone (/3) which incorpo-
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TABLE 11
PosITIONAL” AND EQUIVALENT ISOTROPIC THERMAL PARAMETERS? FOR FeAsQ,

Atom Site x ¥ z Begiv (A}
As(l) 4e 0.42605(7) 0.70148(7) 1.2769(1) 0.46(3)
Fe(l) 4e 0.1751(1) 0.4603(1) 0.7631(1) 0.49(3)
o 4e 0.2489(6) - 0.6031(5) L.0750(7) 0.9(1)
0(2) de 0.4764(5) 0.8739(5) 1.1123(7) 0.8(1)
03) de 0.6080(5) 0.5783(5) 1.3459(8) 0.9(1)
o de 0.365%(6) 0.7643(5) 1.5610(8) 0.7(1)

# Space group P2/n.

¥ All atoms were refined anisotropically; B.quv is given here,

rates statistical goodness-of-fit and re-
liability tests.

2.4. Magnetic Susceptibility

Magnetic susceptibility measurements for
FeAsO, were made on an S.H.E. Co.
SQUID magnetometer/susceptometer at the
Francis Bitter National Magnet Laboratory
at the Massachusetts Institute of Technol-
ogy. Susceptibility data were also collected
using a standard Faraday balance and a
Quantum Design, Inc., SQUID magnetome-
ter at DuPont Central Research.

3. Results

3.1. Structure

Important interatomic distances and bond
angles for anydrous FeAsQ, are given in

Table 1V. There are two noteworthy fea-
tures of this structure: first, it is a network
structure in which all of the iron atoms are
in a unique five-coordinate environment
(Fig. 1), and second, the three-dimensional
network is comprised of discrete edge-shar-
ing Fe,Oy dimers (Fig. 1) which are bridged
by AsQ, tetrahedra (Fig. 2). This is mark-
edly different from the phosphorus analog,
FePO,, which adopts the berlinite (AIPO,)
structure with tetrahedrally coordinated
cations (/4). Other examples of five-coordi-
nated trigonal-bipyramidal iron in oxide sys-
tems are found in Fe;PO, (5) and Fe, (PO,),0
(6). The average Fe—O bond length herein,
1.949 A, compares well with the corre-
sponding length in Fe,PO,, 1.968 A, and the
AsQ, distances (1.679 fo\, ave) are in good
agreement with previous studies on arse-
nates. The shortest Fe-Fe distance within

TABLE III
ANISOTROPIC THERMAL PARAMETERS® (A2) FOR THE ATOMS OF FeAsQ,

Atom .B” By By B, B” By,
As(1) 0.53(2) 0.27(2) 0.54(2) —0.02(2) 0.06(1) —=0.01(1)
Fe(l) 0.4%(3) 0.41(3) 0.57(2) 0.08(2) 0.00(2) 0.02(2)
o) 1.1(1) 0.7(1) 0.8(1) —-0.3(1} 0.0(1) —0.3(1)
0@) 0.8(1) 0.7(1) 0.9(1) —-0.3(1) 0.0(1) 0.2(1)
o€} 0.7(1) 0.7(1) L4l 0.3(1) 0.4¢1) 0.3()
O4) 1.1{(1) 0.4(1) 0.8(1) 0.01(11) 0.4(1) —0.3(1)

¢ exp[—0.25(B, /Fa* . . . + 2(Bhka*h* .

)3
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TABLE IV

SELECTED INTERATOMIC DISTANCES (A) AND
ANGLES {°) FOR FeAsQ,

As(D-01) 1.666(4)  Fe(1)-0(1) 1.911(4)
As(1)-0(2) 1.7104)  Fe(1)-0(2¥ 2.014(4)
As(1)-0(3) 1.663(4)  Fe(1)-02¥ 2.065(4)
As(1)-0(4) 16773} Fe(1)-0(3F 1.879(4)
Fe())-0(4)¢ 1.876(4)
Fe(1)-Fe(1)? 3.301(1)
O()-As(1)-02) 109.8(2) O{1}-Fe(1)-0(2)* §58.7(2)
O(1}-As(1)-0(3) 109.8(2) O(1)-Fe(1)-0(2) 86.8(2)
O(1)-As(1)-0(4) 108.3(2) O()-Fe{1}-0(3F 103.9(2}
O(2)-As{1}-0(3) 108.4(2) O(1)-Fe{1)-0(4y¢ 100.0(2)
O2)-As(1)-0(4) 107.6(2) 02y -Fe(1}-02) 72.002)
O0)-As(1)-O4) 112,92 O{2)°-Fe(1)-0(3) 50.3(2)
O -Fe(H-0(1" 128.7(2)
Fe{1)>-0(2)-Fe(1)Y  108.0(2) 0(2y-Fe(1)-0t4)? 91.42}
As(1)-0(2)-Fe(1Y 126.6(2) 0y -Fe(1)-O44)¢ 122.9(2)
As(D-0(2)Fetl)* 125.1(2) O3 -Fe(1)-0(4)¢  104.8(2)

Note. Symmetry operation codes: “& — x, =4 + ¥, § —z:? -} + x,
f-y d+nl-xl-y2-gnft-x -b+yd-znt-ux,
try d-nfbvx -y brnf -y l-z

the Fe,Oy unit is long, 3.30 A, suggesting
that iron—iron repulsion is important. As a
result, the contact between the two bridging
oxygen atoms (((2)-0(2) in Fig. 1) is rather
short (2.40 A), and the 0(2)-Fe-0(2) bond
angle is 72° (Table IV). These bridging oxy-
gen atoms are sp’ hybridized (the sum of
the Fe-O(2)-Fe and Fe-0(2)-As bond
angles is 359.7%), and likely assist magnetic
exchange coupling between the Fe pairs,
Since O(2) bonds to two Fe atoms and one
As atom, the As(1)-0O(2) bond is some-
what longer than the other As-O bonds.
All other oxygen atoms are two-coordinated
and bond to one Fe and one As atom. This
novel structure therefore presents the possi-
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F1G. 1. A dimer of edge-sharing FeO; trigonal bipyra-
mids forming an Fe,0Oy unit in FeAsO, (12).
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Fic. 2. Interconnected Fe,0g3 and AsQ, units in
FeAsQ, (12}).

bility of both dimer-confined and three-di-
mensional (network) magnetic exchange in-
teractions.

3.2. Misshauer Spectroscopy

The Mossbauer spectra of FeAsQO, were
obtained at temperatures between 298 and

TABLE V
MOSSBAUER PARAMETERS FOR ANHYDROUS FeAsQ,

Isomer  Quadrupole
Temperature shift splitting H, calced

(K) (mm/sec) (mm/sec}  from Ay _g
29.8 0.291 0.539 0
79.0 0.347 0.547 0
68.9 0.393 0.596 0
65.8 196.6
65.0 245.2
59.3 318.5
55.8 356.7
521 385.2
48.5 410.4
40.5 455.7
352 475.6
31.1 487.7
26.9 497.6
233 503.8
20.1 508.5
17.4 511.0
14.1 S14.1
10.6 515.3

4.2 517.2
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Fic. 3. Méssbauer spectra for FeAsQ, in the temper-
ature range 7 = 68.9 to 55.8 K.

1.4 K. The results are summarized in Table
¥ and in Figs. 3 and 4. The room tempera-
ture spectrum consists of a symmetri¢ quad-
rupole split doublet (AE, = 0.54 mm/sec)
with isomer shift § = 0.30 mm/sec. The re-
solved quadrupole doublet is consistent
with the local coordination structure since a
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distorted five-coordinate high-spin iron site
symmetry is expected to give rise to an elec-
tric field gradient, which partially removes
the degeneracy of the iron (f = +3/2) excited
nuclear spin state.

Chemical isomer shift values reflect the
degree of ‘s’ electron density at the nu-
cleus and can, therefore, be related to the
nature and number of iron~ligand bonds for
a given Fe nucleus. For iron, an increase in
electron density at the nucleus results in a
decrease in chemical shift (15, 16) (relative
to a-iron). The shift of a tetrahedrally coor-
dinated cation is generally less than that of
an octahedrally coordinated cation of the
same spin and oxidation state because of
the increased covalency of the former (16).
The tetrahedral four-coordinate Fe(IIl) of
the network solid FePQ,, for example, has
a room temperature isomer shift of 0,22 mm/
sec while the six-coordinate FeQ, site of
Fe,(8Qy);, also an Fe(III) network solid, has
an isomer shift of 0.49 mm/sec (/). The
room-temperature isomer shift for the FeQ,
moiety of FeAsQ, is consistent with this
coordination number/covalency trend, hav-
ing a value which lies between that of the
four- and six-coordinate complex (FeQ,,
FeQs, and FeOg units). The value is close
to the room temperature shift for the five-
coordinate iron site of Fe;PO;, i.¢., § = 0.28
mm/sec, which is itself also consistent with
the coordination number/covalency trend.
One can rationalize the trend simply in

A

RELATIVE ABSORBTION

VELOCITY {mm/s} RELATIVE TO IRON

Fic. 4. Mossbauer spectrum for FeAsO, at T =
10.6 K.
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terms of the plausible schemes for tetrahe-
dral high-spin iron (IlI) (sd’/sp?), square-
pyramidal five-coordinate (d%sp%sp’d), and
six-coordinate (d%sp*/sp*d®) in which ‘s’
character decreases as the coordination
number increases.

A single quadrupole doublet spectrum is
obtained for temperatures down to ~68 K
(Fig. 3). At ~67 K, the M@sshauer spectrum
begins to broaden and Zeeman split, mark-
ing the onset of a transition to three-dimen-
sional magnetic order and the spontanecous
development of an internal hyperfine field
in zero external field (Figs. 3 and 4). The
internal magnetic field continues to increase
with decreasing temperature as evidenced
by the corresponding increase in the hyper-
fine splitting of the Mdssbauer spectra (Fig.
4). The magnitudes of the internal fields (H )
were calculated from the overall splitting
between transitions 1 and 6, t.e., any quad-
rupole-shift effects being neglected, for the
temperature range 65.8 to 4.2 K (Table V).
The rapid onset of magnetic hyperfine field
with decreasing temperature is strong evi-
dence for the transition to a three-dimen-
sionally ordered state. The integrated inten-
sity ratios for the six-line hyperfine-split
spectraarenear3:2:1:1:2:3, characteris-
tic of an antiferro- or ferromagnetically or-
dered thin polycrystalline powder absorber,
whose magnetic domains are randomly ori-
ented in zero applied field relative to the
direction of gamma ray propagation. The
graph of H, versus T suggests a three-dimen-
sional ordering temperature of Ty, = 67 +
1K.

In view of the resolved quadrupole-split-
ting observed for FeAsQ, in the paramag-
netic phase, i.e., above the ordering temper-
ature, the spectra obtained below the
ordering temperature (Ty. < ~67.5 K) are
presumably the result of a combination of
nuclear Zeeman and quadrupole splitting
pertubation. For cases such as this, where
the Zeeman splitting is larger than the quad-
rupole interaction, the resulting Mossbauer
hyperfine pattern will usually correspond to
six transitions except that the center of the
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inner four transitions is typically shifted to-
ward lower or higher energy relative to the
center of transitions 1 and 6. For axial sym-
metry, this shift may be related to the angle
8 between H, (the internal field and thus the
casy axis of magnetization) and the principle
axis of the electric field gradient tensor. The
relation is given by (/7)

S, — S, =—AEQG cos?d — 1),

where §, is the separation of transitions 1
and 2, §, that of transitions 5 and 6, and AE
is the limiting, low-temperature quadrupole
splitting observed for the paramagnetic
phase. For this case of combined perturba-
tions, the magnitude of the internal hyper-
fine field should be calculated from A, ,
(=A;_) rather than A,_. For purposes of
magnetostructural correlations the value for
the angle ¢ is desired since it relates the
direction of the internal hyperfine field (and
the easy axis) to the principal axis of the
electric field gradient tensor where it may be
possible to deduce or predict the direction
of the latter for sufficiently high symmeltry
local coordination polyhedra. §, — §, will
equal zero (that is, a symmetric spectrum
will result) in either of two cases: (1) the
trivial case of AE = 0, i.e., when there is
no quadrupole interaction, or (2) when by
coincidence the angle 8 = arccos (V3) (i.e.,
~54,7°). §, — §, was measured for the hy-
perfine-split spectra of FeAsO, and plotted
as a function of temperature for the range
59.3 to 4.6 K. Surprisingly, §, — §; ~ 0
(within error) over the entire temperature
range which suggests that 8, the angle be-
tween H, and V,, (the principal axis of the
electric field gradient tensor) is ~54°. Al-
though this result would seem highly acci-
dental, it is not without precedent. Battle
et al. (18) observed a nonzero quadrupole
interaction in the paramagnetic phase
Maéssbauer spectra for the L-type ferrimag-
net KBaFe,(PO,), and a zero quadrupole
shift in the Méssbauer spectrum for the mag-
netically ordered phase. From this result,
the authors concluded that the angle be-
tween the principal axis of the electric field
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Fi1G. 5. Molar susceptibility and inverse molar sus-
ceptibility obtained by the Faraday method for FeAsQO,
with H, = 2 kG. ¢

gradient tensor and the easy axis of magneti-
Zation for the compound in the magnetically
ordered state is approximately 54.7° for each
of the two nearly equivalent iron sites.

It is worth mentioning here that it is gener-
ally possible to obtain more accurate values
of the internal field, H,, from the separa-
tions of A, , or A;_s. The pairs 2 and 4 or 3
and 5 are due to transitions from the 7 =
4 ground state terminating in the same M,
sublevel of the I = § excited state. Since
there is no quadrupole splitting for the
I = % ground state, the foregoing separations
thus lead to the determination of precise
values of the Zeeman splitting and, hence,
H,. In the present case, values of H, calcu-
lated from A,_¢ were found equivalent to
those calculated from A, , or A; ; as ex-
pected since there was no apparent quadru-
pole shift perturbation of the magnetic inter-
action,

3.3. Magnetic Susceptibility

Figure 5 summarizes the results of the
magnetic susceptibility study. This figure
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shows the temperature dependence of the
reciprocal susceptibility for FeAsQ,. As-
suming simple Curie—-Weiss law behavior at
high temperatures, the linear portion of the
curve in the range 190.7 to 291.1 K was
extrapolated (via a least-squares linear re-
gression) to the T-axis to obtain Curie con-
stant C = 4.347 emu/mol and intercept
8 = --231 K. The magnetic moment obtained
from the linear region is 5.90 ug, in good
agreement with the spin-only value of 5.92
py. The large negative paramagnetic Curie
temperature is characteristic for a strongly
antiferromagnetic material. The tempera-
ture dependence of the molar magnetic sus-
ceptibility (Faraday balance data deter-
mined at DuPont CR&D) of FeAsO,
exhibits a broad maximum at ~84 K, char-
acteristic of a material that exhibits antifer-
romagnetic exchange interaction. This max-
imum in susceptibility occurs, however, at
a temperature some 17 K higher than the
three-dimensional magnetic ordering tem-
perature as determined from the Mdssbauer
effect experiments { 7y ~67.5 K). Another
interesting feature of the susceptibility ver-
sus temperature curve is the evidence of an
additional transition which occurs at ~4.5
K (Fig. 6). Essentially identical yy versus
temperature behavior, including the excur-
sion near 4.5 K and 7,,,, ~85 K, was ob-
served for different sample preparations of
FeAsQ, in independent susceptibility deter-
minations at Oxford University using a Far-
aday balance, and a SQUID magnetometer
at the National Magnet Lab, M.I.T. A tran-
sition occurs in the susceptibility versus
temperature curve of FePO, (3) at ~17 K
and, as already mentioned, has been corre-
lated with a spin reorientation transition in
which the spins of the antiferromagnetically
ordered material rotate while the structure
remains antiferromagnetic. For FePO,, the
latter transition also coincided with a sys-
tematic, measurable change in the sign and
magnitude of the quadrupole shift, S,-5, of
the zero-field Massbauer spectra. However,
in repeated measurements, we could ob-
serve no evidence of such a feature in our
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FiG. 6. SQUID magnetometry data for FeAsO,.

S8, vs T Mossbauer spectra data for
FeAsQ,in the range 20 to 1.39 K. Increasing
applied field (H;) largely suppresses the
transition observed at ~4.5 K. We observe
complex field dependent behavior in our
own comparative study of FePQ,, as seen
in Fig. 7. In particular, for values of H, <
1 kG, xy vs Tto 2.2 K is relatively feature-
less save for a broad maximum with an in-
flection near ~24 K consistent with Tyze ~
25 K as determined previously via Mdss-
bauer spectroscopy (19, 20) and Faraday
balance susceptibility studies (3) (H, =
9.95 kG to ~4.2 K). However, our results
show that the spin-reorientation anomaly
found at 17 K is not apparent in the magnetic
susceptibility data below H, ~ 10 kG. Fur-
thermore, a third magnetic transition is now
clearly evident at ~5 K for H, > 10 kG.
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(Battle et al. (3) did not report x,, vs T to
T < 4,2 K.) This system’s magnetic behav-
ior is further complicated by the onset of a
spin-flop transition for Hy ~ 15 kG. This is
seen in the change in slope of o vs H for
FePQ, (Fig. B) for 10 kG < H, < 20 kG.
The atter spin flop is also clear from applied
field Mdssbauer spectra studies of polycrys-
talline FePO, by Bruckner et al. (19) and
Beckmann ef al. (20), wherein a significant
fraction of polycrystalline sample has al-
ready flopped in a longitudinal field of A, =
20 kG. (Note that while a spin-flop transition
is first order, such a phase change is not
expected to be sharp for an initially random
polycrystalline sample.) In so far as is possi-
ble, random initial states were assured by
cooling from ambient temperature to 4.2 K

0.036 . . .
0.029} ///'\\4
10,000 G
0.022 . , .
b 10 20 10 40
0.036 s . .
~
@]
a
& n.ozet 1
‘.
L 1,000 G
=
= opoz2 . : L
a 0 10 20 30 a0
=1
o co3s . . .
Q
v
=)
%]
& 0029t -
[+]
= 100 G
0.022 . . .
0 10 20 30 40
0.036 .
p.029}
106G
0.022 . . .
0 10 20 30 40
T (K

FiG. 7. SQUID magnetometry data for FePO,.
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in zero applied field. In contrast, o vs H
(Fig. 8) for FeAsQ, is rigorously linear over
the range 0 to 60 kG. This implies the ab-
sence of any field-induced transitions such
as a spin flop. The spin-flop field (Hqg) for
a uniaxial antiferromagnet is proportional
to the product of the exchange (H) and
anisotropy (H,) fields as in the relationship:
Hge (0° K) = (2 HeH, — HV'. In view of
the single ion ground states for the ferric
species of FePO, and FeAsQ,, i.e., °A, cor-
responding to high-spin Fe(Ill), H, should
be small and perhaps comparable for these
systems. On the other hand, the ratio of the
Néel temperatures for these systems is 67.5/
24.5 = 2.76, implying a substantially larger
value of H; for the arsenate and correspond-
ingly larger value of Hgp. Thus, it is perhaps
not surprising that there is no evidence of
a spin flop in the o vs H behavior of
FeAsQ,.

There are no outstanding features in the
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xu V8 T plot corresponding to the presumed
3D magnetic ordering temperature (Tyg
~67 K from M&ssbauer results). This obser-
vation is not uncommon for magnetically
condensed systems that are also exhibiting
lower (two or one) dimensional behavior or
strong patrwise interactions. However, the
inflection point in yy vs T is usually taken
as Ty, and for the present case corresponds
to ~65 K in reasonable agreement with Ty,
as determined by the Méssbauer spectros-
copy results, The continuous decrease in
susceptibility with decreasing temperature,
however, strongly suggests dominant anti-
ferromagnetic interactions over the temper-
ature range ~20 K to room temperature.

4, Discussion

Although five-coordination is unusual for
high-spin iron (III}, it is not unreasonable,
since there is no ligand field stabilization
energy that would favor say octahedral or
tetrahedral stereochemistry. Five-coordina-
tion is found among ¢° and ¢'° metal oxides
for example, as in Mg,(PQ,), (21) and B-
Zny(PO,), (22), for which there is also no
ligand field stabilization energy. It is inter-
esting, however, that anhydrous FeAsQ,
does not crystallize in the berlinite structure
(i.e., alternating FeQ, and AsQO, tetrahedra)
as is the case for the related phosphorus
analog, FePQ,. The results of both the
Maossbauer spectroscopy and the magnetic
susceptibility study of FeAsQ, provide evi-
dence for a transition to a 3D magnetically
ordered phase. Owing to the unique struc-
ture of FeAsQ,, one may intuitively sepa-
rate the magnetic interactions between the
crystallographically equivalent jron sites
into two types: inter- and intradimer.

There seems to be little doubt that the
broad maximum in the susceptibility versus
temperature curve at ~85 K corresponds
to the pairwise antiparallel alignment of the
iron moments within the Fe,O, dimers. Such
a pairwise intradimer interaction cannot
produce the large internal magnetic fields
necessary to Zeeman split the iron nuclear
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spin states and which normally results in the
familiar six transition Mdssbauer spectrum,
since the ground state of such a dimer corre-
sponds t0 Sty pimer = 0 for J < 0. The ab-
sence of a hyperfine splitting of the Moss-
bauer spectra, obtained at temperatures
corresponding to the broad maximum in the
susceptibility curve, is clearly consistent
with the association of this maximum with
the antiferromagnetic dimer interaction.
Hypetfine splitting of the FeAsQ, Mass-
bauer spectra are not observed uatil the tem-
perature of the compound is reduced below
~67 K. At this temperature, presumably,
the extended interdimer interactions are
comparable to the available thermal energy
(kT) so that the individual dimers interact
giving rise to spontancous magnetization
and long-range magnetic order. Further-
more, since the susceptibility continues to
decrease smoothly well below the three-di-
mensional ordering temperature, antiferro-
magnetic interdimer coupling is indicated.
Because the bulk magnetism of FeAsQ,
appear to be dominated by the antiferromag-
netic exchange within the Fe,0Op dimeric
units, it should be possible to analyze the
high-temperature susceptibility data as if
the compound were comprised of isolated
dimers. Based on this assumption, the sus-
ceptibility data were analyzed in terms of
the familiar Heisenberg-Dirac-Van Vleck
dipolar coupling model which relates the
magnetic exchange constant J, to magnetic
susceptibility for metal dimers. Using this
approach for the temperature range 75 K
to R.T., the value of J which best fit the
experimental x, vs temperature data was
determined tobe J = —23 £ 5cm™! (i.e., a
singlet—triplet separation of 2J ~ 46 ¢m™!
(J/kg = 66.6 K)), indicating relatively strong
antiferromagnetic intradimer exchange.
Typical values of J for binuclear iron (I1I)
compounds with Fe—O-Fe angles ~102°are
of the order 9 or 10 cm ™! as in the dihydroxy
bridged [FeL(OH)}, (23) where L is N,N'-
ethylenebis(salicylamide) (salen) or [Fe
(salen)C1], (24), and ~100 cm™! for
Fe-0O-Fe angles = ~160° as in the mono-
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oxobridged iron dimers [Fe(salen),]O or
Fe(salen),O - py (25, 26). The J value for
the present system (—23 cm '} having an
Fe—~0O-Fe¢ bndge angle of ~108°, is consis-
tent with the aforementioned trend of de-
creasing antiferromagnetic exchange inter-
action with decreasing linearity of the bridge
angle. One is seeing the onset of interdimer
interactions in the Mdssbauer spectra at
~68 K, i.e., at a temperature comparable
to the singlet-triplet separation for the
dimer and at which there is still clearly sig-
nificant population of the paramagnetic
Stow = 1 first excited state of the dimers.
We emphasize that treating the FeAsO,
magnetic data as if it corresponded to a sys-
tem of isolated dimers is a crude approxima-
tion. The system is structurally a three di-
mensional network compound. Neverthe-
less, this approach allows determination of
a reasonable estimate for J (intradimer).

To conclude, it is evident from this study
that the determination of the temperature
and field dependence of powder neutron dif-
fraction is highly desirable for both FeAsQ,
and FePO, even though the latter is not
structurally related to the former. This will
lead to a clearer understanding of the mag-
netic transitions, evident in x vs T, and the
true nature of the 3D-ordered ground state
above and below 4.5and 17 K, respectively.
The complex field dependence of xy ob-
served herein clearly suggests the merits of
such studies.
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