Inorg. Chem. 2004, 43, 7061—7067

Inorganic:Chemistry

* Article

Electronic Interaction in an Outer-Sphere Mixed-Valence Double Salt: A
Polarized Neutron Diffraction Study of K 3(MnQ,);

Roderick D. Cannon, Upali A. Jayasooriya, and Claire Tilford

School of Chemical Sciences, Waisity of East Anglia, Norwich NR4 7TJ, U.K.
Christopher E. Anson

Institut fr Anorganische Chemie Il, Upérsitd Karlsruhe, Engesserstrasse Geb. 30.45,
D-76128 Karlsruhe, Germany

Frank E. Sowrey*

School of Physical Sciences, Warsity of Kent at Canterbury, Canterbury CT2 7NR, U.K.
David R. Rosseinsky

School of Chemistry, Upersity of Exeter, Stocker Road, Exeter EX4 4QD, U.K.

John A. Stride, Francis Tasset, Eric Ressouche, and Ross P. White

Institut Max Von Laue-Paul Lang®, 6 rue Jules Horowitz,
BP 156X, 38042 Grenoble Cedex 9, France

Rafik Ballou

Laboratoire Louis Nel, CNRS, 25 Aenue des Martyrs, BP 156, 38042 Grenoble Cedex 9, France

Received June 11, 2004

The mixed-valence double salt K3(MnQOy,), crystallizes in space group P2:/m with Z = 2. The manganese centers
Mnl and Mn2 constitute discrete “permanganate”, [Mn""O,]™, and “manganate”, [Mn¥'O4J2~, ions, respectively.
There is a spin-ordering transition to an antiferromagnetic state at ca. T = 5 K. The spin-density distribution in the
paramagnetic phase at T = 10 K has been determined by polarized neutron diffraction, confirming that unpaired
spin is largely confined to the nominal manganate ion Mn2. Through use of both Fourier refinement and maximum
entropy methods, the spin on Mn1 is estimated as 1.75 + 1% of one unpaired electron with an upper limit of 2.5%.

Introduction ing application to valence delocalization in a mixed-valence
As part of our ongoing work on electron delocalization SOlid was by Day et al. in 1988.In the absence of orbital
and its role in electron transfer reactions, we wished to @ngular momentum in the ground state, the magnetization
measure directly the distribution of unpaired electron density density arises from the unpaired electron (“spin”) density.
in a mixed-valence complex. The technique of polarized In most transition-metal complexes, orbital angular momen-
neutron diffraction (PND) permits a direct measurement of (UM is largely quenched from the ground state by ligand field
magnetization density in a crystalline matet#the pioneer- effects. We sought a homometallic mixed-valence material
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in which the two metal centers have the same coordination
spheres, are not linked by bridging ligands, and differ in
oxidation state by only one electron. The mixed-valence
double salt KIMnV'O4[MnV"'O4] (1) fulfills all of these
criteria; indeed as far as we know it is the only one to do
so. It has the additional advantage that the metal centers have
configurations dand & so that we are concerned only with
the distribution of one electron over the two sites, and the
detection of any magnetization on the ¥incenter would

be prima facie evidence of delocalization. Formally, it
approximates closely to a quasi-symmetrical outer-sphere
electron-transfer system, and it provides a solid-state
analogué& ™ of the contact configuration of the electron-
transfer reaction between manganate and permanganate ions

Cannon et al.

in solution®
MnO,” + MnO,”” = MnO,”” + MnO,~ 1)

Compoundl was first prepared in 1860 by Gordéand
de S@marmont® but it was not studied again until Erenburg

et al. reported that the infrared spectrum was consistent with

the presence of distinct manganate and permanganate units

in the crystall Powder X-ray diffraction, on th# and

analogous Rb and Cs sdltsuggested a rhombohedral space

group, apparently isomorphous either withs@e&0,), (R3m)
or, more significantly, with K[CrV'O4][MnY"0O,] (R3m).°
However, a single-crystal X-ray diffraction stifdyas since

shown that the true space group of the present compound is

in fact monoclinic,P2;/m. In the asymmetric unit, there are
two discrete MnQ@ groups, Mnl with Ma-O bond lengths
similar to those in the structure of K[MhO,]1°% and Mn2
with Mn—0 lengths similar to those in MnY'0Q,].1% They
are arranged in pairs with{planes facing each other and

with the oxygens in a staggered arrangement to give mixed-
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Figure 1. Structure and ionic environment of tHgMnOg]---[MnO4]}
pseudodimer in KMnO4].. (a) Viewed along the crystallographic mirror
plane, perpendicular to theaxis; (b) viewed along the pseudo-3-fold axis

of the dimer.

valence pseudodimers (Figure 1) that have almost éxgact
symmetry. The dimers, and potassium ions, lie in the
crystallographic mirror planes giving exactly coplanar and
almost collinear chainss-O—Mn—Mn—0—K—-K—-K—-0—
Mn—. Between the chains, the dimers are linked by zigzag
chains of [MY'Qy4] units running parallel to the axis. The
MnV'—MnV' distances within these cross chains are shorter
than in KMnQ, (i.e., 4.42 A). The dimers are also arranged
in approximately close-packed layers with their 3-fold axes
parallel to each other and perpendicular to the layer. (The
symmetry of these layers is exactly 3-fold in the rhombo-
hedral structures.) These layers are stacked in an ABCABC...
arrangement, and the'kions in one layer lie very close to
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the extension of the 3-fold axis of a pseudodimer in another
layer. It is likely that the twinning that was found to be quite
common in crystals of this material (“type B” crystjls
results from an “incorrect” stacking of the layers (e.g.,
ABCABABC...). In summary, the structure ofsMnQ,),

is extremely similar to that of ¥CrO4][MnQ,], the differ-
ence being that in the present compound deviations from
3-fold symmetry can be discernét.

In a preliminary account of this work it was concluded
that the unpaired electron density is predominantly concen-
trated on half of the manganese centers, but this did not
exclude small densities in the vicinity of the others and the
limitations of the method of data analysis did not allow upper
limits to be set. The data have now been reanalyzed using
both maximum entrogy** and form-factor refinement
methods, and we now propose an upper limit of 2.0%
delocalization of the unpaired electron from Mn2 to Mn1.

Experimental Section

K3(MnO,),. The solids KMnQ and K;MnO41%15were added
in alternate small portions to warm aqusott M KOH until the
mixture was equimolar in the two materials and just below
saturation for KMnQ, the less soluble of the two components. With
practice, it was possible to judge the equivalence ratio by eye, the
“crucial violet” shadé being quite distinct from the purple and green
of the components though there is no evidence of any chemical
interaction. Solutions of ca. 100 mL volume were allowed to
evaporate in desiccators at reduced pressure 0@y & 35°C
for several days. This procedure gave thin plates of approximately

hexagonal shape (generally at the surface of the solution) and more,

equidimensional blocks up to 3 mm long at the bottom of the
evaporating dish. Infrared spectra were recorded on a Mattson FT-
IR spectrometer using KBr disks at liquid nitrogen temperature
under dry nitrogen to avoid contamination with £dypical well-

formed crystals were selected for the IR measurements, and the.

spectra were compared with those of freshly crystallized KiMinO
and KMnQy, as noted below. Because previous wdréd indicated
that crystals of the mixed-valence compound are frequently twinned,

a number of crystals were examined using a Weissenberg camera.

The crystal selected, of approximate dimensions>3.8.5 x 1.8
mm?, gave a Weissenberg pattern that could be indexed in terms
of the unit cell of the untwinned structure.

(11) The rhombohedral cell can be transformed into the monoclinic by the
matrix
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0
1

0
-1
-1

0
1
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This transformation involves the loss of two of the three mirror planes
(and thus the 3-fold symmetry) to giveGmonoclinic cell C2/m).
Further loss of the 2-fold axes (and with them the lattice centering)
gives the observeB®2:/m unit cell.
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Figure 2. Magnetization isotherm for §MnQO4],, T = 10 K. Insets:

Temperature dependence of magnetic susceptibjlityas defined in the
text.

Measurements. Magnetic Susceptibility Bulk magnetization

was measured at the Laboratoire LouieN€NRS, Grenoble, on

a purpose-built magnetometer using the anti-Helmholz two-coil
extraction method. The applied magnetic fidd supplied by a
superconducting magnet, was varied up to 8 T. The temperature at
the sample was varied, using a helium flow cryostat, over a range

2 to 300 K. Figure 2 shows the magnetization isotherm for 10 K.
The experimental data gave an excellent fit to the empirical
polynomial expressioM = y;B + »3B?, with the initial susceptibil-

ity x1 = 0.03666z T~ per formula unit, and a negligible third-
order susceptibility (cays = —2 x 10 5ug T3 per formula unit

whereug = Bohr magnetor= eh’2me = 9.274x 10724 J Tt and
wheree andm, are the charge and rest mass of the electron).

Also shown in Figure 2 (insets) is the thermal variation of the
initial magnetic susceptibility; as deduced from the isotherms
measured at different temperatures. FromTca 8 K upward, it
follows the modified Curie-Weiss law

C

L=dTT 5 2
with yo = 0.0018(2)sT per formula unit. The Curie constant is
C = 0.66(2)ig K T~1 per formula unit, which leads to an effective
momentues = 1.73(2)g, as compared with the spin-only value
gls(s + 1)]¥2 = /3 = 1.732g. The negatived value of —9.5(7)
K implies that there should be antiferromagnetic correlations in
the sample at low temperatures, and this is confirmed by the
anomalies in the thermal variation gf at temperatures below 8
K. The data plotted in Figure 2 (inset) indicate agNemperature
of ca. 5 K, in agreement with other experiments referred to below.

Nuclear Structure. The nuclear structure was refined Bt=
10 K by neutron diffraction, using the instrument D15 at the ILL,
Grenoble. Reflections were measured with- —9 to 0,k = —2
to 0, andl = 0 to 12, giving a total of 477 unique, accepted
reflections. Extinction parameters were refined from the D15
experimental data, and the data were corrected for extinction. The
data were corrected for absorption using analytical methods. Taking
the room temperature structure as an initial set of parameters, all
atoms were refined anisotropically to weighted valles 0.019,
R, = 0.008 (whereR = {J|[|Fo| — [Fl}{3IF} andR, =
{ X |Fo| — IFl [} XWH2Fof}, wt = {sX(Fo) + g{Fo}?). Cell
parameters were obtainedas- 7.809(14)b = 5.742(6), anat =
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a) Table 1. Mn—0 Bond Distances (A) and MaO—Mn Angles (deg) in
. MnOq lons in Ky(MnOy),; at T = 10K
permanganate
12 Mn(1)—O(11) 1.612 O(11Mn(1)—-0(12) 109.2
Mn(1)—-0(12) 1.622 O(1H-Mn(1)—0(13) 109.3
Flipping | ? 334 Mn(1)—0(13) 1.629 0(12)-Mn(1)—0(13) 109.2
ratio ] O(13)-Mn(1)—0O(13 110.1
Hy —3 (13)-Mn(1)-0(13)
1.0 T 33% * mean 1.623 109.45
scb 0.007 0.3
0.9 manganate
Mn(2)—0(21) 1.661 0(21yMn(2)-0(22) 109.9
L — Mn(2)—-0(22) 1.649 O(21Mn(2)—0(23) 109.2
b) Mn(2)—0(23) 1.662 0(22)-Mn(2)—0(23) 110.0
q14 0(23-Mn(2)-0(23) 108.7
0204 | o4t oer-o--e--e i mean 1.660 109.5
ii.4' scb 0.006 05
410
015 ' a x2.bsd= standard deviation of the four or six parameters; individual
7 . 4038 . esd’s are not taken into account.
Asymmetry o Rela;znon
o.10] 17 1w magnetic and nuclear structure factors was calculated for é&bh (
}.’ 104 reflection. Fourier componenid(hkl) of the magnetization distri-
1oz bution were finally deduced by setting tiNhkl) to the values
0.054 * E— refined from the D15 experiment(000) = 0.1666(2kswas
D S S S A A e R provided by the bulk magnetization measurements.
Temperature / K-
. . . N Results
Figure 3. E\_/ldencg of the magnetic phase transition ifMNO4)2: (a)
neutron flipping ratios for 32—4 and 3-2—4 reflections, measured on The structural data are of interest because they provide a

D3b at ILL with an applied field of 4.6 T; (b) muon spin relaxation times,

measured on the instrument EMU at the Rutherford Appleton Laboratory, direct comparison of the geometries of the two M=@ions

Chilton, Didcot, UK. (See ref 15.) in similar crystallographic environments at low temperature.
9.721(13) A, angé = 112.14(4) deg. The corresponding parameters | "€ respective MrO distances and ©Mn—O bond angles
found by X_ray diffraction at room temperature weee = are Compal’ed N Table 1. The mean ‘Nm dIStanCE IS |ESS
7.868(1)b = 5.783(1), and: = 9.7897(1) A, ang8 = 112.00(1}. in the manganate(VIIl), permanganate, than in the manganate-

A similar set of data was collected at 1.5 K. Thus, there is no change (VI), as expected, and is less by a similar amount as was

in the symmetry of the nuclear structure over the three temperaturesfound in the room-temperature-¢ay study of the present

measured and no significant change in cell parameters between 1@ompound (mean distances 1.611 and 1.6535a§1)j in the

and 1.5 K. separate materials KMnCand K;MnO, (1.607 and 1.646
Polarized Neutron Diffraction. The experiment was carried out A, respectively}® Although both ions are oiCs sites, so

on the instrument D3b at the ILL. The chosen crystal was mounted they each have two equivalent atoms, they are both very close

on a goniometer and coated with silicone grease to inhibit reaction to 3-fold symmetry, and the main structural distortion is that

with oxygen and more especially with water vapor. After optical in each ion the MH:O bond along the pseudo-3-fold axis is

alignment, it was transferred directly to an aluminum pin, and the " o
alignment was checked using a Laue camera. The mounted crystafSllghtly shorter than the other three. Surprisingly perhaps,

was transferred to the cryostat of D3b with thexis vertical and  the spread of Mr O distances is less in the manganate(V1)
perpendicular to the neutron beam. It was centered using 15than in the manganate(VIl). This confirms what was found
reflections that were initially located from the room-temperature at room-temperature but contrasts with KMyedid KMnQs,,
X-ray data. Flipping ratioR(hkl) were measured with an applied  but the spread of bond angles is somewhat greater in the
field of 4.6 T. The ratiosR(3, =2, —4) andR(=3, —2, 4) were manganate(VI) ion. Calculations of the Jatifeller effect
calculated to be the most sensitive to temperature and weredye to the unpaires, electron in the tetrahedral environment
measured at different temperatures over the range 1.5 to 40 K. Theimply that angular distortion is more important than bond
results of this scan are shown in Figure 3. It was immediately clear length difference&® and Brunold and Gael observed the
that at low temperature the ratios were not equivalenttiok,l) importance of ber;ding modes in the fine structure of the

and (—h, k, —I) outside thek = 0O layer. For example, & = 1.5 . 1 .
K the ratiosR(3, —2, —4) andR(—3, —2, 4) were 0.88(1) and luminescence spectrum at 15 'K.The IR absorption

1.32(2), respectively. As the temperature was raised, the two ratiosSPECtrum of K(MnOx), shows the mode’s of MnO, (vq
converged at ca. 10 K. This indicated a phase transition at¢d. 5 Mn—0) for both ions, both split into three components by
K, the lower-temperature phase being of lower symmetry than the low site symmetry. For manganate(VIl), they are sharp
P2,/m (by loss of the 2axis and probably also the mirror planeto  at 901, 914, and 927 crf for manganate(VI), they are
give triclinic P1) and thus necessarily antiferromagnetic. This is relatively broad at 811, ca. 820, and 831 @énThese features
consistent with the MuSR experiments referred to below, which

also indicated low-temperature antiferromagnetism anded pent (16) Atanasov, M. ZZ. Phys. Chem1997 200, 57.
of 5.1 K. Further values dR(hk) were then measured for reflections ~ (17) Brunold, T. C.; Gdel, H. U, Riley, M. JJ. Chem. Phys1996 105

. _ _ _ _ 9931. Brunold, T. C.; Hazenkamp, M. F.;"Gel, H. U.J. Am. Chem.
withh = —91t0 0,k =—-21t0 0, andl = 0 to 12 atT =10 K all Soc.1995 117, 5598. Brunold, T. C.; Hazenkamp, M. F.; Gal, H.
with H = 4.6 T. The ratioy(hkl) = M(hkl)/N(hkl) between the U. J. Lumin.1997 72—74, 164.
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Figure 4. Magnetization density map of #MnQa),, calculated by Fourier refinement from polarized neutron diffraction data obtained on D3b &F ILL;
= 10 K. Cross section in thezplane aty = 0.75. The crosses show positions of atoms Mn1 and Mn2 calculated from unpolarized neutron diffraction data
obtained on D15 at ILLT = 10 K.

are identical to those observed in spectra of KMredd “Classical” Fourier Inversion. Preliminary reconstruction
KoMnQO, measured on the same instrument at the sameof the magnetization distribution had already indicated strong
temperature. localization at the nominal manganese(VI) centéfihe data

All polarized neutron experiments of the kind reported here l€ft open the possibility of a small net magnetization at Mn1,
yield magnetic structure factors, which are the Fourier but the low-density contours were rather irregular and not
components of the magnetization distribution, and the generalwell-related to positions of atoms. It was suspected that they
problem of retrieving the distribution in real space is a Were dominated by artifacts due to truncation errors. Refine-
Fourier inversiort3d The available methods are broadly of ment using the nuclear structure factors from the low-
two kinds, “direct” methods that involve no a priori model temperature neutron diffraction experiment on D15 has,
and refinement methods using a model based on existinghowever, given a more intuitively satisfying result. Figure 4
information. Direct methods based on Fourier inversion have Shows a cross section of the magnetization map in the plane
certain well-known drawbacks. They take no account of Y = 0.75. The calculated positions on Mn1 and Mn2 in this
uncertainties in the experimental data, and they involve plane are shown, and it is now clear that whereas the bulk
setting all unmeasured coefficients (i.e., reflections too weak Of magnetization density resides on Mn2 there is a significant
to be observed) to zero. This can lead to artifacts in the and well-localized “pool” of density coinciding with the
reconstructed map. Methods based on the maximum entropyPosition of Mn1.
criterion avoid these problems. However, when the aim is In a first attempt to provide numerical estimates of
to establish limiting values for densities that are not actually magnetization at the Mn1 site, further refinements were made
detected, the model refinement methods do have the apparentising a range of estimated magnetic form factors for
advantage of yielding standard errors of estimate in the manganese(VI). The first three estimates used the published
conventional statistical sense. In this work, both approachesfree-ion calculation$ for Mn?*, Mn®*, and Mri". Agreement
have been used. between calculated and observed magnetic structure factors

Inorganic Chemistry, Vol. 43, No. 22, 2004 7065
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improved slightly along this series witR = 15.1, 13.8,
13.0%. Two more calculations were made, vv_ith form factors K3 (MnOH)2, D3 augas 1990, 457, 10K_| (a)
expressed agh]= exp(—A<s), in the notation of P. J. ;
Brown!® The first estimate used = 6.19 A2, based on a o]
manual extrapolation from published values in the sequence O
Mn™, Mn2*, Mn3", Mn*". The second used the valde= -
7.25 A, which was found to give the closest agreeméht ( * "
= 13.6, 12.8% respectively). The five estimates of magne- O ot
tization at Mn1 did not vary greatly, the ratio Mn1/Mn2 being -
1.7+1.1,1.8+1.0,1.75+ 0.9, 1.6+ 1.0, and 1.8t 0.9%. - o
MaxEnt Reconstruction. Figure 5 shows projections of bt
magnetization density on the (100), (010), and (001) planes FORERTRORCTNDOM 1 & 8 o
deduced by the three-dimensional (3D) maximum entropy Youao 0 10 om0 b1 ot
method!314 1t should be noted that in the PNS experiment Contcan are FOBS. ottty 100 o
the range of detector angles is limited in the vertical direction, —
which is theb axis of the crystal in the present experiment.
This limits the spatial resolution in that direction. However b
as demonstrated elsewhéfe,the limitation is largely (b)
overcome in a MaxEnt calculation that uses the whole of K (W42 D0 august 1960, 4T 10K _|
the 3D data set to produce each 2D projection. 3 T
The lowest-density contour is set at 0.29% 2, and the /) Lo
small areas of magnetization other than that surrounding Mn1 s
are considered to be insignificant because they do not (‘) O -
coincide with any atomic positions. The reconstruction places X4 o .
no magnetization density in the vicinity of Mn1. It does not 0 Q s
lead to a finite estimate with “error bars” in the conventional .
sense, but it does suggest an upper limit in one obvious way. 7@ -
The highest magnetization contour is 0.49%A 2, and if - s
we assume that the spatial extension of magnetisation would - -
be the same for an electron residing on Mnl as on Mn2, — s
then the upper limit is simply 0.005/0.195 (i.e., about 2.5%). Toume 0 o 1 vm o m1 105
Further insight can be obtained by building the reconstruc- [P ———————— .
tion from a nonuniform prior distributiof® The density Yo roeluion et
maps in Figure 5 were constructed from a starting hypothesis
of equal probability of magnetization in each volume element
of real space (the “flat prior” distribution). For the non- (c)
uniform prior, or default, model we started with 98% of the [ k3 Mno4)2, D3b august 1990, 46T, 10K |
magnetization localized around Mn2, in a spherical distribu- v
tion, and the remainder around Mn1l. Figure 6a shows the
MaxEnt reconstruction obtained in this way, Figure 6b shows Q
the default model, and Figure 6c is the difference between CoNTOURS
the reconstruction and the model. This difference map shows .
only features in the region of Mn2. By comparison to the O =
spherical distribution used in the model, a small anisotropy X “
is present in the reconstruction, as expected for one electron O .
in a 3d orbital. No differences are visible around Mn1, and »
this is an additional confirmation of the 2% upper limit of o
delocalization from Mn2 to Mn1. O [ﬁ] o
Discussion - et
The magnetic phase transition evident from the present e i
measurements has been observed independently by another Xparleio 1 0 0 fom 0 o 1
method!® Rates of muon spin relaxation (MuSR) pass oetene e FoRS matgtetey 100
through a discontinuity af = 5.1 K, as shown in Figure 3. Ry e

(18) Brown, P. J. Magnetic Form Factors. International Tables for Figure 5. Magnitization density maps ofMnQ,]2, projected on planes
Crystallography Wilson, A. J. C., Ed.; Kluwer: Boston, 1992; Vol. (100), (010), and (001). The density was calculated starting from a prior
C, 391. distribution of magnetization, uniform throughout the unit cell.

7066 Inorganic Chemistry, Vol. 43, No. 22, 2004



Polarized Neutron Diffraction of k(MnO,),

(2) Max Ent () Model (¢) Difference

CONTOURS Y Y
———i]

[37. %) L1 L7

Figure 6. Magnetization density map of &MnQ4],, projected on the plane (010). (b) Starting model with 98% of the spin concentrated at the Mn2 sites
(the contours do not show the 2% that is at the Mn1 sites); (a) model reconstructed by MaxEnt, starting from b; (c) the difference between a and b.

The relaxation rate is sharply sensitive to heterogeneous localWwhereW; and W, are zeroth-order wave functions for the
magnetic fields. The site of the muon when it localizes in electron localized on Mn1 and Mn2, respectively, aHd
the crystal is not directly determined, but Stride efargue andW_ are wave functions for the ground and excited states
that a position in the six-oxygen hole between the two MnO of the mixed-valence dimer. The electron densities at the
groups is most likely. By calculation of field gradients for two atoms in the ground state are then—1a?) and a2,
several model spin arrangements (all spins being located orrespectively, and our results give? ~ 0.02. If more
Mn1), they ruled out a ferromagnetic structure and favored cautiously we take the upper limit, then we have@? <
one of three possible noncanted antiferromagnetic structuresg.025. There is still scope for a range of physical descriptions
The present results also rule out ferro- (and ferri') magnetism within the R0b|n—Day mixed-valence classes | andtifor
but do not distinguish between different permutations of minimal to zero delocalization or moderate delocalization,
upward and downward spins, apart from the requirement of respectively. It is at least intriguing to note that the face-to-
a lower symmetry. We plan to return to this question using face arrangement of tetrahedra in the pseudodimer (Figure
neutron diffraction in the low-temperature phase. 1) is ideal for orbital overlap and to note that the Mnl
With regard to the cherrylf:al conclg]urgtlon, there is N0 Mo distance of 3.978 A is considerably shorter than the
doubt that the formula Mn*O,][Mn"'O,] is an excellent  gporest Ma-Mn distances in KMnGor K-MnOy, 4.254 and
approximation, but there is detectable spin at the location of , g75 & respectivel§?bIt is also relevant that conductivity
atom Mnl, confirmed by three independent methods of ;,q gielectric relaxation measurements on crystal samples
assessment. These are the close coincidence of the Iower the present compouridand on mixtures of manganates
maxi_mum in thg magnetization density contours to the . permanganatég? albeit at higher temperatures, have
22?:22;2]‘ Pr/lonml Hllcthzr:r%f'?r?el?r:zrr]lte’ thencogcﬂgsglcio?; demonstrated semiconduction activation energies similar to
I url 0 ! giving a that of the self-exchange reaction (eq 1) in solli{¢A8 4
equivalent to (1.75t 1)% of one electron spin, and the 3 and 46+ 4 kJ mol%, respectively). At room temperature
MaxEnt reconstruction placing an upper limit of 2 to 2.5% ' ’ . .
. .. _and above, the electron-transfer process is apparently adia-
of one electron, assuming the absence of any contribution, = ~ . .
batic; whether it remains so down to the low temperatures

from orbital angular momentum. £ thi K ins to be determined
One contributor to this effect that must not be overlooked of this work remains 1o be determined.
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In a semiclassical model of electron transfer, delocalization Supporting Information Available: Magnetic structure factors,

of unpaired electrons is related to interaction between the selected atomic coordinates, IR spectra, and output from the
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oxidation states would be described as [W#™«-Mn(7 = %]

with x > 0. Following Mayoh and Da¥} we may write the

wave functions of the transferable electron as
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