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Abstract. High field Mdssbauer spectroscopy provides a selective method of measurement
of the magnetic susceptibility due to paramagnetic Mdssbauer atoms, and is well adapted
for isotropic ions. This method was successfully tested on crystalline KFeF, above its Néel
temperature. In the case of MnFeF(H,0),, a reversal of the susceptibility of the iron
sublattice was observed near 145 K, and explained in agreement with previous data on the
magnetic interactions.

1. Introduction

Several review papers have been devoted to high field Mdssbauer spectroscopy (HFMS)
showing the various applications of the method (Chappert 1974, Chappert et al 1979) or
dealing with the computational aspects (Varret 1982). For magnetically orderedsystems,
it can be an excellent tool for determining the type of magnetic structure for both
crystalline and amorphous systems; recent significant examples can be found in Varret
et al (1982) and Greneche et al (1988a).

For paramagnetic compounds, HFMS can provide useful information:

(i) on the sign and sometimes the orientation of the electric field gradient (EFG) and
on the asymmetry parameter 7 (see, for example, Czjzek 1982, Le Caer et al 1984,
Maurer et al 1985);

(ii) on the magnetic hyperfine interaction which is of major interest for investigating
the electronic structure of magnetically diluted systems such as biomolecules and coor-
dination complexes (see, for example, Varret and Jehanno 1975, Spartalian and Lang
1980, Spartalian 1983, Huynh ez a/ 1983, Mariot er al 1983, 1986).

In the case of disordered paramagnetic systems, the situation can be complex, and
may involve EFG distributions, as well as exchange interaction distributions which in
turn lead to inhomogeneously induced hyperfine fields (Greneche er al 1988c).

Here we describe a new kind of application to paramagnets containing isotropic
Mossbauer ions among other magnetic ions. The magnetic susceptibility of the
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Figure 1. (@) Perspective view of MnFeFs(H,0); structure. The Fe* octahedra are hatched
and the Mn?" octahedra are dotted. The Fe-Fe and Fe-Mn magnetic interactions occur
via superexchange M-F-M coupling; the Mn—-Mn interactions via the neighbouring water
molecules ( full circles). (b) Projection of the structure along (011), showing the neighbours
in the hexagonal tungsten bronze planes.

Mossbauer ion sublattice (or sublattices) can be separately derived. Such selective
information complements the usual susceptibility measurements. We report first on a
test of the method on the crystalline ferric fluoride KFeF,, and then on selective data on
the weberite MnFeF;(H,0), both above their magnetic ordering temperature.

2. Systems under study

The structural and magnetic aspects of the AFeF, (with A = Rb, K, Na, Cs) ferric
fluorides have been widely investigated (Heger ef al 1971, Heger 1972). Their structure
consists of layers of tetragonally distorted FeF octahedra separated by A layers. The
ferric moments are antiferromagnetically coupled below Ty which is 141 K in the case
of KFeF, considered here.

MnFeFs(H,0), belongs to the inverse weberite structural type M**Fe**F5(H,0),
(withM = Zn, Mn, Fe, Co, Ni) whose aristotype is Na,NiFeF,. Their structure consists
of hexagonal tungsten bronze (HTB) planes linked to each other by M?*F,(H,0),
octahedra, as shown in figure 1 (Laligant et al 1986). Below the magnetic ordering
temperature established at 7, = 39 K, MnFeFs(H,0), exhibits a three-dimensional
ferrimagnetic frustrated structure which was determined by neutron diffraction (Lali-
gant et al 1986) controlled by Mossbauer spectroscopy (Greneche et al 1988b); such a
behaviour refiects the balance between antiferromagnetic Mn—~Mn, Mn-Fe and Fe-Fe
interactions.

3. Experimental section
The *’Fe Méssbauer experiments were performed in the transmission geometry using a

constant acceleration spectrometer with a >’Co source diffused in a rhodium matrix. The
powdered samples were situated in a cryomagnetic system, the applied field direction
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250 Figure 2. Mossbauer spectra of MnFeF;(H,0),

recorded under a 70 kOe applied field parallel to
the y-beam at several temperatures and recorded
at 150 K after removal of the applied field.

being parallel to the y-beam. Several spectra were recorded at temperatures at which
the sample is paramagnetic. Since both source and absorber have the same temperature
in the cryomagnetic device, the isomer shift (Is) values quoted here do not display the
usual thermal effect.

The polycrystalline powder of MnFeFs(H,0), was mixed with vacuum grease in
order to hinder the rotation of ferrimagnetic grains under the effect of the external
magnetic field; nevertheless we observed, after removal of the field, a weak asymmetry
of the quadrupole spectrum due to a very slight texture induced by the application of
the magneticfield (Dezsieral 1971), asshown in figure 2. The spectrarecorded on KFeF,
and MnFeF;(H,0), by applying an external magnetic field were classically analysed
with the MOSHEX program (see, for instance, Varret 1982). Calibration of the high field
spectrometer was performed using a sodium ferrocyanide absorber; we measured the
stray field on the Mdssbauer source, which was then systematically accounted for when
fitting the spectra by computer and taken to be equal to 2 kOe.
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Table 1. Hyperfine data on KFeF, at several temperatures and the corresponding magnetic
susceptibility values deduced from Mdssbauer study and obtained from the Faraday method.
(1s: isomer shift relative to metallic iron at same temperatures; I': linewidth at half height;
os: quadrupole splitting; H; and H,,, are defined in the text.)

¥ £025%x107%  y=0.05% 107
T+1 15001 T=002 0s=005 Hyg=05 Hy,=05 (Mossbauer)  (Faraday)

(K) (mms™) (mms™") (mms™') (kOe) (kOe) (emug™) (emug™)

150  0.32 0.37 -1.46 +53.2 -6.8 2.68 x 107° 3.22%107°
175 0.31 0.35 -1.42 +52.1 =79 3.09 x 1073 3.33x 1073
200 0.31 0.34 -1.43 +51.6 -8.4 3.30 x 1073 3.39 x 10°°
225 0.32 0.34 —-1.43 +51.2 -8.8 3.45 % 1073 3.40 x 10°°
250  0.32 0.34 ~1.44 +51.1 -8.9 3.48 x 1073 3.38x10°°
300  0.32 0.35 —1.43 +51.4 —8.6 3.39x 107 3.28 %1073

4. Principle of the analysis

A quantitative analysis may be performed on the following basis: in the case of a ferric
ionin the 5S state, the orbital effects, including anisotropic contributions to the hyperfine
field and single-ion magnetocrystalline anisotropy, are negligible; the hyperfine field
mainly results from the contact interaction which is isotropic. Consequently, both ionic
magnetisation and hyperfine field are proportional to the average spin, so

Hyy, = (Hyyp (T = 0)/m(T = 0))m M

where mis the ion magnetic moment and H,,(T = 0), m(T = 0) refer to the magnetically
orderedstate, at saturation. The hyperfine field value Hy,, is deduced from the measured
H.; as follows:

H = thp + Happ ()

where these fields are collinear but H,, is directed oppositely to the magnetisation.
While the magnetic susceptibility y is defined as the ratio between the magnetisation
and the applied field, it finally becomes

X= (a’/M)thp/Happ (3)
where M represents the molar mass of the compound under study; in addition, if we
wish to express the magnetic susceptibility ¥ in emu g~!, the coefficient « corresponds
to the conversion of typical hyperfine field unit into Bohr magnetons (it has been
determined from data obtained at saturation on the crystalline rhombohedral form of
the ferric fluoride FeF;:Hyy, = —618 kOe and p = 4.45 uyp (Ferey er al 1986)). The sign
of the effective field was deduced by continuity from the high temperature range in
which the magnetic susceptibility is close to zero.

5. Results for KFeF,

The spectra recorded over the temperature range 150-300 K, under an external field
of 60 kOe have a shape typical for magnetic and quadrupolar interactions of similar
magnitudes with a randomly oriented V,, direction. The fitted values of the effective
field are listed in table 1 while the experimental and the theoretical simulated spectra
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Figure 3. Mossbauer spectrum of powdered KFeF , recorded at 150 K under a 60 kOe applied
field parallel to the y-beam.

obtained at 150 K are presented on figure 3. The effective field values are smaller than
those of the applied field which is indicative of a positive magnetisation.

The susceptibility data calculated from the present method compare quite well with
those directly recorded by the Faraday method, under 10 kOe (also listed in table 1),
and are consistent with those obtained by Heger et al 1971. However, the Méssbauer
value at 150 K is a bit too small. A possible explanation for these small differences is the
large value of the applied field, used for Mossbauer experiments, which may induce
a non-linear dependence of the magnetisation, mostly near the magnetic ordering
temperature.

To summarise, it appears that >’Fe HFMS enables us to measure the magnetic sus-
ceptibility of an iron lattice with an accuracy of 10% (except near the magnetic ordering
temperature).

6. Results and discussion for MnFeFs;(H,0),

The Méssbauer spectra recorded under a 70 kOe external field at several temperatures
are presented in figure 2; they are typical for a magnetic interaction perturbed by a
small random EFG. The theoretical spectra were obtained by considering an isotropic
distribution of axial EFG. Some disagreements between the experimental and the simu-
lated spectra can be observed, mainly in the low velocity region where the ratio of
the line area intensities is not well reproduced, mostly at low temperatures. Such a
discrepancy can be attributed to various and probably combined phenomena: (i) thick-
ness effects which play animportant role in the line intensity mainly at low temperatures;
(ii) correlations between the distribution of angles 8 defined by the main axis V; of the
EFG tensor and the y-beam direction, and the asymmetry parameter of the EFG which is
not determined in the weberite case; (iii) the presence of a small quantity of a crystalline
impurity like MnFeF;s - 7TH,O (see Greneche et al 1988c). Nevertheless, the effective
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Figure 4. Thermal evolution of the effective field measured from the analysis of the
Mossbauer spectra recorded on MnFeF;(H,0), under a 70 kOe applied field. The broken
line corresponds to applied field value and the full curve to the theoretical model. Inset:
schematic plot on a larger temperature scale.

field measurements, which are the main object of the present study, are thought to be
quite accurate since they are generally determined by the most intense lines, which are
well reproduced as shown in figure 2.

The effective field data are plotted in figure 4; an interesting ‘compensation’ point
occurs at Toom, = 145 = 3 K: the magnetisation of the ferric sublattices reverses, from
positive, above Ty, to negative, below Ty, This reveals the increasing influence of
the Mn sublattice, which imposes the low temperature magnetisation, according to
magnetic data obtained either by neutron diffraction (Laligant et a/ 1986) or by HEMS
(Greneche et al 1988b).

7. A magnetic model for weberite MnFeF(H,0),

Inthe present study, we adapt previous calculations in the molecular field approximation
(Herpin 1968) to the determination of the partial susceptibility due to iron sublattice.

The paramagnetic susceptibility associated with two magnetic sublattices is easily
derived from the usual expressions (Herpin 1968):

C JFem JFe-F
Upe = = (Happ + nrlt‘,len e2 : U Mn + nlgg ez . Hre (4)
T Ug HB

Cwm Jre-m I vin-m
Hwmn = 7ﬂ (Happ + nI}:'?n ;23 . HUre + fl%ﬁ “:% . HMn) (5)
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Table 2. Hyperfine characteristics at several temperatures obtained from Mossbauer spectra
recorded on MnFeFs(H,0), under 70 kOe applied field (with symbols defined in table 1).

T=1 1s = 0.01 Qs = 0.05 Hgyx1 Hyp £ 1
(X) (mms™!) (mms™) (kOe) (kOe)
50 0.43 0.82 +174.8 +104.8
75 0.42 0.72 +100.7 +30.7
100 0.42 0.70 +81.8 +11.8
150 0.41 0.65 +68.6 -14
200 0.41 0.64 +64.7 -5.3
250 0.41 0.64 +63.3 -6.7

where Jre_mn, Jre—re aNd Jyn v, are respectively the Fe-Mn, Fe—-Fe and Mn—Mn exchange
integrals, Cg, and Cy, are the Curie constants (they are nearly equal for Mn?* and Fe**)
and nii{MY represents the number of Mn (Fe) neighbours of a given Fe (Mn) ion.

Following the crystallographic views presented on figure 1 and considering the
superexchange interactions only,

Mn _ Fe Fe _ Mn __
npe = nge =3 MM = Ay = 0.

The magnetic configuration then results from the competition between 180°
superexchange antiferromagnetic interactions. A more refined model suggested by the
complex magneticstructure (see figure 1) accounts for the Mn—-Mn super-superexchange
interaction through H,0 molecules, with nM? = 3.

From equations (4) and (5), one can estimate the paramagnetic susceptibility of iron
moments as

_Cre [1 + 3JFe-Mn Cua (1 _ 3%']Mn—Mn)—1:|

Xee =TT up T T ud
CFe JFe—Fe (JFe—Mn>2 CFe CMn
X|1-3— - 12 —
13 ) T T ©)
Chvin Innvn ) 71771
X<1_3T—;2 “) } )
B
This can be expressed as
Xee = Cre(T — T1)/[(T_ To)(T — T3)] (7

where T represents the compensation temperature of the iron sublattice

T, = Tcomp = 3(CMn/;uzB)(JMn—-Mn - JFe—Mn)

which is independent of Fe-Fe interactions because the compensation occurs when the
iron sublattice is not magnetised.

It can be seen that the values of T, ; are respectively positive and negative in the
presence of only antiferromagnetic interactions; so, the larger of T, and 75 is the Curie
temperature of the system, i.e. the lowest temperature value for which the Curie
approximation can be used. Consequently

us T = HCreJrere + Crmnd nmtn) + H{9(Credpe-re + Cortnd Mot )
~ 12Ce Cotn (3 pered Mnmtn = Hevn)]2.
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Table 3. Fitted magnetic data in the molecular field model, from the present Mossbauer

data.
JFe—Fe JMn—Mn JMn—Fe C;e, Mn Tcomp Ti
v K) (K) (K) (u3) (K) (K)
3 ~12.50 -1.21 -4.48 15.41 151.2 398
-12.53 -1.24 -4.41 15.19 144.5 33
0 —-20.38 08 -3.89 13.21 154.2 398
-21.25 0§ -3.78 12.81 145.3 33

+ Theoretical value Cg, ~ Cy, = g5(S + 1)/3 = 11.67 u}
1 Experimental Curie temperature = 39 K.
§ Values are fixed when fitting.

The thermal evolution of the effective field measured at different temperatures for
MnFeF(H,0), is well described by the present model as shown in figure 4. The values
of the magnetic parameters were least-squares fitted within several assumptions: Mn—
Mn super-superexchange interactions through H,O molecules were neglected or
included; value of the Curie temperature fixed. The refined values are reported in table
3. Note that the high temperature limit of the hyperfine field is zero in any case, as shown
in figure 4.

There is a rather good agreement between expected and calculated values of the
Curie constants and the Curie temperature for each of the assumptions. On the other
hand, the values of the magnetic interactions can be discussed with respect to previous
data.

(i) Jre.po was directly deduced from the magnetic susceptibility of isostructural
ZnFeFs(H,0),, which has only Fe-Fe antiferromagnetic interactions: —11.8 K (Lali-
gant et al 1986); this only compares with values obtained here when Mn-Mn interactions
are included.

(i) The ratio of exchange integrals Jy,_ge/Jr_r. Was deduced from simulations of the
magnetic structure (at 0 K), and found to be equal to 0.49 (Lacorre and Pannetier 1987,
Lacorre 1988) or 0.40 (Linares et al 1988) respectively, neglecting and including the Mn—
Mn super-superexchange interactions; the values obtained here are respectively 0.18
and 0.36 so that the assumption of sizable Mn~Mn interactions is again preferred.

Consequently, one can conclude that the Mn—Mn super-superexchange interactions
through water molecules are needed for a coherent description of the magnetic proper-
ties of the system.

8. Conclusion

High field M&ssbauer spectroscopy has successfully measured the specific contribution
of the ferricmoments to the magnetic susceptibility. This method could be widely applied
to isotropic magnetic atoms having a convenient Mdssbauer isotope; it is currently being
adapted to amorphous insulators where it involves molecular field distributions which
cannot be determined accurately by the usual susceptibility measurements.
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In addition, the data recorded with MnFeFs(H,0), were analysed in a molecular
field model with good results, and yielded a coherent set of magnetic exchange integral
values; a peculiarity of this frustrated system is the compensation temperature for the
iron-sublattice contribution to the magnetic susceptibility.
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