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Neutron-diffraction, magnetic-susceptibility, specific-heat, and Mossbauer-e6'ect studies of
NaFeP207 reveal that it is a normal Heisenberg isotropic three-dimensional antiferromagnetic ma-

terial with a Neel temperature of 29.0 K. NaFeP207 has the monoclinic P2&/c magnetic space

group, which is the same as the nuclear crystallographic space group. The easy axis of magnetiza-

tion lies in the monoclinic ac plane at an angle of 21.0' from the c axis. The specific-heat measure-

ments reveal a A,-type anomaly at 28.7(2) K. A molecular-field model analysis indicates that the in-

trasub1attice magnetic exchange coupling J„=J» = —0.37 cm ', whereas the intersublattice cou-

pling J,b
= —0.61 cm . No evidence for L-type ferrimagnetism is observed.

I. INTRODUCTION

The relevance of the interplay between exchange in-
teractions and crystallographic structure is evident in a
recent series of studies of the magnetic properties of
anhydrous Fe(hatt) sulfate, '

Fe2(SO4)3, Fe(ttt) molybdate,
Fe2(Mo04)3, synthetic langbeinite, KBaFe2(PO4)3, and
Fe(III) tungstate, Fe2(WO4)3. All these compounds con-
tain Fe06 octahedra sharing corners with MO4 tetrahe-
dra, where M is sulfur, molybdenum, phosphorous, or
tungsten. For these structures the cyrstallographically
inequivalent iron sites display different temperature
dependences for the molecular field, giving rise to L-type
ferrimagnetism. ' The structure of NaFePzO& contains
coordination polyhedra chains similar to those described
above. Due to the structural similarities between
NaFeP207, Fez(SO4)3, (Mo04)3, and related materials,
L-type ferrimagnetism has also been proposed for
NaFeP207.

Because an exact solution of the Heisenberg Hamil-
tonian is intractable even in the simpler cases, some la-
borious calculations of the superexchange parameters
with ab initio models have been performed, but with lim-
ited success. In addition, it is difficult to evaluate ab ini-
tio results in view of the many approximations involved.
Hence, the semiempirical evaluation of superexchange
pathways is important because it provides a framework
within which to compare experimental results and predic-
tions made with more elaborate models. Because
NaFeP207 contains an octahedrally coordinated high-
spin Fe(ttt) ion with a low distortion of the immediate en-

vironment, its magnetic properties are expected to be iso-

tropic and well predicted within the Heisenberg model.
Furthermore, its comparison with the preceding com-
pounds permits the study of the influence of the superex-
change pathway distance and geometry, and the influence
of the electronegativity of the cations on the magnetic be-
havior. In this paper we report on the magnetic structure
and Mossbauer spectral properties of NaFeP207 and
present a semiempirical molecular-field analysis of its
magnetic exchange.

II. EXPERIMENTAL

Powder samples of NaFeP207 were prepared by firing
stoichiometric mixtures of Fe203, ammonium dihydrogen
phosphate, and sodium hydrogen carbonate in a platinum
crucible, initially in three 2 h steps, with grinding be-
tween each step, from 500 to 1170 K. The sample was
held at 1170 K for a total of 8 h with grinding after each
2 h heating interval. Finally, the temperature was raised
to 1370 K for an hour and then the sample was slowly
cooled to 1170 K at a rate of 10'C/h, and subsequently
air quenched to room temperature.

An x-ray-diffraction analysis of the resulting pink
powder at various temperatures indicated that the phase
of our sample of NaFePz07 was the same as the mono-
clinic high-temperature phase reported by Gabelica
Robert. No structural changes were observed between
77 and 300 K.

Mossbauer spectra were obtained by using a conven-
tional constant-acceleration spectrometer with 50 mCi

Co-Rh matrix source which was held at room tempera-
ture. The spectrometer was calibrated at room tempera-
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ture with natural a-iron foil. A variable-temperature in-
sert placed in a liquid helium cryostat was used to obtain
spectra in the range 4.2 to 32 K. A liquid nitrogen cryo-
stat was used for the measurements between 77 and 300
K. The spectra were fit with Lorentzian lines by using a
nonlinear least-squares program. Between 4.2 and 26.5 K
each spectrum was fit with one magnetic sextet with
equal linewidths. One quadrupole doublet was used for
the paramagnetic spectra.

The neutron-difFraction patterns of finely powdered
samples of NaFeP207 were measured in a vanadium sam-
ple holder with the position-sensitive detector
diffractometer at the University of Missouri Research
Reactor. A closed-cycle refrigerator was used for mea-
surements at 40, 20, and 8 K. Data were collected in
three spans from 10 to 90' in 2P in approximately 24 h at
each temperature. The data were rebinned into 0.1' steps
resulting in 800 data points. The data were analyzed by
using a modified Rietveld code including a Voigt function
to describe a mixed Gaussian-Lorentzian line shape for
the peaks.

Magnetic-susceptibility measurements were performed
by using a Faraday balance operating in the temperature
range from 2 to 300 K. Specific-heat measurements were
made with a semiadiabatic calorimeter. The sample was
powdered and thoroughly mixed with a conducting
grease' in a one to one proportion in order to improve
the thermal conductivity of the sample.

III. MAGNETIC-SUSCEPTIBILITY RESULTS
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FIG. 1. The inverse magnetic susceptibility of NaFeP, 07.

The magnetization of powdered samples of NaFeP207
was found to be linear with the applied magnetic field up
to 1 T. The corresponding magnetic susceptibility,
y~=BM/BH, follows a Curie-Weiss law above -30 K,
as is shown in Fig. 1. The effective magnetic moment of
5.93(3)pz/ Fe atom, determined after correction for the
core diamagnetism, is constant between 30 and 300 K.
This value is closer to the 5.92pb/Fe value expected for a
high-spin iron(iii) compound than is the value of
5 60ps/Fe .atoin found by Moya-Pizarro eral. The
Curie-Weiss temperature of 8=53.4(1) K indicates anti-
ferrornagnetic interactions. At temperatures below 28.5
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FIG. 2. The remnant magnetization in NaFeP207.

K a very small remnant magnetization develops and
reaches a maximum value of 0.0124ps/Fe atom at 2 K,
as is shown in Fig. 2. In this temperature range the rnag-
netic susceptibility remains approximately constant. This
behavior is characteristic of an antiferrornagnetic com-
pound with a weak ferromagnetic component. This com-
ponent corresponds to a slight misalignment of the mag-
netization of the sublattices of -0.2' and might arise ei-
ther from a Dzyaloshinskii-Moriya interaction or single
ion magnetocrystalline anisotropy. " From these data we
find a Neel temperature T+ =28.5(5) K.

IV. NEUTRON-DIFFRACTION DATA REFINEMENT

The Rietveld refinement was initiated with the 300 K
data and used the results of a single crystal x-ray study of
NaFeP207 published by Gabelica-Robert et al. Our
refinement, after a linear subtraction of the incoherent
background scattering, lead to an immediate refinement
of the nuclear structure with the resulting crystallograph-
ic and refinement parameters presented in Table I. The
resulting positional parameters at 300 and 8 K are given
in Table II. In this refinement, in the monoclinic P2i/c
space group, the overall scale factor, three half-width pa-
rameters, a Voigt profile parameter, the zero point, a pre-
ferred orientation parameter, an asymmetry parameter,
four crystallographic cell constants, 33 atomic positional
parameters, and four isotropic thermal parameters, for a
total of 49 parameters, were adjusted. The thermal pa-
rameters were fixed to the same value (see Table I) for the
two phosphorus atoms and for all the oxygen atoms. The
results of this refinement are shown in Fig. 3, which re-
veals an excellent agreement between the experimental
data points and the calculated Rietveld diffraction profile.
There was no evidence of any magnetic scattering at 300
K.

The experimental profile measured at 40 K was, except
for the reduction in the background incoherent scatter-
ing, virtually identical with that obtained at 300 K when
the small reduction in the unit ce11 parameters is taken
into account. The refinement of the 40 K data was ini-
tiated by using the results obtained at 300 K and im-
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TABLE I. Structural and magnetic parameters for NaFeP207.

Temperature (K)

Lattice parameters
a(A)
b(A)
~(A)
P (deg)
V(A )

Isotropic thermal parameters
B, Na, A
B, Fe, A
8, P, A

B, O, A
Scale factor

Voigt
Zero point, deg
Pref. orient. parameters
~ nuc

~ mag

NDF
Magnetic parameters'
K,
Kb

K,
Moment, p&

300

7.3116{7)
7.&861(7)
9.5583(9)

111.820(7)
511.65{10)

0.54(28)
0.09(7)
0.00(10}

0.10(04}
0.468(5)

394(66}
—0.462(4)

0.042(8)
4.10

2.3
759

7.3131(8)
7.8546(8)
9.5594(10)

111.897(7)
509.49(12)

—0.33{22)
0.68(8)
0.40(11)

0.37(4)
0.390(5}

467(90)
—0.029(4)
—0.003(9)

3.92

3.2
754

20

7.3118(8)
7.8533(8)
9.5596(10}

111.903(8)
509.30(12)

1.34(32}
1.04(8)
1.62(24)
1.22(23)
1.00(5)
0.358(3)

415(74)
—0.036(4)

4.77
22.8

3.5
771

—0.04(37)
0.00
1.14(17)
1.16(11)

7.3116(9)
7.8526(9)
9.5566(12)

111.895(9}
509.11(14)

1.15(24)
0.51(10)
0.50{25}

—0.64(20)
0.04(5)
0.466(4)

962(77)
—0.034(4)

3.47
5.18
4.2

771

1.68(17)
0.00
4.68(6)
4.35(6)

The magnetic rotation matrices are (100,010,001), (—100, 0+ 10, 00—1), (100,010,001), and

( —100,0+ 10,00—1).

mediately converged to the same structure as revealed by
the results presented in Tables I and II. There was no
evidence of any magnetic scattering in the experimental
neutron-diffraction results at 40 K.

The resulting structure is virtually identical to that re-
ported by Gabelica-Robert et al. and Moya-Pizarro
et al. and, as usual, the neutron-diffraction lattice pa-
rameters are better determined than the x-ray lattice pa-
rameters and are almost the average of those reported
earlier. ' It is interesting that there is only a 0.5 percent
reduction in the unit cell volume between 300 and 8 K;
the decrease occurring predominantly along the unique
monoclinic b axis. Strangely the observed thermal pa-

rameters increase upon cooling. This increase presum-
ably is an artifact of the baseline correction procedure.
There is a strong correlation between the baseline and the
thermal parameters.

The powder neutron-diffraction patterns obtained at 8
[see Fig. 3(b)] and 20 K, and hence below the tnagnetic
ordering temperature show, in addition to the expected
nuclear scattering, magnetic scattering at the 010 and 101
reflections, reflections for which the nuclear scattering is
forbidden in the I'2, /c space group. The additional mag-
netic scattering is easily seen in Fig. 3(b) which shows in-
tense magnetic scattering at —11' in 28; scattering that
is essentially absent in Fig. 3(a) which was obtained above

Atom

TABLE II. Positional parameters for NaFeP&07.

300 K 8K

Na
Fe

P(1}
P(2)
0{1)
O(2)
O(3)
O(4)
O(5)
O{6)
O(7)

0.289(2)
0.261(l)
0.078(2)
0.674(1)
0.876(l)
0.191(2}
0.014(1)
0.185(1)
0.530(1}
0.694(l }
0.635(1)

0.473(2)
0.008(1)
0.251(l)
0.212(1)
0.153(l)
0.287(l)
0.416(1)
0.133(l)
0.087(1)
0.205(l)
0.394(1)

0.300(1)
0.248(1)
0.458(l)
0.453(l)
0.441(l)
0.620{1)
0.364(1)
0.397(1)
0.352(l)
0.619(l)
0.396(1)

0.282(2)
0.263(1)
0.076(2)
0.681{2}
0.874(2)
0.186(2)
0.006(2)
0.181(2)
0.537(2)
0.694{2)
0.637(2)

0.473(2)
0.006(1}
0.255(2)
0.212(2)
0.154(1}
0.288(2)
0.426(1)
0.142(1)
0.095(2)
0.208(2)
0.393(1)

0.299(1)
0.247(1)
0.456(l)
0.455(1)
0.438(1)
0.620{1)
0.359(1)
0.394{1)
0.355(1)
0.620(1)
0.396(1)
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the magnetic ordering temperature.
In order to establish the magnetic space group,

refinements were performed with magnetic matrices be-

longing to the possible Shubnikov groups consistent with
the experimental evidence arising from other techniques.
The analysis of the results indicated that, in order to ac-

count for the observed antiferromagnetism, the magnetic
moment component parallel to the unique b axis must be
set equal to zero. The only reasonable fit was found to
belong, like the nuclear scattering, to the P2, lc space
group. Within this magnetic space group the magnetic
structure converged immediately to that shown in Fig. 4.
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TABLE III. Mossbauer effect hyperfine parameters for
NaFeP~O&.

eo

T
K

H, nt

kOe

ga

mm/s
QS

mm/s
I

mm/s

b~ 2/5

60-
4.2
5.0

- 10.0
20.0
25.0
26.5
28.5
29.0
32.0

295

549
549
533
445
370
317
191
161

0.54
0.54
0.54
0.53
0.53
0.54
0.54
0.55
0.55
0.44

-0.06
-0.06
-0.06
-0.07
-0.08
-0.09
-0.07
-0.07
0.12'
0.14

0.33
0.39
0.31
0.36
0.32
0.35
0.40
0 74'
0.46
0.29

' Relative to room temperature natural a-iron foil.
The area of the 2, 5 lines in the magnetic sextet.

' The outer lines are broadened considerably by relaxation.
The quadrupole interaction in the paramagnetic spectra.
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2.09
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FIG. 6. Specfic heat of NaFeP&07. The dashed line corre-
sponds to the specific heat of the cryocon grease.

octahedral coordination environment. The quadrupole
splitting, hE&, is essentially constant above Tz with a
value of 0.14(1) mm/s and a linewidth of 0.29(1) mm/s.
These values are in excellent agreement with those re-
ported earlier by Moya-Pizarro et al. and are typical of
an A

&
electronic ground state. The room-temperature

isomer shift of 0.435(5) mm/s is in good agreement with
the isomer shifts of similar coordination polyhedra and is
representative of paramagnetic high-spin iron(Itt) in an
octahedral crystal field.

Below Tz the compound is magnetically ordered. It
was possible to fit the data with a single magnetic sextet
of equal linewidths from 4.2 to 26.5 K. At 29 K the im-
pending transition to the paramagnetic state broadens the
sextet and a single linewidth fails to give good fits.
Within the ordered phase the quadrupole shift remains
unchanged at —0.05(1) mm/s, indicating that, unlike
anhydrous Fe(ttI) phosphate, FePO4, ' NaFeP207 does
not undergo a spin rotation. Assuming a zero asymmetry
parameter g on the basis of the very small distortion of
the Fe06 octahedra, a value of 60 +10' can be derived for
the angle between Vzz and H;„,. The relative intensities
of lines 2 (and 5) to line 3 (and 4) for spectra below 26.5 K
gave on average a value of 2.11(8), close to that expected
of a randomly oriented powder (3:2:1:1:2:3)and indicat-
ing little preferred orientation of the microcrystals as oc-
curred with anhydrous iron (III) sulfate.

sistent with a mean-field calculation for an S equal to —,
'

magnetic state.

VII. MAGNETIC ORDERING MODEL

In NaFeP207 each Fe(III) ion is coordinated to six oxy-
gen ions from six different pyrophosphate groups. These
Fe06 octahedra are crystallographically equivalent but
have two different spacial orientations. As indicated by
the neutron-diffraction results, these two classes of
differently oriented octahedra correspond to the two anti-
ferromagnetic sublattices. Each magnetic ion is con-
nected to 10 different magnetic neighbors through

VI. SPECIFIC-HEAT MEASUREMENTS

The specific heat was measured from 2 to -50 K. A
A,-type anomaly is observed with a jurnp in the specific
heat at 28.7(2) K as is shown in Fig. 6. No attempt was
made to separate the magnetic contribution to the
specific heat because both the phonon contribution of
NaFePz07 and the high-temperature specific heat of the
grease are unknown. The dashed line shown in Fig. 6 is
the contribution of the grease up to 20 K and has been in-
cluded for comparison. A value of C/8 =2.4(3) could be
estimated for the specific-heat jump at T~ which is con-

0 Fe(l) Fe(2)

FIG. 7. A projection of the NaFeP207 atomic coordinates
showing the various superexchange pathways.
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12 Fe-0-P-0-Fe bridges as is illustrated in Fig. 7. Eight
of the 12 bridges are connections to the opposite magnet-
ic sublattice. The four remaining bridges connect the
central magnetic ion to two magnetic ions on the same
sublattice. Hence there are two double exchange path-
ways on the same sublattice. In fact, these two double
pathways and four of the eight pathways connecting to
the opposite sublattice are identical. The only difference
in the intrasublattice and intersublattice exchange con-
stants must reside in the four extra pathways connecting
each Fe(ttt) ion to iron ions on the opposite magnetic sub-
lattice.

It seems reasonable that a simple molecular-field model
will give a good account of the magnetic properties of
NaFeP20& because Fe(III) has a —', spin state, and when

octahedrally coordinated to oxygen, has magnetic prop-
erties that are insensitive to small distortions of the oc-
tahedron. In order to estimate the exchange interactions
responsible for the magnetic ordering in NaFe F207,
molecular-field theory has been used to relate the magnet-
ic coupling to the superexchange pathways suggested by
the crystalline structure. A similar model has been pro-
posed for monoclinic Fez (SO4)3. By assuming, as ex-
pected from the crystallographic studies, ' that the two
magnetic sublattices have negligible anisotropy, the
molecular-field equations that relate the magnetic field H
to the sublattice magnetization Mpo. are, in the absence
of an applied field,

H, = AabMo(
—

, ao, + cr b ),
Hb = A,bMO(c—r, , po b ), —

where A,,b is the intersublattice molecular-field constant,
Mp is the sublattice saturation moment, gag/pS where

No is the number of magnetic ions in each sublattice, and

p~ is the electronic Bohr magneton. The intersublattice
molecular-field constant is

ab =16J,b/N, og ps,
where J,b is the intersublattice exchange interaction.
The a and P parameters give the relative intensity of the
inter to the intrasublattice exchange interaction and are
equivalent for NaFePzO~. Hence,

~aa ~~ah ~aa ~2Jab ~bb ~~ah bb ~~ah

where J„and Jbb are the average exchange interactions
for the two double intersublattice exchange pathways.
The exchange interactions are given by the Heisenberg
Hamiltonian

H; = —2J; S;-S. .

The thermal dependence of the sublattice magnetizations
are the Brillouin functions

gp&SH,
o, =8,

gpg SHg
o.

b =8,
k7

(4)

Nog @AS(S+I )

3k

The values obtained from the susceptibility measure-
ments in the paramagnetic region were used in the
molecular-field equations. The values of the exchange in-
teraction resulting from this self-consistent solution are
J„=Jbb= —0.37 cm ' and J,b= —0.61 cm '. These
negative values indicate the intrinsic antiferromagnetic
nature of the exchange coupling, both within each mag-
netic sublattice, and between the two sublattices, as was
indicated by our preceding analysis of the exchange path-
ways. The origin of the observed antiferromagnetic cou-
pling no doubt arises from the different number of ex-
change pathways between sublattices of opposite spin
orientation.

The similarity of all angles and distances and the same
sign of the intersublattice and intrasublattice exchange
interactions are strong evidence for the three-dimensional
character of the magnetic ordering. We find no evidence
to support the presence of L-type ferrimagnetic interac-
tions as has been proposed earlier.
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The self-consistent solution of Eqs. (1)—(4) will lead to
the equilibrium magnetic moment values. The values of
k, b and A,„=A,bb are determined by the Curie constant
C, the Curie-gneiss temperature 8, and the Neel tempera-
ture T~ through the equations

8= Ck,b(1+a),

T~ = —Ck,,b(1 —a),
and
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