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The magnetic properties of the new chlorofluoride series
Ba,MM'F,Cl (M, M’ =Mn, Fe, Co, Ni, Zn) have been investi-
gated by susceptibility and magnetization measurements on pow-
der or single-crystal, Mossbauer spectrometry, and neutron
diffraction experiments. Our results allow a direct comparison
with the magnetic behavior of the well-known series BaMF,
(M=Mn, Fe, Co, Ni, Cu, Zn), whose structure is closely related
to the chlorofluoride structure. High-temperature series expan-
sion has been used in the case of the manganese and nickel
compounds to determine the average magnetic exchange para-
meter. Mossbauer acquisitions on the Ba,Fe MF,Cl series show
that, despite the close similarity between the magnetic suscep-
tibilities, hyperfine structure is greatly disturbed by chlorine
substitution. The other main difference between both series is the
absence of the spin—flop transition observed on the manganese
fluoride and in the field-dependent transition observed on the
nickel chlorofluoride. Indeed, the field dependence of the magnet-
ization of a Ba,Ni,F,Cl single crystal shows the existence of
a magnetic transition when (H) is parallel to (c). The determina-
tion of the magnetic structure of Ba,Ni,F,Cl by neutron powder
diffraction allows us to propose a qualitative explanation of this
transition. We also report the magnetic structure determination
in the case of the cobalt compound. In both cases (Ni or Co
compounds), the magnetic structures are closely related to those
of the corresponding fluorides. The magnetic structure of the
mixed compounds Ba,MnNiF,;Cl and Ba,FeCoF,Cl are also
reported. © 1997 Academic Press
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INTRODUCTION

The magnetic properties of the compounds BaMF,
(M = Mn, Fe, Co, Ni, Cu) have been intensively investi-
gated using several techniques (magnetic measurements,
neutron diffraction, etc.) due to their peculiar crystal struc-
ture (1-5). This structure consists of puckered sheets of
[MF¢] corner-sharing octahedra, resulting from crystallo-
graphic shear in the perovskite-type structure, parallel to
the (110) planes. These layers are separated by nonmag-
netic Ba? " ions, and their magnetic behavior corresponds to
a rather perfect bidimensional system. Magnetic structures
have been reported in the case of Mn, Fe, Co, and Ni
compounds (1, 3, 4, 5). The structural features described
above allowed the determination of the intralayer exchange
parameter using high-temperature series expansion. Single-
crystal neutron diffraction experiments have been per-
formed for BaCoF, and BaMnF, and, for the latter, an
inelastic scattering study allowed the authors to determine
the two intralayer exchange parameters (1).

Recently, the crystal structure of a new chlorofluoride
series Ba,MM'F,Cl (M, M’ = Mn, Fe, Co, Ni, Zn) was
determined and reported (6). This structure directly derives
from that of the BaMF, series. In the chlorofluorinated
compounds, the ordered substitution of a chlorine for a flu-
orine atom leads to the structural modification briefly de-
scribed below. This lets us think that it could be possible to
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make an interesting comparison between the BaMF, and
Ba,M,F,Cl series from the magnetic properties point of
view. This paper is then devoted to the study of the magnetic
susceptibility of these compounds, to the neutron diffraction
study of Ba,Co,F,Cl, Ba,Ni,F,;Cl, Ba,MnNiF,;Cl, and
Ba,FeCoF,Cl compounds, and finally to the Mdssbauer
study of the Ba,Fe MF;Cl compounds.

SYNTHESIS AND EXPERIMENTAL DETAILS

As previously described in (6), all the samples of the series
Ba,MM'F,Cl (M, M' = Mn, F, Co, Ni, Zn) were prepared
by solid state reaction, in sealed gold tubes under argon,
from stoichiometric mixtures of the corresponding halides.
As crystallization was very easy to achieve, single crystals of
Ba,Ni,F,Cl, used for magnetic measurements, were ob-
tained by direct melting and slow cooling (—6°C/h) of a
large amount of pure powder of Ba,Ni,F,Cl.

Susceptibility and magnetic measurements were per-
formed using the Faraday method and a vibrating sample
magnetometer, or with the help of a SQUID magnetometer
(Quantum Design MPMS 58).

Maossbauer spectra were performed in transmission geo-
metry, using a constant acceleration signal transducer and
a *>’Co source diffused in a rhodium matrix. The samples
consist of a mixture of polycrystalline powder (about
100mg) and boron nitride. The experiments were carried
out in a bath cryostat in the temperature range 4.2-300 K.

Neutron diffraction experiments were performed at the
Laboratoire Léon Brillouin (Saclay, France) G4.1 and D1A
powder diffractometers, in the 4.2-300K and 1.5-300K,
respectively, temperature ranges. All the calculations were
performed using the program FULLPROF (14).

STRUCTURAL FEATURES, A BRIEF REVIEW

As stated above, the crystal structure of the Ba, M M'F,Cl
series derives from the BaZnF, structural type (7) and con-
sists mainly of parallel puckered sheets of [(M, M')F5CI]
octahedra (Fig. 1). These sheets are parallel to the (100)
plane.

Inside each sheet, the ordered substitution chlorine—fluor-
ine provides a cooperative rotation of the octahedra around
the b axis (i.e., their pseudo-binary axis). Consequently, it
prevents them from rotating around their pseudo-quarter-
nary axis, as has been observed in the case of the corres-
ponding fluorides (Fig. 2) (7, 8). This feature causes the
lowering of the symmetry, from orthorhombic A2;am down
to monoclinic P2/m. The difference between the ionic radii
of the two halides implies also a distortion of the octahedra
along their binary axis. Along the ¢ axis there is a succession
of one short M—M distance (via fluorine) and one long
M-M distance (via chlorine). Figure 3 and Table 1 allow
one to better understand the differences concerning the

FIG. 1. Perspective view along [0 1 0] (left) and [0 O 1] (right) of the
crystal structure of the Ba, M,F;Cl compounds.

magnetic interaction pathways. It must be noted that no
cationic order is observed in the whole Ba,M M'F,ClI series.
The observation of a statistical disorder has been unam-
biguously shown by neutron diffraction (see below the case
of Ba,MnNiF,Cl) and by Md&ssbauer spectrometry.

MAGNETIC MEASUREMENTS

The thermal variation of the reciprocal molar magnetic
susceptibility has already been reported for all the com-
pounds (Fig. 4). These measurements show the presence of
antiferromagnetic interactions leading to a 3D antiferro-
magnetic ordering. This antiferromagnetic behavior is in
agreement with the semiempirical Kanamori-Goodenough
rules (9, 10) for octahedra sharing vertices. In the series, the
field dependence of the magnetization is linear except for

FIG. 2. Perspective view along [1 0 0] (left) and [0 0 1] (right) of the
crystal structure of the BaMF, compounds.
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FIG. 3. Representation of the different superexchange pathways in the
BaMF, compounds (above) and the Ba, M,F,;Cl compounds (below).

Ba,Ni,F,Cl, but in this latter case a further study reported
below has validated our measurement.

Moreover, we can notice that the 2D character of the
system leads to a large broadening of the 1/ minima for all
the compounds. The temperature range around this min-
imum corresponds to the existence of a short-range order
inside each sheet and then T,,;, is not equal to Ty, which is
determined by the inflection point after the minimum of the
inverse susceptibility curve. This is a well-known feature of
layered compound magnetic behavior (11), and BaMF,
series provides a good example of such behavior. The Néel
temperatures for the fluorinated and chlorofluorinated
series are reported in Table 2a. The comparison of Ty for
each transition element showed that the magnetic behavior
of both series was basically similar. In Table 2b the values of
the Néel temperature for each mixed compounds are re-
ported.

TABLE 1
Main Angles and Distances Related to the Superexchange
Pathways in BaMF4 and Ba,M,F,Cl Series

BaMF, J (via F4) dy-u~42 A (M-F4-M) ~ 167°
J' (via F3) dy-m~39 A (M-F3-M) ~ 149°

Intersheet distance d ~ 6.0 A
BaM,F;Cl J (via F4) dy - ~39 A (M-F4-M) ~ 148°
J (via F2) M-m %39 A (M-F2-M) ~ 156°
J” (via C1) dy-u~50A (M-C1-M) = 160°

Intersheet distance d ~ 6.0 A
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FIG. 4. Thermal variation of the reciprocal molar susceptibility for
Ba,Mn,F,ClI (full circles) and BaMnF, (open circles). Solid line represents
the high-temperature series expansion.

(a) BazMn2F7Cl

It can be seen from Fig. 4 that, over 150 K, reciprocal
susceptibility obeys to a Curie—Weiss law (circles). We found
Op ~ — 882K, and C ~9.18 emu K mol ™!, the spin-only
value being 8.75emu Kmol ™! for two Mn?*. As stated
before, a broad minimum in reciprocal susceptibility occurs
between 150 K and the Néel temperature. Actually, the Néel

TABLE 2
Magnetic Data Related to (a) Ba,MF,F;Cl Series (Italic
Data Correspond to the Corresponding Fluoride) and (b)
Ba, MM'F,Cl Series

(@)

M TR 1) T e () e () 8 /K] (K)
(Neutr.)
Mn 30/25 n.d./26.1 6.06 591 2.00/2.00 3.1/2.8
Ni 92/~ 60 nd./<77 3.17 2.83 2.24/2.43  38.8/33.0
Fe 50/45 nd./n.d.
M56/M 54
Co 80/70 83/69.6
(b)
Ty(K) Fe Co Ni
Mn < 55M 45 500N
Fe 590 76™
Co 100

Note. n.d. means no determination; ™ and ™ mean Mdssbauer and neutron data,
respectively.
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temperature can be graphically found at Ty ~ 30 K. Conse-
quently, due to the configuration of the system (2D rectan-
gular network) and because of the electronic configuration
of divalent manganese (i3,¢;), it was possible to use the
high-temperature series expansion method, with the help of
a Heisenberg-type Hamiltonian, to obtain an average ex-
change parameter |J/k| (12). The best fit between the theor-
etical expression (solid line) and the experimental data is
obtained with g = 2.00, |J/k| = 3.1 K, and with a temper-
ature independent paramagnetism TIP =2.5x107% In
Fig. 4 it is noticeable that the agreement is very good even in
the neighborhood of Ty, so that the broad minimum is well
described by the theoretical expression.

(b) Ba2F62F7Cl, BCZ2C02F7CI

In these cases, the thermal variation of the susceptibility is
also very close to that of the fluoride (Fig. 5 for the Co
compound). As for the manganese compound, the suscepti-
bility is a bit weaker than that of the fluoride. From the
paramagnetic domain, we are not able to find coherent
results for C and 0p. So, only Ty was graphically found to be
about 50K for iron chlorofluoride (confirmed by Mos-
sbauer experiments) and 80 K for Ba,Co,F-Cl (confirmed
by neutron diffraction experiments).

(C) BazNi2F7CZ

Compared to the other members of the series,
Ba,Ni,F;Cl seemed to exhibit rather different behavior

1/ (emu/mol.)-1

90 -
80 R
70 |
%
6 CCQO O o 0..
o [ J
[
O ° o)
50 o
) o]
o o]
O
L O
40 00000 o
30 4
20 . . : : :
0 50 100 150 - 200 250 300

T(K)

FIG. 5. Thermal variation of the reciprocal molar susceptibility for
Ba,Co,F,Cl (full circles) and BaCoF, (open circles).
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FIG. 6. Thermal variation of the reciprocal molar susceptibility for
Ba,Ni, F,Cl (full circles) and BaNiF, (open circles). Solid line represents the
high-temperature series expansion.

than that of the fluoride (Fig. 6). Indeed, whatever the
sample, our susceptibility measurements reveal a marked
peak at 93 K, despite the close similarity to the correspond-
ing fluoride for the other temperatures. This particular
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FIG.7. Thermal variation of the product yyT. The solid line represents
the high temperature series expansion.
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behavior is a common feature to all the Ba,NiMF,;CIl com-
pounds (see reference 6). Due to the electronic configuration
of octahedral divalent nickel (1$,¢7), we first tried to estimate
the exchange parameter value, using high-temperature
series expansion (12). The best fit between theoretical ex-
pression and experimental data is obtained with g = 2.24,
|J/k| = 38.8 K, and TIP = 2.5x 10~ * (Fig. 6). Due to the
fact that the linear behavior of 1/y has a limited range in
temperature, the only values we may propose for C and 6p
are extrapolated from the first-order development of the
complete expression. We found C = 2.51 emuK mol !
(spin-only value being C ~ 2) and 0p ~ — 207 K.

The peculiar behavior of this compound led us to a more
detailed study. At first sight, the rising of T just above 93 K
with cooling could be consistent with the existence of fer-
romagnetic correlations (Fig. 7). Below 93 K, antiferromag-
netic interactions dominate and T decreases with T. So we
assumed that inside one sheet, there was nonperfect anti-
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ferromagnetic coupling, but that below 93 K, intersheet
antiferromagnetic exchange led to 3D antiferromagnetic
ordering. 93 K should be then the Neéel temperature. To
better understand this particular behavior, we measured the
field-dependence magnetization at various temperatures
(Fig. 8). These measurements revealed a field-dependent
magnetic transition, and the fact that this transition occurs
only for T < 95K was in agreement with the hypothesis
that 93 K corresponds to the Néel temperature. We can also
notice that, for T = 95 K (just above Ty), the variation of
magnetization versus field does not obey a linear law.
This is also in agreement with the supposed intrasheet
ferromagnetic correlations. However, we were not able to
say whether it exists a ferromagnetic component or not (the
weak observed remanent magnetization for T <40K
could be explained with the existence of a low field
inside the magnetometer, even when field is set equal to
0kOe).
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FIG. 8. Field dependence of the magnetization for Ba,Ni,F;Cl powder samples, at different temperatures.
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As crystallization is very easy to achieve for this com-
pound, we tried to obtain crystals large enough to be used
for magnetic measurements. The weight of the obtained
sample crystal was 0.82 mg. We then measured the field
dependence of the magnetization, for each orthogonal crys-
tallographic direction (a*, b, and ¢) set along H (Fig. 9a).

Intensity (a.u.)

203
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(a) Field dependence of the magnetization for the Ba,Ni,F,Cl single crystal, with H parallel to a*, b, and c. (b) Thermal variation of the critical

Once again, a remanent magnetization is not excluded. The
first observation we can point out is that the M = f(H)
variation is very weak along a*. The a* direction is then
a low magnetization direction. So, the main antiferro-
magnetic direction is probably along a*. The second point is
that a field-dependent transition occurs when H is parallel

(112,1,-2)
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FIG. 10. Powder neutron diffraction patterns for Ba,Co,F,;Cl (T = 4.2, 85, and 300 K).
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Thermal variation of several magnetic intensities of

to ¢. This is probably the indication that the spins are
weakly canted and that the resulting ferromagnetic com-
ponent appears along c. Figure 9b shows the thermal varia-
tion of the critical field (at which the transition occurs) with
H parallel to ¢. Above 92 K, the transition related to the
component along ¢ within the layer disappears at the same
time as the 3D intersheet coupling.

NEUTRON DIFFRACTION EXPERIMENTS

Magnetic structure determination is a powerful tool
to better compare both series and especially to better

FIG. 12. Projection along [0 1 0] of the magnetic structure of
Ba,Co,F,Cl (moments are perpendicular to the drawing plane).
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TABLE 3

Refinement Conditions and Results for Ba,Co,F;Cl

Global data

Refinement program

FULLPROF (14)

Temperature 42 K

Angular range 14° <20 < 93°

Step 0.1°

Zero shift 0.319(3)

Profile function Pseudo-Voigt

Profile parameters U =1.5009)
V=-0.778)
W =0.24(2)
n =0.38(5)

Asymmetry parameter 0.09(1)

Number of refined parameters 24

Global B, 0.2 A2

Ba,Co,F,Cl related data

Symmetry Monoclinic, P2,/m

Cell parameters a =7.666(1) A
b=5781(1) A
c=8932(1) A

Nuclear contribution

B = 107.03(2)°

Reflection number 103

Reliability factor Ry 5.42%

Contribution weight 73.66%
Magnetic contribution

Propagation vector 100

Reflection number 173

Magnetic moment Heo = 3.79(4) ug

Reliability factor Ry 7.33%

Contribution weight 21.98%

BaFCl related data

Symmetry Tetragonal, P4/nmm

Cell parameters a=43793) A ¢ =7212(6) A
Reflection number 16

Reliability factor Ry 8.40%

Contribution weight 2.96%

CoF, related data

Symmetry Tetragonal, }142/mnm
Cell parameters a=43793) A
¢ =3.166(6) A

Nuclear contribution
Reflection number 6
Reliability factor Ry 6.95%
Contribution weight 0.96%
Magnetic contribution
Reflection number 31

Magnetic moment Lco = 2.6 g
Reliability factor Ry 5.30%
Contribution weight 0.45%

Conventional Rietveld factors

Rp = 10.9%, Ryp = 12.2%, 1> = 28.7




PROPERTIES OF Ba, MM'F,Cl (M, M’ = Mn, Fe, Co, Ni, Zn)
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FIG. 13. Calculated, experimental, and difference patterns for Ba,Co,F,;Cl (T = 4.2 K).

understand the peculiar behavior of Ba,Ni,F;Cl. For the
BaMF, series, magnetic structure determination was
achieved a few years ago (1, 3, 4, 5). Except for M = Co,
antiferromagnetically ordered moments were found to be

B32C02F7Cl

| 3 .
Hypeo(spin only)

Magnetic moment of Co (uB)

0 10 20 30 40 S50 60 70 80 90
Temperature (K)

FIG. 14. Thermal variation of the experimental moment of Co?*.

perpendicular to the perovskite sheets. However, in the
particular case of M = Mn, the easy axis is slightly shifted
from the orthorhombic b axis. In the case of M = Co, the
magnetic moments were found to be along the orthorhom-
bic a axis (42 am space group) (4). It was also proved that in
the case of BaMnkF,, a few percent of cobalt is sufficient to
change the direction of the moments from the b axis toward
the a axis. Concerning the chlorofluoride series, we were
first interested by Ba,Co,F,Cl and Ba,Ni,F,Cl and sec-
ondly by Ba,MnNiF,Cl and Ba,FeCoF,Cl to investigate
the role of the cationic substitution.

The magnetic atoms occupy two different 2e Wyckoff
sites, in the unit cell of the space group P2,/m, lying in
the mirror plane. The magnetic reflections observed in
the whole Ba,MM'F,Cl series can be indexed either with
the propagation vector k = (0, 0, 0) or k = (1/2, 0, 0). both
propagation vectors have a single armed star and are invari-
ant, so that the space group of the two vectors is P2,/m. The
four one-dimensional irreducible representations are the
same for the two propagation vectors but the corresponding
basis functions are different. We use the symbol I' with
a subscript for labeling the representations followed by the
sign of the characters (equal to the full matrix in our case) of
the two generators (2, and —1) of P2,/m. Using Bertaut’s
symbols F and A4 (13) for the linear combinations S; + S,
and S; — S, (1 and 2 stand for the bravais lattices of a single
2e¢ Wyckoff site) the basis functions can be straightfor-
wardly deduced. The following table summarizes the group
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FIG. 15. Powder neutron diffraction patterns for Ba,Ni,F,Cl at T = 1.5 K (above) and T = 130 K (below).

theoretical calculations.

k =(0,0,0) k =(1/2,0,0)
re,-1 X y z X y z
Li(++) 0 F, 0 0 A, 0
I(—+) F, 0 F, Ay 0 A,
I+ —) Ay 0 A, F, 0 F,
Iy(——) 0 A, 0 0 F, 0

All the magnetic structures described by the above basis
functions are collinear within a Wyckoff site. The relative
orientation of the magnetic moments of the two 2e sites is
not determined by symmetry, but, taking into account that
the isotropic exchange is the most important term in
the magnetic Hamiltonian, it is expected that the coupling
gives rise also to a global collinear arrangement. Despite the
similarity of the basis functions of the two propagation vec-
tors (only a rearrangement seems to take place), the corres-
ponding magnetic structures are fundamentally different. The
magnetic moments in whatever unit cell are strictly the same
as in the reference cell for k = (0, 0, 0), while they are
inverted according to the formula S, = Sy exp(—2nikR,) for
the cell R, = n;a + n,b + nsc in the case of k = (1/2, 0, 0).

(@) Ba,Co,F-Cl

Neutron diffraction patterns were collected on the G41
diffractometer of the Labortoire Léon Brillouin at 4.2, 25,
48, 74, 78, 80, 110, and 300 K (A = 2.426 A). Selected pat-
terns are shown in Fig. 10. Small amounts of impurities have

been detected: BaFCl and CoF,(CoF, is only visible in the
magnetic state below 50 K). At 4.2 K, the contribution of the
magnetic reflections is important. The thermal variation of
the integrated intensities of several magnetic reflections is

TABLE 4a
Refinement Conditions and Results for Ba,Ni,F,Cl at 7=300 K

Refinement program FULLPROF (14)

Temperature 130 K
Angular range 10° < 20 < 159.95°
260 Step 0.05°
Zero shifting —208(1)°
Profile function Pseudo-Voigt
Profile parameters U =0.162(3)
V =—0.371(10)
W = 0.380(7)
n =0.372(33)
X =0.004(1)
Asymmetry parameter 0.124(6)
Number of refined parameters 37
Symmetry Monoclinic; P2, /m
Cell parameters a =17.602(1) A
b =5.766(1) A
c=28.788(1) A
f =106.72(2)°
Number of reflections 231
Global B, 1.11(5) A?
Ryrage 9.41%
Contribution (percent) Ba,Ni,F-Cl, 98.7%
BaF(Cl, 1.3
Conventional Rietveld factors R, =158%
Ryp=17.1%
y? =0.715
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Magnetic moment
Reliability factor Ry
Contribution weight

TABLE 4b
Refinement Conditions and Results for Ba,Ni,F,Cl at T=1.5K
Global data
Refinement program FULLPROF (14)
Temperature 1.5 K
Angular range 14° <20 < 74.95°
20 Step 0.05°
Zero shift —0.2325°
Profile function Pseudo-Voigt
Profile parameters U =0.342(23)
V =—0.670(75)
W =0.495(16)
n =0.127(8)
Asymmetry parameter 0.03(8)
Number of refined parameters 22
Global B,, 0.4 A2
Ba,Ni,F,Cl related data
Symmetry Monoclinic, P2,/m
Cell parameters a="7.589(1) A
b =5759(1) A
c=8776(1) A
f =106.71(2)°
Nuclear contribution
Reflection number 59
Reliability factor Ry 7.1%
Contribution weight 93%
Magnetic contribution
Reflection number 92

tini ~ 1.69(4) pig
16.0%
5%

BaFCl related data

Symmetry Tetragonal, P4/nmm

Cell parameters a=4.384(3) A
c=7173(5 A

Reflection number 11

Reliability factor Ry 4.8%

Contribution weight 2%

Conventional Rietveld factors

Rp = 152%, Ryp = 16.6%, 32 = 5.0

depicted in Fig. 11, showing Ty close to 83 K. For T =
85K, the compound exhibits no more 3D magnetic order,
but the broad maximum around 260 =~ 27° is consistent with
the already mentioned intrasheet short-range order. A care-
ful examination of the 4.2 K pattern reveals a small mag-
netic reflection (20 ~ 40.1°) that can be indexed in a (24, b, ¢)
cell or with the help of the propagation vector k = (1/2, 0, 0).
A correct description of the experimental data was only
obtained in the I'y(F,) mode with the propagation vector
k(1/2,0, 0), and with an antiferromagnetic coupling between
the two cationic sites. The atomic parameters were taken
from (6).

As can be seen in Fig. 12, the moments, directed along b,
are parallel to the sheets (uc, = 3.79 ug at 4.2K). In the

TABLE 5
Atomic Parameters for Ba,Ni;F,Cl at T=130 K (Neutron)
(@=17.602(1) A, b=5.766(1) A, c=8.788(1) A, f=106.72(1)°)

Atom Position X y z

Bal 2e 0.3111(11) i 0.5819(21)
Ba2 2e 0.3073(11) 1 0.0687(21)
Nil 2e 0.8245(7) i 0.7182(8)
Ni2 2e 0.8152(7) i 0.1795(7)
Cl 2e 0.8832(5) i 0.4710(8)
F1 4f 0.6323(7) 0.0038(10) 0.1555(14)
F2 af 0.0023(10) —0.0035(18) 0.8269(5)
F3 af 0.6340(7) 0.0066(10) 0.6561(14)
F4 2e 0.7560(10) i 0.9363(12)

sheets all the nearest neighbor couplings are antiferromag-
netic. Due to the k = (1/2, 0, 0) propagation vector, the
moments are inverted in the a direction from one cell
to the other. Table 3 summarizes the acquisition and the
refinement conditions at 4.2 K. The experimental, cal-
culated, and difference powder neutron diffraction patterns
are represented in Fig. 13. Figure 14 shows the thermal
variation of the experimental magnetic moment of Co?™*.
Once again, it can be seen that the Néel temperature is
close to 83 K. A partial orbital contribution to the magnetic
moment of Co?* might explain the high experimental
moment value (Uexp. = 3.79 Up; Lineo.(spin ontyy = 3-0 up). Such
a contribution was already used to explain the magnetic
moment value observed in CoWOy, (uc, = 3.6 ug) (18).

(b) BazNi2F7Cl

Because of the peculiar behavior of the nickel compound,
the magnetic structure determination was of a particular
importance. All measurements were performed on the D1A
diffractometer of the L.L.B. (A = 2.452 A). Due to the weak-
ness of the magnetic contribution and the limited allocated
time, it was impossible to follow the thermal variation of
the integrated intensities of the magnetic reflections. For

TABLE 6
Atomic Parameters for Ba;MnNiF,Cl at 75 K (Neutron)
(a=7.746(1) A, b=5.820(1) A, c=8.898(1) A, =106.63(1)")

Atom Position X y z

Bal 2e 0.323(2) b 0.576(3)
Ba2 2e 0.323(1) 4 0.081(3)
Mn1/Nil 2e 0.830(2) i 0.723(3)
Mn2/Ni2 2e 0.799(3) i 0.164(3)
Cl 2e 0.881(1) i 0.463(1)
F1 4f 0.634(1) 0.004(1) 0.161(2)
F2 4f —0.027(1) —0.032(2) 0.823(1)
F3 4f 0.631(1) 0.009(1) 0.656(2)
F4 2e 0.747(1) i 0.938(2)
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FIG. 16. Calculated, experimental, and difference patterns for Ba,Ni,F;Cl at T = 130K (a) and T = 1.5 K (b).

the same reason, our results may only be presented as
hypotheses. Figure 15 represents the neutron powder dif-
fraction patterns at 1.5 and 130 K. Magnetic reflections are
pointed out with an asterisk. A small amount of BaFCl
(~1.5%) was also detected.

In the case of Ba,Ni,F,Cl, the first step was to refine the
structural parameters at T'= 130K to use these results to
refine magnetic parameters at T = 1.5 K. Table 4a gathers

the refinement conditions, whereas Fig. 16a shows the
experimental, calculated, and difference pattern at
T = 130 K. The refined atomic parameters are presented in
Table 5.

The apparent magnetic reflections can be indexed with
k = (0, 0, 0) but also with k = (1/2, 0, 0). Because of the
presence of a propagation vector to describe the magnetic
structure of Ba,Co,F,Cl, we thought that the magnetic



PROPERTIES OF Ba, MM'F,Cl (M, M’ = Mn, Fe, Co, Ni, Zn)

209

D Component

FIG. 17. Projection along [0 1 0] of the collinear (a) and canted (b) magnetic structure of Ba,Ni,F,CL

structure of Ba,Ni,F;CI might be described in the same
way. Indeed, a careful examination of the corresponding 26
zone revealed the existence of a very weak reflection to be
indexed (1/2 1 —2) (Fig. 15). The magnetic structure must be
described with the help of the same propagation vector
k = (1/2, 0, 0). We were then able to find a correct solution
only for the mode I'5 (F,F,), with an antiferromagnetic
arrangement of the magnetic atoms on different sites. This
solution corresponds to a collinear array of all moments,
with an easy axis at a few degrees ( ~ —6°) from the a* axis
(Fig. 17a), which means that the magnetic moments are
roughly perpendicular to the perovskite sheets. However,

we noticed that the separate refinement of each Ni Wyckoff
site led to a structure where each moment was roughly in
the plane of each octahedron (Fig. 17b) (each magnetic site
is +70° from the ¢ axis). This might be the real structure,
though due to the weakness of the magnetic contribution
(4%), it is indeed impossible to decide which solution is the
best. A careful examination of the differences between the
experimental and calculated patterns does not lead to fur-
ther conclusions. The magnitude of the nickel magnetic
moments is about 1.6 pg in both cases. Table 4b gathers all
the results and the refinement conditions, whereas the ex-
perimental, calculated, and difference patterns are shown in

\
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FIG. 18. Comparison between the experimental pattern (bottom) and the simulated pattern for Ba,MnNiF,Cl in the nuclear state (case 1, strict

Mn/Ni order; case 2, strict inverse order; case 3, statistical disorder).
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TABLE 7
Atomic Parameters for Ba;FeCoF,Cl at 80 K (Neutron)
(a=17.749(1) A, b=5.771(1) A, ¢=8.950(1) A, =106.80(1)°)

Atom Position x y z

Bal 2e 0.322(1) i 0.586(2)
Ba2 2e 0.323(1) 1 0.075(3)
Fel/Col 2e 0.831(1) i 0.709(2)
Fe2/Co2 2e 0.819(1) i 0.172(1)
Cl 2e 0.876(1) i 0.472(1)
F1 4f 0.635(1) 0.008(1) 0.152(1)
F2 4f 0.021(1) 0.043(1) 0.836(1)
F3 4f 0.637(1) 0.002(1) 0.656(2)
F4 2e 0.756(1) i 0.938(2)

Fig. 16b (the calculated pattern corresponds there to the
collinear solution).

(¢) Ba;MnNiF;Cl and Ba,FeCoF;Cl

Neutron diffraction patterns were collected on the
D1A diffractometer (1 = 2.4522 A) at 1.5, 25, 40, and
75 K for Ba,MnNiF,;Cl, and only at 1.5 and 80K
for Ba,FeCoF,Cl. The aim of this study was first to check
if the cations were ordered or statistically distributed in
the two 2e sites, and secondly to look for a possible
spin reorientation between moments strictly perpendicular
or parallel to the sheets, particularly in the case of
Ba,FeCoF,Cl.

Nuclear state. Due to the large difference between the
neutron scattering lengths of Mn (—0.373) and Ni (1.03), it
was easy to state if the cations were strictly ordered or
disordered on the 2e sites. From Fig. 18, where the experi-
mental pattern in the nuclear state (75 K) is compared to the
simulated pattern (Mn—Ni order and Mn—Ni disorder), it
was obvious that the two cations were statistically distrib-
uted in the 2e sites. The refinement of the diffraction pattern

FOMPEYRINE ET AL.

leads to a Min/Ni ratio in each site close to 1 (51.6/48.4). The
results of the refined parameters for a perfect statistical
distribution are given in Table 6. The same result was
obtained for Ba,FeCoF-Cl at 80 K (Table 7).

Magnetic state. In both cases, the magnetic contribu-
tion is about 18% of the total pattern. Moreover, at 1.5 K
the additional (1/2 1 —2) reflection is observed, indicating
that the magnetic structure can be determined by the use of
the propagation vector k = (1/2, 0, 0). The only magnetic
mode which allows a good refinement of the magnetic
intensities is I'5 (Fy, F,). Their magnetic structures are then
the same as for Ba,Ni,F,Cl, except for the values of the
moments and their orientations toward the a* axis.
Table 8 summarizes these values, with the main results of
the refinements. We can note that the mean moment value
for Ba,FeCoF,Cl (3.95 ug) is greater than the spin only
(3.5 up), similarly to the case of Co?* for Ba,Co,F,Cl

MOSSBAUER MEASUREMENTS

It was of particular interest to investigate the whole series
Ba,FeMF,Cl by means of Mossbauer spectrometry. Our
aim was to precisely determine the Néel temperature for
these iron based compounds (as listed in Table 2b), and to
see whether the halide substitution would greatly modify the
Maossbauer parameters.

At T = 77K (see Fig. 19) and at T = 300K, the Msss-
bauer spectra exhibit doublets consistent with the presence
of pure electric hyperfine interactions, indicating that the
chlorofluorinated series behave as a paramagnet. In the case
of BaFe,F,Cl, the quadrupolar lines, which are well defined
at both temperatures, prevent from distinguishing the two
crystallographic iron sites. For the mixed compounds, the
cationic disorder and the presence of chlorine originate
a significant broadening of the quadrupolar lines which is
more pronounced at room temperature than at 77 K, except
for the NiFe compound. The best fits result from discrete

TABLE 8
Results of the Magnetic Structure Refinement for Ba, MM'F-Cl (7° < 20 < 87°)
M, M’ Mx M, M o Nuclear Magnetic Impurities Profile
contribution contribution
Ba,MnNiF,Cl 3.42(3) 1.15(6) 3.29(3) —3.0° Ry =8.74% Ryae = 11.1% Steel: R, =185%
(1.5K) R; =6.06% W =18.62% W =0.36% R, =181%
W =281.02% 7 =3.59
Ba,FeCoF,Cl 4.13(4) 1.22(9) 3.95(4) —0.5° Ry =11.7% Rupae = 13.4% BaFCl: R, = 203%
(1.5K) Ry =6.9% W =18.99% W =190% R, =21.0%
W =T718% Other imp.: =716
W =131%

Note. o, angle between M and a* in the (ac) plane; W, weight contribution.
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FIG. 19. Mossbauer spectra recorded at 77 K for BaFeF, and
Ba,FeM'F,;Cl compounds.

distributions of quadrupolar splitting: these are close to
binomial distributions at room temperature, consistently
with a statistical disorder. The values of the isomer shift and
the quadrupolar splitting are listed in Table 9 and provide
clear evidence for divalent iron in high spin state. The slight
decrease of the isomer shift characteristic of the Ba,FeM
F,Cl series in comparison to that BaFeF, is consistent with
the lower Pauling electronegatively induced by the presence
of chlorine.

As illustrated in Fig. 20, Mossbauer spectra recorded at
4.2 K on the chlorofluorinated series are compared to that
of BaFeF, phase. The latter is characterized by a sextet with
well-defined lines and hyperfine parameters are very similar
to those proposed by Eibschiitz et al. (3). In contrast, the
hyperfine structures of the chlorofluorides are rather com-
plex, whatever the nature of the substituting cation, because
quadrupole and magnetic splittings are on the same order of
magnitude. Indeed, the larger magnetic splittings confirm
the large values of effective magnetic moments aforemen-
tioned: that suggests the spin orbit coupling should play an
important role in the Hamiltonian of Fe?* ions. Strong
magnetic anisotropy resulting from Fe?*, Ni**, and Co?*
ions may also play an important role. In addition, the
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FIG.20. Maossbauer spectra recorded at 4.2 K. Except for BaFeF,, the
solid lines result from a first fitting procedure, as detailed in the text.

electric field gradient (EFG) at Fe?* ions which results from
both ligand and ionic contributions is strongly dependent
on the crystal structure and the local symmetry, respect-
ively. The presence of one chlorine atom in the octahedral
unit affects strongly the crystal field splitting and conse-
quently, the effective magnetic hyperfine field through
the spin orbit coupling. The spectrum of BaFe,F-,Cl pro-
vides clear evidence for only the influence of the presence
of chlorine, in addition, the cationic disorder has to be
taken into consideration in the other compounds. To
better understand the influence of the cationic disorder,
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TABLE 9
Hyperfine Characteristics at 77 and 300 K of the Chlorofluorides Compared to Those of BaFeF,
IS* (77 K) I'" (77 K) QS (77 K) IS (300 K) I' (300 K) QS (300 K)
=+ 0.05 mm/s + 0.05 mm/s + 0.05 mm/s + 0.05 mm/s + 0.05 mm/s + 0.05 mm/s
BaFeF, 1.44 0.26 2.85 1.32 0.26 1.83
Ba,Fe,F,Cl 1.40 0.30 2.83 1.28 0.34 1.97
Ba,FeZnF,Cl 1.38 0.34 2.62 1.29 0.40 1.58
Ba,FeMnF,Cl 1.38 0.36 2.75 1.30 0.42 1.99
Ba,FeCoF;Cl 1.39 0.30 2.58 1.29 0.40 1.57
Ba,FeNiF,Cl 1.39 0.214 2.24 1.29 0.32 1.29
“Isomer shift.
b Linewidth at half-height.
¢ Quadrupolar shift.
¢ Fixed value during the fitting procedure because of a distribution of quadrupolar splitting.
Mossbauer experiments were recently performed on BaFe, 5 DISCUSSION

Niy sF., BaFeq sCog sF., and BaFe, sMny sF, samples.
A first approach of fitting of Mossbauer spectra recorded on
both series was performed by considering the presence of
both electric and magnetic interactions of arbitrary relative
size and arbitrary angle between the main axis of the field
gradient tensor and the effective magnetic field: both theor-
etical and experimental spectra are shown Fig. 20. Details of
the fitting procedure will be reported in a forthcoming
paper, as well as the discussion of the hyperfine data (19).
Nevertheless, let us mention that (i) the average values
of the effective magnetic field are found in the range 25-35T
for the different chlorofluorinated compounds: these values
are strongly higher than that of BaFeF, (17.4T); (ii)
the hyper-fine field distributions are rather broad and close
to a binomial one, confirming the statistical cationic dis-
order.

At first sight, the magnetic behavior of the compounds of
both series is not really different. Indeed, the magnetic data
gathered in Table 2a show that the main magnetic para-
meters (T, C, 0p) remain basically unchanged. In the par-
ticular case of the nickel and manganese compounds, we can
see that even the |J/k| values differ only by a few Kelvins.
From this, we deduce that the anionic substitution does not
really modify the magnetic interactions, which is not really
surprising. We conclude from the neutron diffraction results
that the magnetic structures of the chlorofluorides are
rather similar to those of the fluorides. Indeed, in the mag-
netic structure of Ba,Co,F,Cl (Fig. 14), the array of mo-
ments corresponds exactly to the solution with monoclinic
symmetry proposed for BaCoF, (4) (Fig. 21a). (The other
structure has orthorhombic symmetry, see Fig. 21b). In the

FIG. 21.

(a) Monoclinic and (b) orthorhombic magnetic structure of BaCoF,.
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FIG. 22. Magnetic structure of BaNiF,.

case of Ba,Ni,F-ClI (Fig. 17), the assumed magnetic struc-
ture corresponds to a canted version of the magnetic struc-
ture of BaNiF, (Fig. 22).

However, we can notice a few important differences be-
tween both series. In the case of the manganese compounds,
we did not find any indication of the spin—flop transition
that occurs in the fluoride. The magneto-crystalline aniso-
tropy seems consequently to be stronger in the case of the
chlorofluoride. In contrast, no field-dependent transition
has been reported, to our knowledge, in the case of BaNiF,.
From the hypothesis of a canted magnetic structure, which
is consistent with the presence of ferromagnetic correlations
inside each sheet, we tried to find an explanation for our
measurements on the chlorofluoride. From Fig. 17, we can
see that the projection of a magnetic moment on the ¢ axis is
always oriented in the same direction within a layer, what-
ever the nickel atom chosen in the same sheet. This means
that each layer will have a net magnetization, different from
zero. Because of the presence of the propagation vector (1/2,
0, 0), the components, for each layer, are antiparallel to the
previous and next one along the a axis, which leads to

}v f&_b___\l‘",
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compensation. We thought then that the transition was due
to an abrupt rotation of half of the moments, to reverse the
component, and to get them parallel to H, when H is strong
enough (Fig. 23). Of course, this may only be a qualitative
explanation of this phenomenon. Indeed, the canting angle
value found in this case did not lead to magnetization values
in agreement with our measurements, but we have to re-
member that the magnetic contribution to the neutron
diffraction pattern in this case is very weak and the value of
the magnetic moment components are not accurate. What is
really surprising is to observe this kind of behavior with
nickel, which is supposed to be isotropic, and to see that
the moment values for nickel are quite different from
those reported for other divalent nickel fluorides (puy;
(BaNiF,) = 1.90 ug (11), pn; (BayNiFg) = 1.90 pg (15), ung
(Ba,NizFy) = 1.99 pg (16), and un;(Ba,NisFig) = 2.07 ug
(17)). But in the case of Ba,MnNiF,Cl, which has the same
magnetic structure, the experimental moment value
(3.29 ug) is also lower than the theoretical (3.5 ug).

A rough interpretation of the low-temperature M0ss-
bauer spectra agrees with magnetic ferrous moments
oriented perpendicularly to the sheets in the case of
Ba,Fe,F-Cl, Ba,FeZnF-Cl, Ba,FeMnF-Cl, and Ba,FeNi
F-,Cl, while a canted structure is suggested in the case of
Ba,FeCoF,Cl. Further analysis of the set of low-temper-
ature Mossbauer spectra may provide the nature of the
distribution of orientations of ferrous magnetic moments,
according to the nature of the cationic surrounding.

CONCLUSION

The magnetic properties of the new chlorofluoride series
Ba,MM'F,Cl (M, M’ = Mn, Fe, Co, Ni, Zn) have been
studied to compare their behavior with that previously
reported in the case of the BaMF, (M = Mn, Fe, Co, Ni, Cu,
Zn) series. From the macroscopic point of view (susceptibil-
ity and magnetization measurements), the main differences
between both series are the absence of the spin—flop
transition observed for BaMnF, and the observation, when

Component
(H/lc)

FIG. 23. Hypothesis for the magnetic transition in Ba,Ni,F,Cl.
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H is parallel to the c axis, of a field-dependent transition for
Ba,Ni,F,Cl. This field-dependent transition has been corre-
lated to our neutron diffraction results. The most simple
interpretation of our results is that the magnetic structure
might be a canted antiferromagnetic structure and that the
transition corresponds to an abrupt rocking which leads to
an array similar to that observed for weak ferromagnets.
Besides, it is noticeable that Mossbauer measurements, as
a local probe, revealed strong differences between both
series, though the complexity of the spectra prevented us
from making a quantitative analysis of our results. How-
ever, the similarity of susceptibility measurements leads us
to conclude that the chlorine presence does not really
change the magnetic interactions.

Interpretation of Mossbauer experiments performed on
the BaFe, sM, sF, series to better understand the particu-
lar behavior of the chlorofluorinated compounds is in pro-
gress. The only way to solve unambiguously the nature of
the field-dependent transition observed in Ba,Ni,F-Cl is to
perform a single-crystal neutron diffraction experiment un-
der applied magnetic field.
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