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Three new hydrated fluorides of Mn** have been obtained from Ni2* (or Cu?*) and Mn?** solutions in
40% hydrofluoric acid: NiMnFs - 7H,O, CuMnF; - 7H,0, and Cu;Mn,F, - 12H,0. The monoclinic
symmetries and the lattice constants of the two heptahydrates have been established. The crystal
structure of Cu,Mn,F,, - 12H,O has been refined using single-crystal X-ray diffraction data: it is
triclinic with space group P1 and parameters a = 7.568(1) A, b = 7.558(1) A, ¢ = 8.168(1) &, a =
91.32°, B = 89.72°, y = 92.61°, Z = 1; R = 0.046 for 4040 independent reflections. It is isostructural
with the homologous V, Cr, and Fe compounds. It can be considered as an inverse perovskite with
formulation {MnF]{MnF¢,]{Cu(H,0),F;,];. Whereas the two heptahydrates are paramagnetic down
to 2 K, a spontaneous magnetization occurs below 7, = 3.8 = 0.2 K for CusMn,F;, - 12H,0.
Hypotheses have been proposed to account for the field dependence of the magnetization by taking

into account the superexchange mechanisms between two Jahn-Teller ions.

Compounds containing Mn** ions in oc-
tahedral coordination are generally associ-
ated with a cooperative Jahn-Teller ef-
fect. Ferro- or antiferrodistortive orderings
result from particular arrangements of the
outer d orbitals, yielding antiferro- or ferro-
magnetic couplings, respectively (7).

Further attractive features may arise
from cationic orderings between trivalent
manganese and other d-cations presenting a
Jahn-Teller effect or not.

This research is devoted to the synthesis
and the determination of the crystal struc-
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ture and the magnetic properties of hy-
drated fluorides obtained from hydrofluoric
acid solutions, in which Mn’*" is associated
with either Ni?* or Cu?*. In the first system,
only one compound has been obtained,
NiMnFs - 7H,O, whereas, in the second,
two phases have been characterized,
CuMnF; - 7H,0 and CusMn,F); - 12H,0.

1. Experimental

A. Synthesis

NiMnFs - 7H,0. Mn,0,, prepared as de-
scribed elsewhere (2), was dissolved in 40%
HF solution. A solution of Ni** was ob-
tained by dissolving NiCO; in the same re-
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agent. Both fresh warm solutions were
mixed with an NiZ*:Mn?' molar ratio of
1:1 and the resulting solution was allowed
to stand overnight at room temperature.
Red-brown crystals were grown which

were cn/\l\pggn:nl\l ul)ghnr‘ lﬂ AnW h\/drn_
(VLT oh e | nyunv

fluoric acid, in ethanol, and then dned in a
water vapor free atmosphere. An identical
process was tested for various Ni?' : Mn3*
molar ratios, i.e., from 4:1 to 1:4 at room
temperature and at 50°C. In every case, the
same crystalline phase was obtained, exhib-
iting identical X-ray powder patterns.
CuMnFs - 7H,0. A solution of CuF,
(0.01 mole) in 40% hydrofiuoric acid was
mixed with a solution of Mn?* (0.01 mole)
prepared using the previously described
method. Crystals were grown by very slow
evaporation at room tcmperature for 2-3
weecks. The red-brown platelets were
washed and dricd as above. A similar phase
was obtained with Cu?* : Mn** molar ratios
1 to 1:2. The crystals ex-
hibited dichroic properties and their color
changed from red-brown to light-green by
90° rotation under polarizing light.
CusMnyF,; - 12H,0. This phase was pre-
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tions, but in this case the crystallization
was carried out at slightly higher tempera-
ture (50°C). Crystals have a dark red color
and have a block-like shape. They were ob-
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B. Elemental Analysis

The content of the transition elements
was determined by spectrophotometric
methods and fluoride ions were titrated us-
ing an ion-selective electrode. The experi-
ments were carried out at the Service Cen-
tral d’Analyse du CNRS. The water
content was obtained using a thermogravi-
metric technique. Typical dehydration
curves are given in Fig. 1. Ten-milligram
samples were set in a platinum crucibie.
The experiments were carried out in a flow
of dry nitrogen at a heating rate of 50°C/hr.
A change in the slope was observed in all
cases slightly above 90°C; the heating pro-
cess was stopped at about 100°C and the
samples were let at this temperature for

a 1 h ¢ ' i
several hours to achieve the dehydration.

For CuMnF;s - 7H,0 (Fig. 1, curve b), the
dehydration process started at lower tem-
perature. A first change in the slope was
noticed at about 70°C, which could corre-
spond to the transitory occurrence of an in-

termediate hydrate. Analytical data of the
three hydrates are given in Table L

C. X-Ray Diffraction and Magnetic
Characterizations

The crystal symmetries of the heptahy-
drates were obtained from Laue and Weis-
senberg photographs. Their lattice con-
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2:1and 1:2. from powder patterns with internal stan-
TABLE ]
ANALYTICAL DDATA

Compound N1 Cu Mn F H.O

. - exp. (%) 17.5 16.1 27.6 373

NiMnks-THO - e o 175 164 284 317

) exp. (%) 18.2 15.6 27.5 354

CuMnF - THO - e, (9%) - 18.7 162 279 371

. . exp. (%) 24.8 14.2 30.2 29.0

CuMnFro - 12H0 o0 (%) - 25.6 147 306  29.0
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FiG. 1. Dehydration curves of NiMnF;s - 7TH,0 (a), CuMnF;s - 7TH,0 (b), and CusMn,F,, - 12H,0 (c).

constants were refined from 25 high-angle
reflections. The crystallographic data of the
three phases are grouped in Table II.

The magnetic characterization was car-

dards. The crystal structure of CusMn,F,, -
12H,0 was determined on a 4-circle diffrac-
tometer (CAD4, Enraf-Nonius, MoKa;
graphite monochromator). The unit-cell

TABLE I
CRYSTALLOGRAPHIC DATA

NiMnF; -7H,0

CUMnF5 . 7H20

CusMnyF; - 12H,0

Monoclinic Monoclinic Triclinic
Symmetry: C2/m P2,/c P1
Lattice constants a = 11.089(5) A a= 8.97905) A a=7591)A a=9132
(room temperature) b = 14.063(5) A b = 18.237(5) A b=17581)A B =897
c= 63755 A c = 6.0105) A c=8.168(1) A vy =9.6I°
B = 100.39° B = 96.40°
Pexp. (& - €M) 2.26 + 0.02 2.34 = 0.02 2.65 + 0.02
Peate. (& - cm~3) 2271 (Z=4) 231(Z=4) 266(Z =1
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ried out from 1.8 to 300 K using a Faraday-
type microbalance and a Squid magnetome-
ter. Magnetic fields were applied up to 6 T.

I1. Lattice Constants of the Heptahydrates
NiMnF;s - TH,0 and CuMnF; - TH,0

Hydrated fluorides with AMUM'UF,
7H,0 formulation have been found for most
3d-elements having stable divalent and/or
trivalent oxidation states. Their dehydra-
tion processes have been widely investi-
gated since the early works of Petersen
(3-7). Although these phases have been
characterized using numerous physical
methods—in particular magnetic and
Méssbauer studies on Fe-based compounds
(8-10)—the determination of the unit cell
and symmetry is still a subject of contro-
versy.

Gallagher and Ottaway (/1) have pro-
posed for several members of the series a
triclinic symmetry with lattice constants of
abouta=6.5A,b=89A,c=104A,a=
106°, B = 123°, y = 83°. These proposals are
essentially based on precession photograph
data of Fe,Fs - 7TH,0 (5). On the other hand
Bukhvetskii et al. (14) determined the com-
plex structure of ZnInFs - 7H,O in which
[Zn(H,0)), [InFg)], and [InF«(H,0),] units
are present.

The only complete structural analysis
carried out on a single crystal of a transi-
tion-metal-based heptahydrate has been
performed by Massa on CoAlFs - TH,0 (i2,
13). The structural network is formed of ar-
rangements of [Co(H,0)s] and [AIFs(H,0)}
octahedra in which F anions and H,O
groups are disordered. These octahedra are
connected by a three-dimensional array of
hydrogen bonds.

A comparison of the symmetry (C2/m)
and lattice constants of CoAIFs - TH;0, a =
10917 A, b = 13863 A, ¢ = 6.525A, 8 =
100.3°, with those of NiMnFs - 7H,0 clearly
shows these two phases to be isostructural.
The indexation of the X-ray powder pattern
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of NiMnFs - 7H,0 is given in Table 111 to-
gether with that of CuMnF;s - 7H,0. One
may notice that the new type of unit cell
characterizing the latter compound might
be due to the presence of two Jahn-Teller
ions in the structure.

HI. Crystal Structure of
Cll3Ml‘IzF|2 . 12"20

Data collection was carried out on a
dark-red crystal of Cu;Mn,F;; - 12H,0 of
dimensions 0.20 x 0.13 X 0.05 mm? by w-
scans corresponding to 0.9 + 0.35 tan 6 and
to additional 25% on each side of the reflec-
tion for background determination. In the
range 1° < 6 < 40° of the +h, *k, */ oc-
tants, 5975 reflections have been measured
to yield 5640 independent reflections (Riq.
= 2.3%); 4040 of them with F, > So were
used for full-matrix refinement (15-17). A
numerical absorption correction has been
applied (absorption coefficient g = 47
cm™'). The atomic parameters of the iso-
typic iron phase (/8) were chosen as start-
ing set. Scattering factors were taken from
(19) and the influence of anomalous disper-
sion (20) was included. Anisotropic temper-
ature factors were refined for all atoms ex-
cept hydrogen. The water molecules were
treated as rigid groups (O-H, 0.75 A;
H-0O-H, 104.4°) and isotropic thermal par-
ameters were refined for the H atoms. An
extinction correction F.corr) = FJ(1 -
¢F?/sin 0) was applied with ¢ refined to 1.6
x 107%. Based on the minimalized function
Ew(|F,| — |Fc|)?, where wis 1/a¥(F,), the
weighted R factor converged to R, =
0.0461 and the conventional R factorto R =
0.0459.

The resulting positional and equivalent
isotropic temperature factors are given in
Table 1V, selected interatomic distances
and angles in Table V.

The structure of CusMn,F;; - 12H,0 is
similar to those of the homologous phases
with M(I11) = V, Cr, or Fe (I8). The pres-
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TABLE 111
X-RAaY POwWDER PATTERNS OF NiMnF; - 7H,0 (A) AND CuMnF; - 7H,0O (B)
dobs. deale. dobs. dcglc. dobs. dealc. dobs. dealc.
Lo (A) Ay hkl Ie @A) Ay hkl L, (A) A hkl Lk &) A hkl
A B
S 47 4758 111 2228 421 5037 111 2287 222
S 467 4680 021 w2225 {2.225 350 Vw504 {5.024 130 o 583 ]2285 152
VS 453 4540 201 VW 2206 2.196 061 4575 111 : 2281 171
VS 430 {4.309 220 2160 422 VS 456 14559 040 2280 080
: 4307 130 M 2163 {2160 511 4544 121 VW 2202 2202 232
S 379 379 201 2.159 312 S 446 4462 200 VW 2154 2155 411
M 353 3520 310 W 2022 2027 351 S 419 419 121 2130 062
M 3.15 3135 002 W 2013 2012 152 VW 397 3969 131 VW 2129 {2.130 081
VW 310  3.091 112 1.973 530 3.189 240 2128 252
M 2865 {2.863 022 YW 197 {1.976 170 § 319 {3.184 221 o 54y [2112 421
: 2863 311 W 1911 1.907 442 W 298 298 002 : 2.110 162
S 2780 2780 241 W 1904 1902 171 Wo2944 2947 012 Lo 5000 {2 091 351
VW 2741 {2.727 222 W 189 1895 402 W 2881 {2.887 151 : 181
: 2727 400 W 1850 1.843 203 : 2877 160 o o {2 055 361
W 2577 {2.576 312 W 1.825 1.825 403 W 284 {2.828 320 : 2053 181
: 2576 241 VW 1810 1812 532 : 2.824 250 W 2031 2.030 280
VW 2534 2540 151 W 1.794 1797 043 M 2790 2791 122 2.007 342
S 249 2509 421 1.767 423 VW 2740 2741 102 2.005 411
M 2385 2379 222 M 1767 {1.766 461 W 271 {2.711 112 YW 2003 { 440
W 2.265 {2.272 402 . 2709 061 302
: 2264 242 W 2680 2680 032 985 262
W 2640 2641 132 o oo, 1983 252
M 2620 2620 202 : 1979 013
W 2598 2594 212 1979 113
W 2555 255 161 1.954 361
VW 2535 2535 331 M 1954 11.953 322
2501 170 1952 281
W 2499 {2499 132
2.498 042

Note. VS: very strong;

ence of a second Jahn—-Teller ion (d* high-
spin Mn?*) leads only to minor modifica-
tions. [MnFg] groups are connected via
planar [Cu(H;0),] units in three directions
(Fig. 2) to form a pseudocubic network
of corner-connected [MnFg;] and trans-
[Cu(H,0)4F,;] octahedra. In the center of
each pseudocube an additional isolated
[MnFq] group is located. To emphasize the
anti-perovskite-type relation (I8) the for-
mula may be written: [MnFgl[MnFgs,]
[Cu(H,0)4F;,];. Both [MnFg] octahedra
show the typical elongation which charac-
terizes the Jahn-Teller effect, as do the
[Cu(H,0),F57] octahedra along their F-—
Cu-F axis.

The elongated axes of the [MnFg] octahe-
dra at the corners of the pseudocube show
ferrodistortive  ordering  along the

S: strong; M: medium; W: weak; VW: very weak.

FiG. 2. Structural arrangement of [CuF,,(H,0),] and
[MnF] octahedra in Cu;Mn,Fy, - 12H,0 (origin shifted
by 0, 1/2, 0).
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TABLE IV
FrACTIONAL COORDINATES AND TEMPERATURE FAcTORS FOrR Cu;Mn,F);, - 12H,0

Atom x y z Un Un Uss Uy Uy Un
Cul .0000 0000 .0000 .0204(2) .0159(2) .0167(2) —.0005(1) —.0022(1) .0007(1)
Cu2 .0000 .5000 5000 0214(2)  .0173(2) .0187(2) 0006(1)  —.0007(1) .0004(1)
Cu3 5000 .5000 .0000 .0223(2) .0176(2) .0181(2) 0005(1) —.0022(1) .0016(1)
Mnl 0000 5000 .0000 0179(2)  .0127(2) .0167(2) .0006(1) —.0013(2) .0002(1)
Mn2 .5000 0000 .5000 .0189(2) .0149(2) .0149(2) 0004(2) —.0011(2) .0003(2)
F1 .0924(2) .2831(2) .9706(2) .0277(8) .0151(6) .0325(8) .0008(6) .0022(6) .0023(5)
F2 J0958(2) .5743(2) .7690(2) .0310(8) .0222(7) .0214(7) —.0003(5) -—.0016(6) .0024(6)
F3 .2220(2)  .5867(2)  .0939(2) .0233(7) .0279(7) .0244(8) —.0010(6) —.0018(6) —.0004(6)
F4 4187(3)  .0891(2) .7023(2) .0345(9) .0249(7) .0229(8) —.0050(6) .0026(7) .0018(6)
FS .2392(2)  .9931(2) .4140(2) .0251(8) .0342(9) .0247(8) —.0009(7) —.0034(6) .0019(6)
Fé6 4584(3) .7740(2) .5783(2) .043(1) 0181(7)  .0263(8) 0042(6) —.0045(7) —.0025(6)
01 .1019(3)  .9248(3) .7884(3) .030(1) .0214(8) .0218(9) —.0008(7) .0028(7) —.0011(7)
02 2310(3)  .9645(3)  .1041(3)  .028(1) .0234(8) .0227(9) —.0028(7) —.0061(7) .0046(7)
03 .0349(3) .2492(3) .5437(3) .032(1) .0198(8) .031(1) .0008(7) .0038(8) .0020(7)
04 .2448(3)  .5238(3) .4190(3) .025(1) .032(1) .025(1) .0001(8) .0024(7) —.0017(7)
05 4810(3)  .2594(3) .0929(3) .038(1) .0250(9)  .027(1) .0060(8) —.0063(8) —.0069(8)
06 .4039(3) .4230(3) .7872(3) .0254(9) .0237(8) .0229(9) —.0026(7) —.0025(7) .0018(7)
H1 .1894(3) .9696(3) .7659(3) .04(1)

H2 .1198(3) .8275(3) .7872(3) .04(1)

H3 .2304(3)  .9693(3) .1963(3) .06(2)

H4 .2612(3)  .8729(3) .0834(3) .10(3)

H5 .1022(3)  .1982(3) .4963(3) .05(1)

H6 —.0423(3) .1838(3) .5538(3) .08(2)

H7 .2401(3) .5480(3) .3302(3) .06(2)

HS8 .3000(3)  .5983(3) .4584(3) .09(2)

H9 .4937(3)  .2616(3)  .1844(3) .04(1)

H10 .3983(3) .2016(3) .0796(3) .08(2)

H11 3135(3)  .4532(3) .7658(3) .05(1)

H12 .4030(3)  .3277(3)  .7580(3) .06(2)

c-direction, but the lengthening of this axis
with respect to a and b is already present to
a similar extent in the compounds contain-
ing trivalent non-Jahn-Teller cations. The
elongation must be ascribed, therefore, to
the influence of hydrogen bonds (Table VI)
which are strongest toward the F2 ions
bridging Mn3* and Cu?* ions along the c-
direction. The F3 ions which constitute
bridges in the direction of the a-axis are
considerably less involved in hydrogen
bonding and the F1 ions (bridging in the b-
direction) are not at all. The hydrogen bond
topology appears to be essentially the same
as in the V, Cr, and Fe compounds (18).
The isolated [MnFg] unit at the center ex-

hibits essentially the same elongation as the
corresponding groups within the frame-
work, but with its long axis pointing in the
a-direction. Thus the a parameter (a
7.568 A) which in the Cr, V, and Fe com-
pounds is the shortest one (a 7.468,
7.508, and 7.504 A) becomes even slightly
longer than the b parameter (b = 7.558 A
compared with 7.595, 7.607, and 7.612 A
for the Cr, V, and Fe phases, respectively).

IV. Magnetic Properties

1. NiMnFs - 7H,0 and CuMnFs - 7H,O

The two heptahydrates follow a Curie
law in the temperature range 2.2-300 K as
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TABLE V
SELECTED INTERATOMIC DISTANCES (A) AND

ANGLES (DEG) IN Cu;Mn,F;; - 12H,0.
Mnl1-Fl1 1.822(2) Cul-01 1.972(2)
Mnl1-F2 2.098(2) Cul-02 1.979(2)
Mnl-F3 1.931(2) Cul-FI 2.239(2)
Mn2-F4 1.882(2) Cu2-03 1.967(2)
Mn2-F5 2.096(2) Cu2-04 1.966(2)
Mn2-F6 1.851(2) Cu2-F2 2.364(2)
Mean Mn-F,, 2.097 Cu3-05 1.986(2)

Mn-F, 1.872 Cu3-06 1.953(2)

Mn-F 1.947 Cu3-F3 2.352(2)
Mean Cu-O 1.971 01-Cul-02 88.9(1)

Cu-F 2.318 O1-Cul-Fl 86.8(1)

02-Cul-F1 93.1(1)

Fi-Mnl-F2 90.0(1) 03-Cu2-04 90.6(1)
F1-Mn1-F3 90.9(1) 03-Cu2-F2 89.2(1)
F2-Mnl-F3 91.1(1) 04-Cu2-F2 89.4(1)
F4-Mn2-F5 91.1(1) 05-Cu3-06 94.2(1)
F4-Mn2-F6 88.2(1) 05-Cu3-F3 95.7(1)
F5-Mn2-F6 88.9(1) 06-Cu3-F3 92.1(1)
Mnl-F1-Cul 136.86(9) Mni-F2-Cu2 132.42(8)
Mn1-F3-Cu3 123.86(8)

Note. All cations are situated at a center of symme-

try.

shown in Fig. 3. The Curie constants have
been deduced from the thermal variation of
the molar susceptibilities corrected for
diamagnetism. The values of the suscepti-
bilities are consistent with those of two in-
dependent paramagnetic ions. The experi-
mental C, are compared below with
calculated ones using theoretical spin-only
values of the individual ions and an average
2 value of 2.24 for Cu?*:

6, (x2K) Cn(exp.) Cp(calc.)
NiMnoF; - 7H,0 0 4.32 4.0
CuMnF; - 7H,0 0 3.51 3.47

It may be noticed that below 4 K neither
a minimum value has been observed in the
x~! = fT) curves—as noted for Fe,F; -
7H,0 and FeCoFs - TH,0 (21)—nor a field
dependency of the magnetization. Mn3*
ions in octahedral coordination (with #3,d}:

NUNEZ ET AL.

dY:_,: electronic configuration) exhibit a
Jahn-Teller effect generally associated
with an ordering of the d,: orbitals. This or-
dering, which gives rise to the presence of
only one unpaired electron along one of the
bonding directions, weakens the Mp3‘-
X. . . X-M?* superexchange interactions
relative to those observed along all axes for
either Fe3*(#3,¢2) or Co’*(13,¢2).

2. Cu;anFn ‘ 12H20

The thermal dependency of the recipro-
cal susceptibility is given in Fig. 4. In the
concerned temperature range, a linear vari-
ation is observed with a very small 8, value.
The experimental Curie constant (C(exp.)
= 7.40) is in excellent agreement with that
calculated using spin-only values of the in-
dividual ions and the average g value of
2.24 for Cu?* (Cy(calc.) = 7.41). Below 4 K
a spontaneous magnetization M, occurs
when the material is zero-field cooled. The
ordering temperature Tc = 3.8 + 0.2 K can
be obtained from the My = f{T) curve given
in Fig. 4. The ficld dependency of the mag-
netization is shown in Fig. 5: the experi-
mental values have been measured at dif-

TABLE VI
HYDROGEN Bonbps [d(O. . .F) < 2.8 Al IN
CUJanFu . |2H20
dO. . .F) O-H-F
(A) (deg)
At Cul OIl1-Ht. . .F4 2.745 179
Ot-H2. . .[F2 2.648 164
02-H3. . .F5 2.536 176
At Cu2 O3-HS. . .F§ 2.724 160
03-H6. . .F5’ 2.729 178
04-H7. . .F3 2.716 174
0O4-H8. . .F6 2.741 173
At Cu3 05-HY. . .Fé 2.746 170
06-Hl1l. . .F2 2.650 163
06-HI12. . .F4 2.609 174
Mean O-H. . .F 2.684 171
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Fi1G. 3. Thermal dependency of the reciprocal molar susceptibility of NiMnFs - 7H,0 and CuMnF; -

7H,0.

ferent temperatures for magnetic fields
decreasing from 50 kOe to zero.

As explained above, the structure can be
described as a 3D-network of ordered
[Cu(H,0)4F;,] and [MnFg,,] octahedra shar-
ing 2 and 6 vertices, respectively. The for-
mula of this arrangement is Cu;MnF,
(H,0),> and it is completed by an additional
isolated [MnFg] octahedron occupying the
center of the pseudo-cube. Magnetic cou-
plings in 3D fluorides can be largely ex-
plained using the Goodenough-Kanamori
superexchange rules (22). However, one of
the critical points is the dependence on M-
F-M bridging angles, 180° being the opti-
mum case. Pebler et al. (23) recently
showed the influence of angle deviation on
the value of the exchange constants in Mn?**
fluorides.

Although in the present case the angular

deviation from 180° may attain 56°, ferro-
magnetic superexchange couplings can be
expected to occur between filled d,: Cu?*
orbitals and half-filled d,, Mn3* orbitals via
the fluorine p orbitals along the c-axis.
These interactions which could be en-
hanced by stronger hydrogen bonds might
lead to ferromagnetic -Mn-Cu-Mn-
chains coupled antiferromagnetically via
empty d,:_,: orbitals of Mn** and filled d.:
orbitals of Cu?'. In such an assumption, the
resulting moment, calculated in the colinear
model would be of 1 ug mole~! from the
spin-only moment conditions. Although a
close value is observed at 1.95 K for the
remanent magnetization (M = 0.9 pup
mole~'in Fig. ), it results from the value of
the extrapolated zero-field moment (M = 4
wp mole 1) and from the absence of a fur-
ther saturation up to 50 kOe that a more
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FiG. 4. Thermal dependency of the reciprocal molar susceptibility and spontaneous magnetization of
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complex model can be sought. Noncolinear
models involving either ferrimagnetic inter-
actions or antiferromagnetic ones between
next nearest neighbors could be taken into
account. The synthesis of a deuterated ma-
terial is in progress in order to determine
the magnetic structure by neutron diffrac-
tion.
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