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Fe’rFe~‘Fx(HzO)z and MnFe2FR(HZ0)2, grown by hydrothermal synthesis (P = 200 MPa, T = 450 or 
38O”C), crystallize in the monoclinic system with cell dimensions (A): u = 7.609(5), b = 7.514(6), c = 

7.453(4), /3 = 118.21(3)“; and u = 7.589(6), b = 7.503(S), c = 7.449(S). p = 118.06(3)“, and space group 
CZim, Z = 2. The structure is related to that of WOi f H20. It is described in terms of perovskite type 
layers of FeJ+ octahedra separated by Fe*+ or MnZ+ octahedra, or in terms of shifted hexagonal bronze 
type layers. Both compounds present a weak ferromagnetism below T& (157 and 156 K, respectively). 
Mossbauer spectroscopy points to an “idle spin” behavior for FelrFe:“Fs(HzO)z: only FeX+ spins order 
at TN, while the Fe*+ spins remain paramagnetic between 157 and 35 K. Below 35 K, the hyperfine 
magnetic field at the Fe’+ nuclei is very weak: H hl = 47 kOe at T = 4.2 K. For MnFe?Fx(HZOb, MnZ+ 
spin disorder is expected at 4.2 K. This “idle spin” behavior is due to magnetic frustration. 

Introduction 

Hydrothermal synthesis has proved to be 
very successful for growth of transition 
metal fluorides (I). Low-temperature 
phases, ammonium compounds, or hy- 
drates are readily obtained by this tech- 
nique. The hexagonal tungsten bronze type 
FeF3(H20)0.33 (2), the modified pyrochlore 
NH4FenFen1F6 (3), a new form of NH4Mn 
FeF6 (4), recently described, all illustrate 
the versatility of the method. 

Above 4Oo”C, reducing conditions often 
dominate during hydrothermal experi- 
ments when platinum inserts are used. 
Hydrogen, formed by the reaction of para- 
sitic water with the steel wall of the auto- 
clave, slowly diffuses through the platinum 
tube. Mixed valence compounds then ap- 
pear: Fe”Fe:“F8(H20)2 is thus obtained 

from FeF3. The corresponding Mn” phase 
is also synthesized at lower temperature, 
starting from MnFz and FeF3. 

During editing of this paper, we learned 
that the structure of Fe1iFe:“F8(H20)2 was 
being published by Herdtweck (5). Hence, 
we only briefly present our structural 
results, which are close to Herdtweck’s 
data. We shall outline the different descrip- 
tions of the structure which explain the 
“idle spin” behavior of these phases; this 
peculiarity, due to magnetic frustration ef- 
fects, is deduced from susceptibility, mag- 
netization. and Mossbauer data. 

Experimental 

The growth conditions of the compounds 
of interest in 49% HF are presented in 
Table I. Good quality single crystals of 
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TABLE I 

EXPERIMENTALGROWTH CONDITIONS 

IFeN = 4M 4oo 
[FeFJ = 4M 205 50 

[FeFJ = 6 M 450 233 120 

[M~FzI = 5 M [FeF,] = 5 M 380 202 80 

Fe1’Fe~“F8(H20)2 were prepared in a 
platinum tube from FeF3. Crystals as large 
as 1.5 x 0.7 x 0.5 mm3 were available 
for single crystal neutron diffraction experi- 
ments (accepted at the ILL Institute in 
Grenoble). When gold tubes are used, FeF2 
must be added; under these conditions the 
crystals are small and poorly crystallized. 
Isotypic MnFe2Fs(HzO)z crystals are grown 
with MnFz replacing FeFz in the solution. 

The stoichiometry of these materials was 
established by classical chemical analysis 
of Fen, Fe”‘, Mn, and F (Table II). 

Laue and precession photographs show 
that Fe11Fe~‘1F8(H20)2 and MnFe2F8(H20)2 
are monoclinic, with space group C2/m (Ta- 
ble III) and Z = 2. Lattice parameters were 
refined from X-ray patterns obtained from a 
powder diffractometer (CuKol, internal 
standard W) (Table III); calculated and ob- 
served X-ray spacings of MnFe2F8(H20)2 
are presented in Table IV. 

Intensity data were collected on a CAD4 

TABLE II 

CHEMICAL ANALYSIS (wt%) AND SPECIFIC GRAVITY 
Wcm3) 

FeMHzO)Z MnFe2FR(H20X 

EXP Calc EXP Calc 

M” 0.148(12) 0.157 0.172(20) 0.155 
Fe”’ 0.318(20) 0.314 0.331(25) 0.315 
F 0.433(22) 0.427 0.447(25) 0.429 
P 3.19(9) 3.15 3.13(9) 3.15 

TABLE III 

EXPERIMENTAL DATA FOR Fe’1Fe:“Fx(H20)2 AND 
MnFe2FR(HZ0)2 

Fe”Fe:“Fx(HzO)> MnFe2F~lH~Ol> 

Symmetry: monoclinic ,,(A) 7.tti9(5) 7.5X9(6) 

space group: cwm KAI 7.514(h) 7 5OifX) 
Conditions of reflection: l,(A) 7.453(4) 7 44915) 

hkl h t k = 2n /3l”) llX.21(3) I IX lh(31 
z=2 V(.@, 375,s 374.3 

Nonius diffractometer’ from a single crystal 
of Fe1’Fe:1’F8(H20)2 (reflections measured: 
total = 1730, 2/m symmetry independent 
and IFI > 6@j) = 321). Operating features 
were as follows: MO!& radiation; graphite 
monochromator; scan mode w, sweep s = 
(0.80 + 0.35 tan 0)“; scintillation counter 
aperture: D = (1 SO + 1 .OO tan 0) mm; scan- 
ning speed u = (20.1166/NV)” min-’ with 

I Laboratoire de Chimie des Solides, L.A. No. 279. 
U.E.R. de Chimie, UniversitC de Nantes, Nantes. 
France. 

TABLE IV 

CALCULATEDAND~BSERVED 
X-RAY SPACINGS FOR 

MnFe2F8(HZOjz 

hkl d CdlC d “II< 

001 6.573 6.558 
110 4.996 5.003 
lli 4.889 4.890 
201 3.791 3.789 
020 3.752 3.758 
Ill 3.439 3.440 
200 3.349 3.348 
002 3.287 3.287 
021 3.258 3.262 
202 3.223 3.224 
227 2.667 2.669 
201 2.540 2.541 
220 2.498 2.500 
022 2.472 2.474 
203 2.431 2.433 
112 2.388 2.390 
31i 2.374 2.377 
130 2.343 2.340 
13i 2.332 2.335 
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TABLE V 

POSITIONAL ANDISOTROPICTHERMAL PARAMETERSOF Fe11Fe:‘1FR(HZ0)2 

xia" xla" ylb" ylh* zlc" ?lCb B,," (2, 

Fe” 0 t 0 0.95(X) 
Fe” a f 4 0.73(4) 
0 0.2423(9) 0.2437(4) 0 0.0435(10) 0.0412(4) 3.69(40) 
Fl 0 0.2925(7) 0.2954(2) 6 1.91(25) 
F2 0.1845(6) 0.1804(2) 0 0.441 l(7) 0.4383(2) 1.42(22) 
F3 0.1277(6) 0.1292(2) 0.2952(4) 0.2979(2) 0.2138(5) 0.2142(2) 1.53(16) 

Note. Origin in Herdtweck’s work was shifted from b/2 
u This work. 
* Herdtwerk’s work. 

NV integer; range measured: 8 < 35”, 0 < h 
<lo,-ll<k<+ll,-11<1<+llwithC 
restrictions. Corrections for Lorentz and 
polarization effects and for absorption 
(0.712 < A < 0.839) were applied. 

The structure determination was carried 
out with SHELX program (6) using a clas- 
sical procedure: direct methods, Fourier 
synthesis, refinement of positional and 
thermal atomic parameters. It leads to final 
R-factors including the isotropic motion of 
all non-hydrogen atoms: R = 0.034 (Rw = 
0.036), anisotropic: R = 0.025 (Rw = 
0.026). The results, very close to 
Herdtweck’s work, are specified in Table 
V, with only the equivalent thermal motion 
factor. The corresponding interatomic dis- 
tances are compared in Table VI. 

Mossbauer samples contained 5-6 mg/ 
cm3 of natural iron. The spectra given by a 

TABLE VI 

CHARACTERISTIC INTERATOMIC DISTANCES(&IN 
Fe”Fe:‘F8(H20)2 

This work Herdtweck’s work 

4x Fe*+-F3 
2x Fe2’-0 
2x Fe’+-Fl 
2x Fej’-F2 
2x Fe-“-F3 

2.095(3) 2.081(l) 
2.134(2) 2.115(3) 
1.929(l) 1.933(l) 
1.940( 1) 1.943(l) 
1.912(3) 1.914(l) 

triangular wave-form spectrometer were fit- 
ted using a least-square method (7). 

Between 4.2 and 300 K, the susceptibility 
was measured by the Faraday method; a 
vibrating sample magnetometer was used to 
obtain the magnetization data. 

Discussion of the Structure 

Examination of the interatomic distances 
within the coordination polyhedra clearly 
points to the fact that: 

-cationic order is established between 
Fe2+ and Fe3+ (8) 

-H20 molecules are placed at the non- 
bridging vertices of Fe” octahedra (hydro- 
gen atoms are approximately located in 
Herdtweck’s work (5)). 

The infrared study of Fe”Fe:“F8(HZ0)2 
provides further support for the presence of 
these water molecules. The spectrum ex- 
hibits an intense and narrow peak at 1650 
cm-‘, and a broad and intense maximum 
near 3450 cm-‘. The corresponding absorp- 
tion may be assigned, respectively, to the 
bending 8&o and the stretching vou vibra- 
tions. The first peak proves that bonded 
structural water molecules are present. If 
structural water were coordinated to iron 
atoms as hydroxyl groups, only the Van 
peak would be present. 

Pro@ctions of the structure on the (010) 
and (201) planes are exhibited, respec- 
tively, in Figs. 1 and 2. The cationic order 



This type of structure was first displayed 
by Gerand et a/. (9) using powder X-ray 
diffraction data on W03 . fH20. In this 
compound, however, the W040(H20) oc- 
tahedron, just as the Fe11F4(H20)2 octahe- 
dron in Fe11Fe~‘1F8(H20)2, is in an assyme- 
tric environment, with only one long 

BITE1 layers 
(H20)-W distance. 

Another description of this structure, re- 
FIG. 1. Projection of FeJIFel”Fs(HZO)Z along [OlOl: lated to the magnetic behavior, can be pro- 

Fe”’ octahedra a y = 4 and y = 3 project in identical 
fashion, but only the chain at y = f is drawn. 

vided: the Fe1”F6 octahedra buildup, at z = 
0.5, infinite perovskite-type layers con- 
nected by Fe” octahedra (Fig. 3). The for- 
mula may be written as [Fel’(HzO)J?+ 

between Fe2+ and Fe3+ is shown in Fig. 1. [Fe$“Fs12-, and the structure is comparable 
The formation of hexagonal tungsten to that of AMF4 (A = alkaline, NH:, Tl+) 
bronze (HTB) type layers is evidenced by 
Fe11Fe~‘1Fs(H20)2 (Fig. 2), similar to the 

compounds derived from the TlAlF4 struc- 
tural type (10, 11): namely, 

case of FezFs, 2H20, weberite, or of pyro- -the water molecules occupy the 
chlore structures. These (HTB) layers are alkaline ions positions; 
stacked along the [loo] direction, with a -the tilting mode of the Fe”‘F6 octahe- 
shift of b/2 from one to the next; their con- dra is a-bit-, according to the notation of 
nection is ensured by the axial fluorine at- Glazer (12), as modified by Hidaka et al. 
oms Fl of the FeltIF octahedra. The H20 (13) for layer compounds; 

I x=0 I x42 

FIG. 2. Projection of FellFe:“Fs(HZO)z along [lot)] on FIG. 3. Projection of Fe1’Fe:“F8(HZ0)2 along [IO21 on 
the (201) plane. the (001) plane. 
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molecules occupy the axial positions of 
Fe11F4(H20)2 octahedra at an equal distance 
from Fe2+ (d = 2.134 A); they point toward 
the center of hexagonal cavities of adjacent 
layers. 
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-the equatorial Fe3+-F- distances 
(1.929 and 1.940 A) in the perovskite layer 
plane are slightly longer than axial bonds 
(Fe”‘-F3 = 1.912 A); a similar discrepancy 
is observed in AMF4 compounds. 

Magnetic and Miksbauer Results 

Above the magnetic ordering tempera- 
ture TN = 160 K, the inverse susceptibility 
(Fig. 4a) obeys a Curie-Weiss law, which 
leads to 8, = -240 t 10 K and a molar 
Curie constant of 11. I t 0.9 (as compared 
to the theoretical value C, = 11.75). The 
relatively high value of l$ indicates that 
antiferromagnetic interactions dominate. 

( H20$ F:’ Fdl; F8 a 

14 T(E) 
0 100 156 200 300 

FIG. 4. Thermal variation of the magnetic inverse 
susceptibility (I/emu g-l) of Fe11Fei1’F,(H20)2 (a) and 
MnFezF8(HzO)z (b). 

FIG. 5. Magnetization versus the applied field for 
Fe1’Fe:“F,(H20)2: measurement were performed from 
18 to 0 kOe. 

Below TN, the variation of the magnetiza- 
tion versus the applied field (Figs. 5 and 6) 
is consistent with the presence of a weak 
superimposed ferromagnetism. The coer- 
cive field H, is at a maximum at 35 K (H, = 
1.3 kOe); this low value allows Fe’tFe:“Fx 
(H20)2 to be considered as a soft magnetic 
material. 

However, a sharp slope inversion of the 
remanent magnetization (T, (Fig. 7a) and x-’ 
curves occurs near 35 K. Only iron Moss- 

FIG. 6. Hysteresis loop of the ferromagnetic compo- 
nent in Fe”Fe~‘F8(H20)2. 
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FIG. 7. Thermal variations of the remanent magneti- 
zation (a) and the hyperfine fields (b) at Fe’+ and Fe+ 
for Fe”Fe~‘Fx(HzO)z, 

bauer spectrometry provides an explana- 
tion of this peculiar feature. 

The experimental Miissbauer spectra are 
presented at Fig. 8 and the corresponding 
characteristic Miissbauer data are listed in 
Table VII. 

-lo -5 0 .5 110 mm 

FIG. 8. MBssbauer spectra of (H20)2Fe”Fey’F8. 

TABLE VII 

M~SSBALJER DATA OF FelF8(H20)Z 

Fe’+ Fe?- 

6” 4 4&h H I‘ 6” AEC) H 1 
(mm xc-‘) (mm xc-‘) (mm XC’) (kOe) (mm set ‘) (mm set ‘) (mm set ‘) CkOe) (mm xc-‘) 

295 0.467(2) 0.540(4) 
160 0.546(2) 0.43 I(4) 
153 0.55(l) 0.38(4) 
77 0.57(l) 0.40(4) 
40 0.57(l) 0.38(4) 
35 0.57(l) 0.39(4) 
33 0.58(l) 0.39(4) 

4.2 0.58(l) 0.33(4) 

0.25(l) 

199(2) 
0.31(l) 
0.40(l) 

513(2) 0.32(l) 
556(2) 0.32(l) 
560(2) 0.34(l) 
567(2) 0.32(l) 
586(2) 0.38(l) 

1.400(2) 
I .425(2) 
I .427(2) 
I .472(2) 
1.470(2) 
1.470(2) 
1.44(l) 
1.46(l) 

2.216(4) 
3.155(4) 
3.175(4) 
3.394(4) 
3.340(4) 
3.336(4) 
3.34’ 
3.34’ 

,281 I) 
.28(I) 
.?I3 I) 
.34(l) 
.4ot I) 

0 ,441 I ) 
233) ,421 I) 
47(3) .42(l) 

” Isomer shift relative to Fe metal (T = 300 K). 
h Quadrupole shift of the outer Zeeman lines. 
’ Fixed values. 
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Very sharp lines are observed at all tem- 
peratures, even close to the magnetic or- 
dering temperature TN = 157 t 1 K, estab- 
lished by the thermal scanning method (14). 
The paramagnetic spectrum consists of two 
well-resolved quadrupole doublets: they 
are attributed to Fe?+ and Fe3+ in the molar 
ratio Fe2+/Fe3+ = 0.53 + 0.05. This value 
corroborates the stoichiometry. 

In the temperature range 157-35 K, the 
magnetic ordering on the Fe’+ site is estab- 
lished by the characteristic Zeeman sextet, 
while the quadrupole doublet of Fez+ re- 
mains unchanged. Below 35 K, this last 
doublet disappears and the spectra are fit- 
ted using two magnetic sextets. The ther- 
mal variations of the magnetic hyperfine 
fields at Fe nuclei (Fig. 7b) quantify these 
observations: it is clear that the magnetic 
ordering of Fez+ occurs only for T < 35 K. 
This order influences the magnetic hyper- 
fine field at the Fe3+ site and, as already 
mentioned, the susceptibility and the rema- 
nent magnetization decrease strongly. 

The paramagnetic portion of the inverse 
susceptibility curve (Fig. 4b) leads to 8, = 
-240 + 20 K and Cexp = 11 .O ? 1 .O (com- 
pared to the theoretical value C, = 13.12). 
Below TN, the inverse susceptibility de- 
creases in a regular manner; a weak super- 

FIG. 9. Hysteresis loop of the ferromagnetic compo- 
nent in MnFe2F8(H20)2 at T = 9 K. 

cl, ,p, mole-‘I 
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0.4. 
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‘:- 

TIKI 

0 100 ‘56 200 

FIG. 10. Thermal variations of the remanent magne- 
tization (a) and the hyperfine field (b) at Fe3+ for 
MnFezFs(HZO)Z. 

imposed ferromagnetism appears (Fig. 9). 
In contrast with FenFe~nFs(H20)2, the re- 
manent magnetization varies monotonically 
with temperature (Fig. 10a). 

The iron Mdssbauer spectrometry pro- 
vides an accurate determination of TN = 
156 * 1 K. The very simple spectra are 
characteristic of Fe3+: a quadrupole doublet 
and a magnetic sextet, respectively, above 
and below TN. No sharp variation of the 
magnetic hyperhne field (Fig. lob) was ob- 
served at low temperature; its value at 4.2 
K (585 + 2 kOe) (Table VIII) is identical to 
that of Fel’Fe~l’Fs(HzO)z (586 2 2 kOe). 

Discussion 

The most important feature of this work 
is the “idle spin” behavior of the magnetic 
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TABLE VIII 

M~SSBAUER DATA OF MnFe2F8(HZ0)2 

T 

(K) 
6” 

(mm set-I) 
4 

(mm set-‘) 
4&b 

(mm secl) 
H 

(kOe) 
I- 

(mm set -‘) 

295 0.473(2) 0.545(4) - - 0.28(I) 
157.5 0.548(2) 0.474(4) - - 0.31(l) 
153 0.54(l) - -0.87(4) 205(2) 0.50(I) 
77 0.57(l) - -0.86(4) 498(2) 0.36(l) 
4.2 0.59(l) - -0.70(4) 58X2) 0.32(l) 

o,h Remarks of Table VII. 

phase of Fe11Fe~1’F8(H20)2 between 157 and 
35 K: the Fe*+ magnetic moments remain in 
the paramagnetic state, whereas the Fe3+ 
sublattice is magnetically ordered. These 
latter ions lie in the perovskite planes de- 
scribed above (Fig. 3). Thus, FenFe~“F’~ 
(HzO)* may be considered as a 2-D mag- 
netic material in this temperature range. 
However, the relatively high value of TN, 
compared to that of the AMF, compounds, 
implies that the magnetic layers are 
strongly coupled by the Fe2+ spins. 

Preliminary information concerning spin 
orientation just below TN is expected from 
the quadrupole shift values under the as- 
sumption of an axial electric field gradient 
(EFG). On analyzing these values close to 
TN, the angle 8 between the main EFG axis 
and the magnetic hyperfine field direction 
may be derived. In the case of MnFe2Fs 
(H>O)?, the value 0 = 0” is unambig- 
ously calculated and AE, is negative. For 
FenFe!‘1F8(H20)2, two possible 0 values oc- 
cur: 8 = 90” (AE, < 0) or 8 = 36” (AE, > 0). 
Both compounds are isostructural, so it is 
likely that AE, is negative for both cases, 
and that the main EFG axis is along the 
same orientation. Then, 8 values are 8 = 
90” for Fe11Fe~1F8(H20)2 and f3 = 0” for 
MnFe2Fs(H20)2. Thus, just below TN the 
directions of Fe’+ magnetic moments would 
differ for these compounds. However, the 
particular 8 values (0” or 90”) are consistent 

perpendicular to the perovskite-type planes 
described above; this last case is always en- 
countered in AFeF, compounds (A = K, 
Cs) (15, 16). 

At T < 35 K the Mossbauer spectra of 
Fe11Fe~nFs(H20)2 were fitted using a fixed 
absolute value of the quadrupole shift AE, 
for Fe2+. Depending o n the sign of AE,, the 
fitted 6’ parameter is approximately 70 
(AE, < 0) or 35” (AE, > O), with the asym- 
metry parameter q assumed to be zero. 

The hyperfine field HhF at Fe2+ ion is very 
weak (47 -+ 3 kOe at 4.2 K) compared to 
that encountered in fluorinated bronzes: 
240-330 kOe (17). However, it should be 
compared to that found in Fe2F5, 2H20 
where Hhf = 41.1 kOe (18). 

This similarity is related to the existence 
in both structures of triangular arrays 
formed by one Fe’+ and two Fe’+ octahedra 
linked by corners. These units are part of 
hexagonal bronze type layers (presented in 
Fig. 2 for Fe11Fe:11F,(H20)2. The antiferro- 
magnetic interactions ( 19) cannot all be sat- 
isfied. Strong coupling between Fe3+ arise, 
and the antiferromagnetic exchange be- 
tween Fe3+ and Fez+ is thereby con- 
strained. In Fe2FS, 2H20, Mossbauer spec- 
troscopy shows that Fe2+ and Fe’+ 
magnetic sublattices order at the same tem- 
perature. Fe11Fe!11F8(H20)2 behaves differ- 
ently: the frustration is minimized by main- 
taining the Fe2+ spins in the paramagnetic .~ 

with Fe3+ spins that are either parallel or state (35 K < T < 157 K). In this last struc- 
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U-e, when Mn2+ occupy the Fe?+ positions, 
only identical d5-d5 interactions occur; the 
absence of any strange features of the x-r, 
CR, and Hhf curves leads to the supposition 
that MnFe2Fs(H20)2 is also an “idle spin” 
compound. 

A planned determination of the magnetic 
structures will be necessary to characterize 
the type of frustration adopted in these 
three compounds (20). 
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