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Ordered Magnetic Frustration

Vil. Na;NiFeF,: Reexamination of Its Crystal Structure in the True Space Group
after Corrections from Renninger Effect and Refinement of Its Frustrated
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A new refinement of the crystal structure at 300 K and of the magnetic structure at 4.2 and 55 K of the
ferrimagnetic weberite Na;NiFeF, is undertaken in order to fully reveal both the true space group of
this compound and its magnetically frustrated character. The reflections which previously obliged us
to choose space group Imm?2 are only due to Renninger effect. The true space group is Imma (a =
7.2338(3) A, b = 10.3050(3) A, ¢ = 7.4529(3) A, Z = 4) at 300 K. The structure was refined from 1148
independent reflections to R = 0.025 (R,, = 0.030). The ferrimagnetic behavior is confirmed (7, = 88(2)
K). Neutron powder diffraction shows that the nuclear and magnetic cells are identical and that there is
an accident in the thermal evolution of the intensity of some magnetic peaks. Among the different
modes given by the Bertaut’s macroscopic theory, the best fit is obtained for both temperatures with
the modes —F; and F,,G, for Fe3* and Ni?* sublattices, respectively, instead of —F, and +F, in the
solution previously proposed by Heger. The corresponding moments are 4,.93(11) and 1.36(21) up at 4.2
K (Rpag = 0.045) and 4.34(12) and 0.97(22) up at 55 K (Rpmag = 0.052). The slight anomaly in the thermal
variation of the intensity of some magnetic reflections at 50 K is due to a significant change in the
spin canting at this temperature, without any modification of the magnetic modes. A Mdssbauer
study confirms the anomaly from the thermal variation of the magnetic hyperfine field at the Fe
nucleus. © 1989 Academic Press, Inc.
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Introduction

For several years, we have focused our
attention on the problem of antiferromag-
netism on a triangular sublattice of mag-
netic cations in fluorides (/-6) in order to
illustrate the concept of frustration intro-
duced by Toulouse (7). Our previous stud-
ies on M2*Fe3*Fs(H,0), (8-10) (M** =
Mn, Fe, Zn) showed that their crystal struc-
ture is closely related to the weberite type,
represented by Na,NiFeF;. The two struc-
tures differ by an inversion of M?* and M3+
sites. If the space group of the inverse we-
berites is now well established (6, 8, 10),
that of the direct weberites remains ques-
tionable (11-14). Previous structural pa-
pers claim either space group Imma (12) or
Imm?2 (11, 13, 14). Moreover, the frustrated
magnetic structures of MFeFs(H,0), are
relatively complex (5, 6), with important
spin cantings. Surprisingly, this is not the
case for Na;NiFeF; (15). These differences
were the motivation of our reexamination
of both the nuclear and the magnetic struc-
tures of the latter compound.

FIG. 1. Perspective view of the structure of Na,Ni
FeF;. Ni?- and Fe3- octahedra are dot shaded and
hatched, respectively.

The crystal and magnetic structures of
the ferrimagnet Na,NiFeF; (7. = 88(2)
K (15-18)) were previously studied by
Haegele et al. (13) and Heger and Viebahn-
Hansler (15), respectively. At room tem-
perature, the crystal structure was solved
using the space group Irmmm?2 (a = 7.245(1)
A,b=103202) A, c=7458(1) A, Z = 4
at 300 K) because of the existence of very
weak reflections (hkO) with A = 2n + 1.
However, it is worthy to note that it was
not verified that these reflections could
originate from Renninger effect (19). The
structure of the weberite can be described
from hexagonal tungsten bronze-like (HTB)
planes linked one to the other by isolated
FeFg octahedra (Fig. 1). The (HTB) planes
are built up from separate trans chains of
corner-sharing octahedra of Ni?* and other
FeF¢ octahedra which link the chains by
four of their corners. In the resulting HTB
plane, the cationic subnetwork draws trian-
gles, and can lead to frustration effects. The
magnetic structure (15), previously solved
at 4.2 K from six reflections corresponding
to 18 hkl triplets could be described by two
ferromagnetic sublattices of Ni2* and Fe’*
coupled antiferromagnetically, all the spins
being along [100}. Moreover, in the paper
by Heger, the thermal evolution of the in-
tensity of the (101) magnetic reflection
seemed to exhibit an accident at 50 K, per-
haps indicative of a change in the magnetic
structure. The ambiguity concerning the
existence of (hk0) reflections with & = 2n +
1 and the large improvement of neutron
powder diffraction techniques since the
previous paper lead us to reexamine in a
first step the crystal structure at 300 K in
the true space group, and then the magnetic
structure of Na,NiFeF; at 4.2 and 55 K.
This last study requires us first to explain
precisely the orientation of the spins, espe-
cially for Ni?* for which the Kanamori—
Goodenough rules (20, 21) predict only an-
tiferromagnetic coupling, and also to try to
explain the anomaly at 50 K.
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TABLE 1
ExPERIMENTAL DATA FOR Na,NiFeF; at 300 K

Cell parameters®

Symmetry: orthorhombic

Systematic extinctions: a = 7.2338(3)
(hkD: h+ k+1=2n+1 b = 10.3050(3)
(hk0): h = 2n + 1 ¢ = 7.4529(2)

Space group: Imma V = 555.57 A3
Pexp = 3.50 g cm™? Z=4

Peale = 3.49(1) g cm™3

@ Refined from 24 refiections and calibrated with Ge
standard.

Experimental

Single crystals for x-ray determination
were grown by a flux method previously
described (22-24). Because of the difficulty
of obtaining by direct synthesis a pure pow-
der of Na,;NiFeF; free of chiolite NasFe;F,4
and NaNiF;, powder samples were ob-
tained by grinding single crystals.

A second harmonic generation measure-
ment on the ground crystals gave a nega-
tive, and thus inconclusive, result. A well-
shaped single crystal was selected by
optical examination and then transformed
into a sphere (R = 0.067 mm)., X-ray data
were then collected using an AED-2
Siemens-Stoe four-circle diffractometer.
After calibration with a germanium sphere,
lattice constants were determined from 24
reflections by the double scan (+w,+26;
—w,—260) technique. The corresponding
values are listed in Table 1. Before any rou-
tine collection of data, the body centering
was tested from 335 reflections (0 < h < 6,
0=k=9,0=1[=7) and a series of weak
reflections (hk0) with 4 = 2n + 1, previ-
ously observed by Haegele ef al. (13) and
which led them to propose the space group
Imm?2, were systematically checked by so-
called y-scan rotation. As it will be dis-
cussed later, they are only due to Ren-
ninger effect; therefore, the intensity

collection was made further with the condi-
tions of space group Imma in the four fol-
lowing octants: (hkl), (—h,— kD), (h,—k,=1),
and (—h,k,—1) with hpax = 14, kpax = 20,
Imax = 14. This corresponds to an angular
range 2° < 6 < 45°. Other experimental de-
tails are given in Table II.

The intensities were corrected from
Lorentz polarization and absorption. After
averaging, the structure refinement was
performed using the SHELX program (25).
Ionic scattering factors and anomalous dis-
persion parameters were taken from the
‘‘International Tables for X-Ray Crystal-
lography’’ (26). The refinement converged
rapidly to the values given in Table III. A
table of structure factors will be supplied by
G.F. upon request.

Neutron diffraction patterns were first
rapidly collected at several temperatures
below T, = 88(2) K on the DIB powder
diffractometer of the HFR of the Institut
Laue-Langevin (Grenoble), using a wave-
length of 2.519 A, in order to confirm the
slight anomaly on the thermal variation of
the (101) peak at 50 K. Always on DI1B,
longer exposures were then realized at 55
K, i.e., just above the accident, and at 4.2
K in order to obtain accurate data for fur-
ther refinements. Higher harmonic wave-
lengths were suppressed by a set of pyro-
lytic graphite filters. The sample was
inserted in a cylindrical vanadium can (¢ =
10 mm) held in a vanadium tailed cryostat.
The data were collected in the range 10° < 8
< 50° and correspond to 43 hkl triplets.
Their analysis was performed with the Riet-
veld profile refinement method (27), as
modified by Hewat (28). The nuclear scat-
tering lengths and magnetic form factors
were taken from (29) and (30), respec-
tively.

S’TFe Méssbauer experiments were per-
formed in the usual way over the tempera-
ture range 4.2-300 K. Mdssbauer samples
contained 5-6 mg/cm? of natural iron and a
constant acceleration spectrometer was
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TABLE II

CoNDITIONS OF INTENSITY DATA COLLECTION
AND REFINEMENT

Crystal size: sphere R = 0.067 mm

Radiation: MoKa (A = 0.71069 A)

Scan mode: w — 26 with profile fitting data collection
Step scan range: 0.9661-0.0139 tg(6)

Detector aperture (mm): 5

Omin: 2°
Omax : 45°
Range of measurement: —14 < 2 < 14
—20< k<20
-14<il<14
Standard reflections: 0 3 1
10 3} measured every 45 min
211

Intensity variation max: 3%

Reflections measured (without standards): 5277
Reflections rejected (F/a(F) > 6): 13

Independent reflections: 1184

R (from averaging): 0.0190

Absorption correction: Program EMPIR (Stoe and Cie, 1986)
Absorption coefficient: 62.48 cm™! (MoKa)

Transmission factors max: 0.695

min: 0.549
F magnitudes used in least-squares refinement

Shift/esd mean: 0.002
max: 0.009

used in the triangular mode with a 25-mCi
source of Rh:%Co. Data were refined with
the program MOSFIT (31).

Single-Crystal X-Ray Diffraction

As mentioned under ‘‘Introduction,’” the
first aim of this study was the determination
of the correct space group of the direct we-
berite after correction from Renninger ef-
fect (19). Indeed, the only physical argu-
ment supporting the noncentrosymmetric
space groups was the observation of sev-
eral very weak (hk0) reflections with A = 2n
+ 1. Our routine intensity collection on the
weberite Na,NiFeF; produced also 13 very
weak (hk0) reflections with 2 = 2n + 1 and
Ilo(I) > 3. However, one may not rule out
the possibility of double reflection (19) to
explain the existence of these weak reflec-

tions, a point which was not considered by
Haegele et al. (13) and Knop et al. (14).
As the occurrence of a specific double
reflection requires a combination of partic-
ular wavelength with an orientation of the
reciprocal lattice, the existence of a Ren-
ninger effect can be checked either, for a
given orientation, by changing the wave-
length, or, alternatively, for a given wave-
length, by changing the orientation of the
crystal. A series of (hk0) reflections with A
= 2n + 1 was then tested by so-called -
scan rotation on a AED-2 four-circle dif-
fractometer, and we were able to prove that
there is some probability for Renninger ef-
fect in the case of the weberite structure
and MoKa radiation. In Fig. 2, the inte-
grated background corrected intensity of
the (110) reflection is drawn as a function of
y-rotation. It is obvious that there are many
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TABLE III

NazNiFeF7 (RF = 0.029, Rw]: = 0.034)

Atom x y z Uy Uy Uy Ux Us U,
Nal 0 0 0 236(6) 568(11) 190(5) 189(5) 0 0
Na2 i 1 3 223(7) 230(7)  667(14) 0 —36(5) 0
Ni* Y H 3 68(1) 66(1) 82(1) 0 11(1) 0
Fe3* 0 0 H 90(1) 84(1) 83(1) 25(1) 0 0
F1 0 b 0.1473(2) 74(3) 286(6) 177(4) 0 0 0
F2 0 0.4109(1) 0.7299(1) 229(4) 207(4) 109(2) 16(1) 0 0
F3 0.1960(1)  0.3840(1) 0.4348(1) 162(2) 188(2)  290(2) —108(2) 11(1) 51(1)

@ Standard deviations given in parenthesis. U;; are x10%.
¢ The vibrational coefficients relate to the expression: T = exp[—272(h2a*U,; + k2b*2U;; + Pc*2Us; +

2hka*b*U\; + 2hla*c*U;; + 2kib*c*Upy)).

configurations where the observed intensity
is much higher than the marked limit of
30(/). In all cases, a small y-rotation
around the scattering vector yields a com-
plete vanishing of the diffracted intensity
(an example is given in Fig. 3), and leads us
to choose the space group Imma (No. 74) to
refine the structure.

This refinement converges to a reliability
factor (R = 0.025, R, = 0.030) slightly
lower than that of Haegele with more than
twice the number of reflections (1148 in this
work; 529 for (13)). The results of the re-
finement are given in Table I1II and the char-
acteristic distances and angles in Table IV.
Despite a change of space group, the crys-
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F1G. 2. Integrated background corrected intensity of
(3 3 0) as a function of ¢ rotation around the scattering
vector.

tal chemistry of the direct weberite struc-
ture obviously remains the same as de-
scribed under ‘‘Introduction.”

However, one should not conclude from
this study that all direct weberites crystal-
lize in space group Imma. Indeed, we were
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F1G. 3. Evolution of the intensity of (1 1 0) with a ¢
rotation of 5° around the scattering vector.
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TABLE IV

INTERATOMIC DISTANCES (A) AND ANGLES (°) IN Na,NiFeF,
(STANDARD DEVIATIONS ARE GIVEN IN PARENTHESES)

Ni?* octahedron

Ni-F1 2 X 1.9655(3) F1-Ni-F1 180.00(2)

Ni-F3 4 x 1.9877(9) F1-Ni-F3 4 X 95.22(5)

(Ni-F) 1.9803 (Dspannon = 1.975) F1-Ni-F3 4 x 84.78(5)
F3-Ni-F3 2 x 180.00(9)
F3-Ni-F3 2 X 91.999)
F3-Ni-F3 2 x 88.10(9)

Fe** octahedron

Fe-F2 2 x 1.9408(8) F2-Fe-F2 180.00(4)

Fe-F3 4 x 1.9186(9) F2-Fe-F3 4 X 94.04(5)

(Fe-F) 1.9258 (Dspannon = 1.933) F2-Fe-F3 4 x 85.96(5)
F3-Fe-F3 2 x 180.00(9)
F3-Fe-F3 2 X 84.58(9)
F3-Fe-F3 2 X 954209

Superexchange angles and metal-metal distances
Ni-Ni 2 X 3.6169(3) Ni-F1-Ni 133.88(2)
Ni-Fe 4 % 3.6578(3) Ni-F3-Fe 138.90(2)
Sodium polyhedra
Bipyramid: Nal Prism: Na2

Nal-F1 2 x 2.7986(3) Na2-F2 4 X 2.4590(9)

Nal-F2 2 x 2.2148(8) Na2-F3 4 x 2.7539%(9)

Nal-F3 4 x 2.5487(8)

F1-Nal-Fl 180.00(2) F2-Na2-F2 2 x 180.00(4)

F1-Nal-F2 2 X 91.47(4) F2-Na2-F2 2 X 84.87(4)

Fl-Nal-F2 2 x 88.53(4) F2-Na2-F2 2 x 95.14(4)

F1-Nal-F3 2 x 59.57(4) F2-Na2-F3 2 x 60.31(7)

F1-Nal-F3 4 X 120.434) F2-Na2-F3 4 X 100.45(7)

F2-Nal-F2 180.00(7) F2-Na2-F3 4 x 119.69(7)

F2-Nal-F3 4 x 91.15(7) F2-Na2-F3 4 x 79.55(7)

F2-Nal-F3 4 x 88.85(7) F3-Na2-F3 2 X 180.00(9)

F3-Nal-F3 2 x 60.86(9) F3-Na2-F3 2 x 119.81(9)

F3-Nal-F3 2 x 119.14(9) F3-Na2-F3 2 x 60.1909)

F3-Nal-F3 2 x 180.00(9)

very recently informed of an unpublished
structural work (32) on Na,NiAlF;. In this
study, it is clearly proved by y-scan that
(hk0) reflections with & = 2n + 1 do not
originate from Renninger effect and are in-
trinsic to the structure (SG 12,2:2)), in
agreement with previous nonlinear optical
measurements (33). Therefore, the only
possible answer to the question of Knop et
al. (14) ““What is the true space group of
weberite?’’ might be ‘‘Weberites crystal-

lize in several space groups,”” and this may
depend on the size of the tervalent ion.

Neutron Powder Diffraction and
Maéssbauer Study

Below T, new magnetic peaks appear:
they can be indexed in the nuclear cell with
the same [ lattice. The study of the thermal
evolution of the intensity of some peaks
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F16. 4. Thermal variation of the intensity of a.few
reflections measured by neutron powder diffraction.
The error bars correspond to the dimension of the
squares and circles at 7 < 60 K.

also confirms the presence of an anomaly at
50 K (Fig. 4).

The identity of the nuclear and magnetic
cells allows Bertaut’s macroscopic theory
to be used (34). 2,, 2,, —1, and / translation
are taken as the four independent symme-
try elements. If R; and S; (i = 1, 4) are the
magnetic moments of Fe3* and Ni?* corre-
sponding to the atomic coordinates re-
ported in Table V, it is possible to define in
each sublattice four linear combinations of
the moments F = M, + M, + M; + M,,
G=M1*M2+M3—M4,C=M1+M2—
M3_M4,A=M1—M2—M3+M4(M=
R, S) which represent the ferromagnetic
and antiferromagnetic modes of coupling.
The base vectors, in the irreducible repre-
sentation of space group Imma lead to 16
modes, but only 3 of them (I';, I's, and I'y)
are compatible with the magnetization of

TABLE V

AToMic COORDINATES OF THE SPINS OF NiZ* (R;) AND Fe3* (S))
AND CORRESPONDING MAGNETIC MODES IN SPACE GROUP Imma
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TABLE VI

CELL PARAMETERS AND ATOMIC COORDINATES OF
Na,NiFeF; AT 4.2 K IN SPACE GrROUP Imma
(VALUES IN BRACKETS CORRESPOND TO THE
REFINEMENT AT 55 K)

a=72031) A, b =10.2551) A, ¢ = 7.4291) A

{7.203(1)) [10.256(1)] [7.429(1)]
Atom X y z B

Nal 0 0 0 1.2
[1.5]

Na2 1 b 1 1.2
[1.5]

Niz+ i 1 1 0.15
[0.25]

Fe3+ 0 0 3 0.15
[0.25]

Fl1 0 i 0.143(2) 0.35
[0.146(2)]  [0.50]

F2 0 0.417Q1) 0.733(2) 0.35
[0.416(1)] [0.734(2)] [0.50]

F3 0.196(1) 0.377(1) 0.429(1) 0.35
[0.196(1)] [0.376(1)] [0.428(1)] [0.50]

both Fe** and Ni?* sublattices and also with
ferrimagnetism (Table V).

Starting from the 300 K atomic coordi-
nates of Table III, the refinement con-
cerned both atomic coordinates and mag-
netic moments. The best fit (R, = 0.047,
Riag = 0.045at 4.2 K; Rpye = 0.048, Ry =
0.052 at 55 K) between observed and calcu-

73

lated intensities correspond to the I'; mode:
+F,,+G,, and —F, for Ni** and Fe** com-
ponents respectively (this mode is also al-
lowed with space group Imm?2). All other
combinations of signs lead to an increase of
the magnetic R factor, as does the solution
previously proposed by Heger (Rp, =
0.058 at 4.2 K and 0.088 at 55 K). The
atomic coordinates, the characteristic dis-
tances, and the components of the magnetic
moments R and § on the axes of the cell are
listed in Tables VI and VII, respectively.
The comparison of the observed and calcu-
lated profiles appear in Fig. 5. The model
proposed by Heger is roughly confirmed,
but explained since the G, component on
the Ni sublattice has a significant value
which leads to a spin canting of 36.9° (4.2
K) and 54.2° (55 K) between the Ni spins.
Ferrimagnetism results from the opposite
signs of F, components of Fe** and Ni?*,
The resulting calculated moment (u = 3.70
) is larger than the moment previously
obtained from single-crystal magnetization
measurements (u = 2.3 ug) with a magnetic
field paraliel to the a axis (17). Table VIII
presents the contribution of each magnetic
sublattice to the magnetic dipolar energy,
the lattice summation being carried out in
the real space within a sphere of 100 A ra-
dius.

TABLE VII

REFINED VALUES OF THE COMPONENTS OF THE MAGNETIC
MOMENTS AT T = 4.2 AND 55 K IN THE MoDE T3

Niz+ Fe*

T (K) R, R, R IR L

4.2 1.29 043 136 -4.93 4.93
(12) 20) an

55.0 0.86 0.44 097 —4.34 434
(14) (20) (12)

T (K) Rp pr Rnuc Rmag

4.2 0.079 0.083 0.047 0.045

55.0 0.083 0.084 0.048 0.052
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Fi1G. 5. Comparison of observed and calculated intensities of Na,NiFeF, at 55 K (a) and 4.2 K (b).

From the above results, the anomaly at
50 K does not arise from a magnetic phase
transition but only from a small reorien-
tation of the Ni?* spins. It is due to the
increase of the F, component when tem-
perature decreases, whereas (, remains
constant in the temperature range 55-
4.2 K.

The existence of this accident had to be
confirmed by Mossbauer spectroscopy.
Madssbauer spectra of Na,NiFeF; at 300 and
5 K were previously published by Pebler et
al. (35); however, in this paper, they men-
tioned neither the values of the fitted data
nor the study of their evolution with tem-
perature. Therefore, we have undertaken a
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TABLE VIII

MAGNETIC DIPOLAR ENERGY (J mole™!)
(VALUES OF 55 K IN PARENTHESES)

Contribution from —

on
l Niz*+ Fe3t Ni2+ + Fe3+
Ni2* ~0.221 -0.251 —0.472
(—0.074) (—0.208) (—0.283)
Fe** ~0.251 0.032 -0.219
(~0.208)  (0.026) (—0.183)

new Mossbauer study of this compound at
several temperatures, particularly in the vi-
cinity of 50 K.

Mossbauer spectra at 300, 77, and 4.2 K
are shown in Fig. 6 and fitted data at several
temperatures are given in Table IX. The
paramagnetic spectrum at room tempera-
ture consists of a well-resolved doublet; the

F1G. 6. Mdssbauer spectra of Na,NiFeF; at 300, 77,
and 4.2 K.

Fp
r ]
0 -
(]|
L 1 1 1 ke
80 85 20 95 100

Fi1G. 7. Thermal variation of the paramagnetic frac-
tion F, of Na,NiFeF,.

isomer shift is very close to that obtained in
the inverse weberites (36, 37), but the quad-
rupole splitting is sizeably smaller.

The Zeeman sextet begins to appear be-
low 90 K. At 77 K, the spectrum is still
poorly resolved and was fitted using a hy-
perfine field distribution. Moreover, the
thermal scanning of the paramagnetic line
(Fig. 7) shows that the magnetic transition
takes place over a relatively large range of
temperature (7 = 10 K). Both phenomena
might suggest a small cationic disorder. The
T, value of 84(2) K deduced from the ther-
mal scan compares well to that obtained by
neutron diffraction.

At lower temperatures, sharper lines are

TABLE IX
MOssBAUER DATA oF Na,NiFeF,

8 AEq ou 2eh
T(K) (mm sec )¢ (mm sec™ ) H (kOe) I' (mm sec™")
300 0.444(4) 0.494(4) — 0.32(1)
100 0.529(4) 0.525(4) —_ 0.38(1)
77 0.54(1) —0.26(2) 290 0.10
65 0.56(1) -0.26(2) 438(2) 0.66(1)
55 0.54(1) -0.27(2) 483(2) 0.52(1)
50 0.55(1) -0.27(2) 504(2) 0.48(1)
45 0.51(1) —0.29(2) 527(2) 0.40(1)
40 0.54(1) —0.27(2) 544(2) 0.40(1)
20 0.55(1) ~0.26(2) 578(2) 0.36(1)
4.2 0.54(1) —0.27(2) 584(2) 0.341)

2 Isomer shift relative to metallic iron at 300 K.
b Quadrupolar splitting of the external lines of the Zeeman spectrum.
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observed for the Zeeman sextet. The ther-
mal variation of the hyperfine field at Fe
nucleus is shown in Fig. 8. A kink at 52 K is
indeed observed, which corresponds to the
change in the direction of the Ni spins,
already observed by neutron diffraction.
However, the quadrupole shift remains in-
dependent of the temperature, which indi-
cates, in a first approximation, that the an-
gle 0 between the principal axis of the
electric field gradient (EFG) and the hyper-
fine field doesn’t change. This is in agree-
ment with the neutron diffraction results,
since Fe*™ moments lie along the a parame-
ter whatever the temperature.

The critical exponent 8 was obtained
from accurate measurements of the hyper-
fine field close to the magnetic ordering
temperature 7. Using T, = 84(2) K, as de-
termined above, the critical law

Hu(T)/ Hy(0) = D * (T, — T)/T.)?
was fitted to the experimental data, yielding
B =0.30(1) and D = 1.02(3).

This value of B is consistent with the 3D
magnetic character of this compound.

Conclusion

The two most prominent results of this
study are the following. First, the ambi-
guity concerning the space group of the
weberite Na,NiFeF; is definitively sup-
pressed. Second, the quasi-parallel ar-
rangement of Ni** spins is quantitatively
described and provides a clear example of
the frustration of an antiferromagnetic cou-
pling. The latter, predicted by the Kana-
mori-Goodenough rules for d%-d® 180°
superexchange interactions, was already
observed for the weberite Na,;NiAlF; (38);
the substitution of paramagnetic Fe to
diamagnetic Al modifies the dimensionality
of the magnetic subnetwork. Whereas in
Na,NiAlF; the magnetic sublattice consists

W (koe) ~ T T 1

500+ - g
4001 152K 7
300} -
200} .
100+ =

R T I
20 40 60 80

Fi6. 8. Thermal variation of the magnetic hyperfine
field H;. The error bars correspond to the dimensions
of the squares.

of isolated linear chains of paramagnetic
Ni2* (therefore unfrustrated), a three-di-
mensional triangular magnetic subnetwork
characterizes Na,NiFeF; and leads to frus-
tration. As previously proposed by Heger
and Viebahn-Hansler (/5) and Tressaud et
al. (17), Ni**-Fe** antiferromagnetic inter-
actions are predominant and govern the ex-
change. They oblige the spins of Ni** to
adopt, despite the negative value of their
exchange interval, a frustrated parallel ar-
rangement.
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