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The synthesis, structural, and magnetic characterization of the series, Baj—xLa1+xMnOa+s (0 < X
< 0.5) with the KzNiFs—type structure is reported. We previously found that x = 0.2 member
exhibits the very rare anisotropic spin glass behaviour with only the c-axis spin component
freezing below Tg. Here we show that each member of the Baj—xLa1+xMnQOa+s (0 <x <0.4) series
exhibits the same spin glass behaviour. Moreover, Tg, varies with x, reaching a maximum of
26.4(4) K for x = 0.20 compared with 19.2(2) K for x = 0. The spin glass behaviour was
confirmed by both dc and ac magnetic susceptibility measurements. No long-range magnetic
order was found down to 2 K. All series members adopt the 14/mmm space group and subtle
structural transformations occur with increasing La content. The unit cell volume contracts for
0.0 <x < 0.3 and expands for 0.3 < x < 0.5. Similar behaviour is seen for the equatorial Mn-O
bonds in the Mn-O octahedron while the axial Mn-O distances increase to x ~ 0.3 but remain
unchanged for higher x. XANES analysis revealed that the oxidation state of Mn in the
Baj—xLai+xMnOa+5 samples varies with x: for x <0.2 Mn is in +3.0(1) oxidation state only, while
for x > 0.2 a mixed +2/+3 oxidation state was found. Therefore, for the charge balance, samples
with x < 0.2 contain excess oxygen as an interstitial species, while for X > 0.2, the structure
cannot sustain any more interstitial oxygen and the La excess is accommodated through the
reduction of some Mn** to Mn?*, Based on the oxidation state of Mn, the possible origins of the

spin-glass magnetism in the Ba;—xLa1+xMnQa+s series are discussed.

l. INTRODUCTION

Manganese oxides with the perovskite structure, such as A1-xA'xMnQOs, where A and A’ are
Group 2 and Group 3 elements, respectively, are extremely interesting materials that have
attracted massive attention due to their magnetoresistive properties which make them potential
candidates for magnetic storage devices [1,2]. There are two viable approaches to tune the
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electrical response to the magnetic field and improve the magnetorestrictive properties: (i) by
chemical substitution on the A-site as above and/or (ii) by synthesising variants of the
perovskite structure by adding a controlled number of MnO. sheets. For example, by inserting
a rock-salt type layer every n MnO: sheets, the perovskite-type structure (La,A)MnO3
transforms into layered structures, (La,A)n+1MnnOsn+1. These are called Ruddlesden-Popper
(RP) phases with n being an integer from 0 to «o. The n = 1 member of the RP phases is in fact
the KoNiFs-type structure (Figure 1a) and compounds adopting this structure exhibit very
interesting but different properties than the original one. Compounds such as (La,A)2Mn.07
result when n = 2 (Figure 1c) whose magnetic properties begin to resemble the starting
perovskite compound [3]. Finally, the pure perovskite structure results when the number of

sheets is n = oo (Figure 1d).
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Figure 1 Ruddlesden-Popper phases: (a) with n = 1: A;BO., or the Kz:NiF, structure-type where the

individual rock-salt and perovskite layers are illustrated and the body-centred magnetic sublattice (b)

consisting of square planar layers and the condition for magnetic frustration; (c) with n =2, AsB,0~
structure; (d) with n = oo, perovskite structure, ABOs.

A KoNiFs—type compound was first reported in 1892 while the first structural
characterisation was done almost concomitantly by Baltz in 1953 [4] and by Brehler in 1954
[5]. This structure-type mainly adopts the tetragonal 14/mmm space group. Here, the
coordination number (C.N.) of the A-site cation is reduced to 9 due to the intergrowth with the
perovskite layer. The B-site is occupied by a transition metal which, if of Jahn-Teller type, can
experience an enhancement of the tetragonal distortion. Moreover, due to the large interstitial
sites between the A and B-site cations, additional anions could be accommodated at the
interface [6,7,8]. This structure-type has been recognized as the archetype structure for low

dimensional magnetism with the magnetic sublattice consisting of square-planar layers which



are stacked in such an arrangement that magnetic ions located in adjacent layers are translated
by a vector t = (Y2 ¥ %), which give rise to a body-centred tetragonal cell (Figure 1b). When
the intraplanar magnetic ions are in an antiferromagnetic arrangement, the interplanar coupling
becomes frustrated, leading to 2D magnetism. Examples of such compounds include:
SrLaMnOg4 [9,10,11], SrLaCrOg4 [12], SrLaFeO4 [13], La2NiO4 [14], CaYCrO4 [15], and so on.

The magnetic properties of SrLaMnO4 have been well studied [9,10,11] and it is known
that an AF ordering in this compound establishes below Tn = 128 K. The La-rich compounds
Sri—xLa1+xMnOa+s also show two-dimensional antiferromagnetic spin correlations and long-
range antiferromagnetic order but with a lower Ty [16,17]. Quite surprisingly, the Ba analogues,
BaLaMnO4 and BaoslLai2MnQOs1 show no long-range magnetic correlations but a random
freezing of spins below T4 of about 19 K and 26 K, respectively [16,18]. Moreover, magnetic
measurements on BaoglLai2MnOa.1 crystal showed that only the c component of the spin freezes
while the others remain dynamic down to 2 K [16]. This anisotropic spin glass behaviour is
exceedingly rare, with only one other well-documented example in the literature, Fe>TiOs [19].

This study concerns the magnetic properties of BaLaMnO4 and its La-excess series,
Baj-xLa1+xMn0Oas+s (0 < x < 0.5). The existence of BaLaMnO4 was first reported in 1977 by
Benabad et al. [20] together with the first (and only) study reporting on the formation of
Bai+xLai—xMnO4 solid solutions, but a detailed structural analysis on the La-rich series
Bai—xLa1+MnO4 was missing. In BaLaMnOa,, Ba?* and La®* are disordered on the A-site and in
a nine-fold coordination, while the Mn®* ion is located at the B-site in a tetragonally elongated
octahedral geometry. The MnOg octahedra are corner-linked in the ab plane, while along the ¢
axis they are separated by the rock-salt layers. The 3d* (t2g%eg!) ion Mn®" (S = 2), subjected to
static Jahn-Teller distortions, is situated at the corners of the unit cell lattice forming a square
planar magnetic sublattice with 2D sheets extending in the ab plane. A certain extent of
magnetic frustration is expected due to the stacking sequence of Mn3* layers, as depicted in
Figure 1b. As mentioned earlier, the magnetic properties of BaLaMnO4 have been unclear for
a long period of time until very recently [18] when it was reported that BaLaMnO4 exhibits a
spin glass state. Except for BagglLai2MnOa41 [16] nothing is known about the La-rich phases
BaixLai+xMnQOas+s. With the aim of understanding the magnetic properties of these materials,
present work reports on the structural and magnetic properties of polycrystalline samples with

the BaixLa1+xMnOa+s composition (0 < x < 0.5) prepared by solid state reactions.



II. EXPERIMENTAL SECTION
1. Synthesis

Polycrystalline Bai—xLai+xMnOa+s samples with 0 <x < 0.5 were prepared from La;03 (99.9%),
BaCOs3 (99.999%), and Mn203 (99.99%) from CERAC. First, La>O3 was pre-fired at 1000 °C
to eliminate any residual water. Then stoichiometric amounts of these precursors were
homogenised dry, in a ball mill. Pressed rods were placed in a ceramic (alumina) boat and fired
in two steps: firstly at 800 °C for 12 h, followed by a second thermal treatment at 1350 °C for
36 h, under Ar to avoid the oxidation of Mn®*. The reactions leading to the formation of
Bai-xLa1+xMnOa4+s samples can be written as follows (Reaction 1):

(1—x) BaCOs3 + (1+x) %2 La2O3 + %2 Mn2O3 — Ba(1-yLa1+nyMnOg4+y2 + (1-x)CO2 1 (1)

The temperature and annealing time were found to be the dictating factors in obtaining the
targeted phase and to avoid secondary phases. All Ba;—xLa1+xMnOas+s samples had a black

colour.

2. Characterisation

X-ray powder diffraction. Room-temperature powder XRD data was collected (for all
samples) with a PANalytical diffractometer equipped with a X’Celerator detector, using Cu-
Kay radiation (A = 1.54056 A) and a step of 0.0167°. For x = 0.1, 0.2, 0.3, and 0.4, synchrotron
diffraction data were also collected at the low energy wiggler beamline of the Brockhouse sector
of the Canadian Light Source using a wavelength A = 0.80441 A and a Mythen linear position
sensitive detector. All structural refinements were performed with Topas R package (version
2.1, Bruker, AXS, Karlsruhe, Germany) which included Lorentzian strain broadening and a
TCHZ peak shape function.

Elemental analysis. For the elemental analysis, about 50 mg of each sample was dissolved in
10 mL of hot aqua regia following a dilution to 100 mL. An ICPS - inductively coupled plasma
spectrometer (Fisher Scientific Instruments, ICP-Varian Vista Pro) was employed for the
analyses. Matched standards, i.e. 10 ppm reference solutions of Ba and La in were also used.

All elemental analyses were performed with an accuracy of + 5% of the analyte.

Magnetic measurements. Magnetic susceptibility measurements were conducted using a
MPMS SQUID magnetometer (Quantum Design). The direct current (dc) zero-field cooled
(ZFC) and field cooled (FC) data were collected in a 2-400 K the temperature range under a



100 Oe applied magnetic field. The samples were placed in gelatine capsules which were held
in plastic straws. Two empty gelatine capsules were placed above and below each sample to
minimize the noise signal. Also alternating current (ac) magnetic susceptibility measurements
were performed in the 2-50 K range at 1, 10, 100, 500, 1000 Hz frequencies and with a 3.5 Oe

ac amplitude.

X-ray absorption near edge structure (XANES)

(i) One set of Mn K-edge spectra was collected from BagolLai.1MnOases (X = 0.1) and
Bao7La13MnO4+s (x = 0.3) samples employing the Sector 20 bending magnet beamline (20-
BM; CLS@APS) from the Advanced Photon Source. The beamline was equipped with a
Si(111) monochromator. The powder samples were sealed between layers of Kapton tape.
Measurements were collected in partial fluorescence and transmission modes. The spectra were
collected with a 0.15 eV step size through the edge and were calibrated using Mn metal (6539
eV). The resolution of the Mn K-edge was 0.9 eV.

(if) The other set of XANES data from BaLaMnO4 and BagsLa1.4MnQO4+s samples as
well as reference compounds such as Mn?*O, Mn®,03, Mn**O2, and BagsLai2Mn3*?04ss
(sample synthesised in oxidising conditions, therefore containing Mn in an oxidation state
higher than +3) was collected at ELETTRA, a synchrotron radiation facility in Trieste, Italy.
Mn K-edge absorption spectra were measured in transmission mode and at room temperature.
Polycrystalline samples were pressed into thin pellets with a total absorption thickness (ud) of
2 above the investigated edge. For these measurements, a Si(111) double-crystal
monochromator having an energy resolution of 0.8 eV at 7 keV was employed. The XANES
spectra were measured within the interval =250 eV to +1000 eV relative to the Mn K-edge.
Energy steps of 0.25 eV each were used with an integration time of 1s/step. To improve the
signal-to-noise ratio, three to six repetitions of the scans were superimposed for each sample.
The absolute energy reproducibility of the measured spectra was 0.03 eV. A 5 um thick Mn
metal foil was used to determine the exact energy calibration. The Mn K-edge in the Mn metal
is positioned at 6539 eV.

Data analysis was performed with the Demeter (IFEFFIT) program package, Athena [21].

Bond valence calculations were carried out according using Equations 2 and from Brown
[22]:

Si = exp((Ri — Ro)/b) (2

V=3S; 3



where S;i (the bond valence) is calculated from the Ri and Ro (bond distance) values. The b
parameter is 0.37. Here V (bond valence sum) is the sum of all i bond valences of a particular

coordination sphere.

I1l. RESULTS AND DISCUSSION
1. X-ray powder diffraction
Samples of Bai—xLai+xMnOas+s (0 < x < 0.5) have been obtained as black polycrystalline

materials. The laboratory X-ray diffraction patterns are shown in Figure 2.
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Figure 2 The room-temperature X-ray diffraction patterns for the Ba;—xLa1+xMnOa.; series (X =
0.1-0.5). The impurity La,0; is marked with *. The marked 2 theta positions shown below the profile
(grey bars) show the allowed Bragg peaks for Cu Kaa.



All samples crystallize within the 14/mmm space group with sharp and well-defined reflections
— Figure 2a. Asymmetric peak broadening was observed for all samples, but it was more
pronounced for x = 0.1 and 0.3. Such effects have been observed before in layered oxides and
are thought to be originating from local defects and/or oxygen interstitials/vacancies [23, 24].
Samples with x < 0.3 were phase-pure, while samples with x > 0.4 contained La2O3 as a
secondary phase, marked with * in Figure 2b.

Structural refinements were carried out on all samples using the laboratory data and for
0.10 <x <0.40 using the synchrotron data. The results are shown in the Supplemental Material,
Figure S1 and S2, and Tables S1 and S2 [25].
The unit cell parameters of the Bai-xLa1+xMnQOa+sseries were calculated from laboratory X-ray
powder diffraction analysis on x = 0 and 0.5, while for 0.10 < x < 0.40 using the synchrotron
data. For x = 0, the a = 3.9036(1) A, ¢ = 13.2927(1) A, and unit cell volume, V, is 202.553(3)
A3, The substitution of Ba®* (1.47 A) by the smaller La®*" ion (1.216 A) initially leads to a
decrease, followed by an increase of a parameter, while the ¢ parameter slightly increases up to
X < 0.2 but decreases for x > 0.2 (Figure 3a - top). According to Figure 3a - bottom, the unit

cell volume seems to shrink for 0 <x < 0.2 then expands for x > 0.3.
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With increasing La concentration, the MnOg octahedron experiences a shortening of the
Mn—O planar bond lengths from 1.9518(1) A for x = 0 to 1.9494(1) A for x = 0.2, while for x >
0.2 there is a linear increase of the Mn—O planar bonds lengths up to 1.9580(3) A for x = 0.5.
Moreover, with increasing the La concentration, the axial Mn—O bonds slightly increase from
2.3104(1) A t0 2.3723(1) A (0 < x < 0.3) and remain relatively constant for x > 0.3. Furthermore,
the elongation of the MnQOs octahedron leads to an increase of the distortion index, D.l. as
shown in Table 1. The distortion index, D.I., is defined as:

D.l. = [<(Mn — O)axial — (Mn — O)equatorial>] / <Mn - O > (2

where <Mn—O> is defined as the average of the axial and equatorial Mn—O distances.

Table 1 The Mn-0O bond lengths and the distortion index, D.I. for Ba; xLa1+xMnQOa4:s (0 <X < 0.5), and
bond valences determined from the bond-valence model. Data for x = 0.1-0.4 were calculated from
synchrotron data.

Bond x=0 x=0.1 x=0.2 x=0.3 x=04 x=0.5
Mn-O (planar) 1.9518(1) 1.9474(3) 1.9419(1) 1.9441(1) 1.9501(1) 1.9474(3)
Mn-O (axial) 2.3104(1) 2.3304(3) 2.3157(1) 2.3723(1) 2.3100(1) 2.3304(3)
D.l. 0.173 0.184 0.181 0.205 0.174 0.168
B.V. (Mn) 2.83 2.84 2.89 2.81 2.85 2.80

The compression of the Mn—O planar bonds for x < 0.2 might be simply a result of the
substitution of Ba?* for smaller La®** ion, while for x > 0.2 the increase could suggest a decrease
in the concentration of Mn3* (ionic radius of 0.645 A) and a possible admixture with larger
Mn?2* ion (ionic radius of 0.830 A).

The slight expansion of Mn—O axial bonds with increasing La content up to about x = 0.2
indicates an increase of the Jahn-Teller distortion. This excludes the presence of Mn** or Mn?*
species as they prefer non-distorted octahedral sites. Moreover, it is expected that this would
also affect the d-orbital energies of the Mn3* in the ab plane.

2. Elemental analysis
The ICP method was chosen to investigate the empirical formula of the as-obtained
polycrystalline Ba;-xLai+xMnOa+s samples. Two compositions were chosen, BaLaMnO4 and

BaoglLai2MnQOas 1. The results are presented in Table 2. Both samples analysed showed a Ba/La



ratio almost identical to the nominal ratios of 1.00 for BalLaMnOs and 0.66 for

Bao.sLa12MnOa.1, respectively, which confirms the stoichiometry of our samples.

Table 2 The results of elemental analysis on polycrystalline BaLaMnO4and BapsLai 2MnOsa..

Element
Nominal formula Ba/Laratio | La/Ba Empirical
Ba La ratio formula

ppm ppm/A ppm ppm/A
BaLaMnOg4 13.9(6) | 0.101(6) | 14.1(7) | 0.101(7) 1.00(7) 1.00(7) BaLaMnO,

BaosLaioMnOa: | 7.3(3) | 0.053(3) | 11.1(5) | 0.080(5) | 0.663(3) | 1.509(5) | BaosLas2MnOuas

3. XANES analysis

The Mn oxidation state in both BaLaMnOg (x = 0) and Bao.sLa1.2MnQO4.1 (x = 0.2) compounds
is +3.0(1) as determined from XANES analysis in our previous work [16]. For charge balance,
interstitial oxygen was found in the AO layers of the x = 0.2 sample. But will the Mn3* state
persist for x > 0.2 or will the oxygen uptake have already reached a maximum? To answer this
question, it is therefore very important to find out what is the oxidation state of Mn in the
samples with x > 0.2. From the structural study presented in section I111.1, we do expect that the
oxygen uptake should have reached a saturation value and the excess La could now be
accommodated by a mixed Mn?* and Mn®* at the Mn site. To shine light on this, Mn-edge
XANES analysis on Bao.sLa1.4MnOa+s (X = 0.4) was used.

The normalized XANES spectra of Mn in the Bao.sLa1.4MnOa.s sample are plotted in Figure 4.
A set of selected XANES spectra collected on (reference) Mn compounds containing Mn in
different valence states but the same oxygen ligands are also plotted. The valence state of Mn
in the analysed samples was determined from the shift in energy of the Mn absorption edge
relative to reference compounds. The Mn absorption edge is shifted to higher energies with
increasing the oxidation state. A shift of about 3.5 eV per unit oxidation state was observed in
reference Mn compounds (Figure 4) which agrees with previous results [26, 27]. Figure 4
shows that the Mn K-edge position in the sample with x = 0.4 is shifted to lower energies by —1
eV relative to the Mn>" edge position for samples where Mn is in +3.0(1) oxidation state such
as in BaggLa; 2MnO4.1 and BaLaMnOs. This shift suggests an average oxidation state of Mn of

+2.7(1), and therefore, an admixture of Mn?*/Mn*" at the B-site.
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Figure 4 (a) Mn K-edge XANES spectra of BaosLaisMnOa:sand reference compounds containing Mn
in different valence states, Mn*20, Mn,*30s; BaLaMn*30., BagsLaioMn*3041, and Mn**O,. A vertical
dotted line is located at 6550 eV which is the energy of the Mn,Os absorption edge. (b) Detail showing
the Mn edge in BaosLai4MnOassis shifted to lower energy compared to BagslLai 2MnO4.1and Mn,Os
reference samples with Mn in +3 oxidation state.

The XANES analysis performed on BaoglLaiiMnOasges (Figure 5) revealed that for this
composition, Mn exists in a +3.0(1) oxidation state with its absorption edge being positioned
between MnO, MnO- and at the same position as Mn2Os. On the other side, the sample with x
= 0.3 (Bao.7La1.3Mn0a+s) has the absorption edge slightly shifted to lower energies by —0.3 eV
relative to the Mn®" edge position for the Bag.oLa;1MnQa4.0s and Mn203 sample where Mn is in
+3 oxidation state. This shift suggests an average oxidation state of Mn of +2.9(1).

In conclusion, our XANES results suggest that for the samples with x > 0.2, no more oxygen
can be accommodated at the interstitials to account for the excess of La, but the charge balance
gets satisfied by a reduction of some of the Mn®* ions to Mn?*, which agrees with the structural

results in the previous section.
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Figure 5 (a) The Mn K-edge XANES spectra of BaogLai1MnQOa4.0s, Bao7La13MnOa+sand reference Mn
compounds where Mn is in different valence states (Mn*20, Mn,*30s, and Mn**Qy). (b) Detail
showing the Mn edge in Bag sLai1sMnQOa.sis shifted to lower energy compared to Bagsla; 1MnOa.es and
MnO3 reference compounds with Mn in +3 oxidation state.

4. Magnetic properties
The dc magnetic susceptibility data for the polycrystalline Ba;—xLai+xMnQOa+5 (0 < X < 0.4)
samples are presented in Figure 6. It has been previously established that the general shape of
the polycrystalline susceptibility curves, especially for ZFC, is diagnostic of the anisotropic
spin glass state [16]. For an isotropic spin glass, the ZFC curve falls rapidly below Tg but in the
anisotropic case this does not happen as only one of the three spin components freezes while
the other two remain dynamic giving rise to a broad maximum well below T4 as well as the
cusp at Tg. Similar magnetic behaviour was found for 0 < x < 0.4, with T4 values dependent on
X: Tg=21.9(4) Kforx=0.1, 26.8(4) K for x = 0.2, 24.1(3) K for x = 0.3, and 20.5(3) K for x =
0.4, respectively. The results for x = 0.0 and 0.2 have been presented previously [16,18], the

latter being obtained on a single crystal.
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Figure 6 The FC and ZFC dc magnetic susceptibility data for Baj-xLai+xMnQa+s for selected x (x =
0,0.1,0.3,and 0.4).
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Figure 7 The inverse magnetic susceptibility for selected x (0.0 and 0.3) and their Curie-Weiss fits.

Figure 7 shows the C-W fits to the FC for selected X, i.e., x = 0 and 0.3. We chose to omit x =

0.1 and 0.4 because we noticed a very small effect in the susceptibilities of these two samples
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- at about 320 K for x = 0.1 and at 170 K for x = 0.4, respectively, which most likely comes
from a very small amount of a ferromagnetic impurity as observed earlier [11]” [11].

The calculated Weiss temperatures in the 200 — 400 K temperature range were found to be:
—10.2 K for x = 0 and —3.2 for x = 0.3, respectively. The Curie constants of 3.78 (x = 0) and
3.86 (x = 0.3) gives an effective magnetic moment of 5.5 (x = 0) and 5.6 (x = 0.3) respectively,
which are larger than 4.90 ug - the spin only value. If the region used for the C-W fit is still
influenced by short-range spin correlations, then it is not truly paramagnetic and any C-W
fitting parameters would be suspect. The slope of y—1 vs T will change with the T-range selected
for the fitting.

Figure 8 summarizes the spin glass transitions in Bai—xLa1+xMnQs+s as found from the ac
magnetic susceptibility measurements. We find that for BaLaMnQg4 the Ty is centred at 21 K
for a frequency of 10 Hz but its position and sharpness of the cusp is frequency dependent: it
shifts to higher temperatures with increasing the frequency, up to 22.2 K for a frequency of

1000 Hz. These results support the spin glass behaviour observed in the dc susceptibility.
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Figure 8 The temperature dependence of the real part (y’) of the ac magnetic susceptibility of
Bai-xLa1+xMnQass, for selected x (x = 0, 0.1, 0.3, and 0.4), selected frequencies, and zero field.
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Figure 9 summarize the spin glass transitions in Bai;—xLai+xMnOs.+s as found from dc

magnetic susceptibility measurements. The glass temperature, T4 increases with x for 0 < x <
0.2, reaching a maximum for x = 0.2, while for x > 0.2 T4 experiences a decrease.
The trend in the freezing temperature, Tg, as a function of x could be rationalized based on the
structural and compositional changes induced by the La excess (x). With increasing x there is
an elongation of the octahedra (Mn-O axial bonds) and a compression of the Mn-O planar bonds
up to x = 0.2, above which the axial bonds remain constant but Mn-O planar bonds start to
expand with x. As well as structural trends, the oxidation state for Mn changes for x > 0.2, i.e.,
a mixed Mn**/Mn?* state instead of purely Mn**. This may introduce a weak double exchange
to the mix. It is not completely clear how this would decrease Tq. It is worth noting some
similarities and differences with the known system La;—xSr1+xMnQOs, x = 0.2, 0.4, 0.5, 0.6 [28].
In this case some of the Mn®* ions will be oxidized to Mn*" with increasing x, which will
introduce a competing FM interaction via Zener’s double exchange [27]. A spin glass state does
set in for x > 0.2 but the spin freezing is isotropic. Unfortunately, detailed structural information
was not presented in ref. [28]. It seems that the substitution of Ba?* with smaller La*" cation
causes a decrease of the unit cell volume, a decrease in the Mn-O planar bond lengths, and an
increase of the D.I. — Table 1. A decrease in the Mn-O planar bond lengths is expected to cause
an increase in the antiferromagnetic exchange interactions, while the increase of the D.I. index
might lead to an increase in the ferromagnetic interactions.
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28 .

26 1 .
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Figure 9 The dependence of the maxima of the maxima in the dc susceptibility for Ba;—xLai+~xMnQOaxs,
x=0,0.1,0.2,0.3, and 0.4. The lines are just guiding the eye.
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IV. CONCLUSIONS

A new family of anisotropic spin glasses, Bai—xLa1+xMnOa+s (0 < x < 0.4) with the 14/mmm
space group was synthesised by solid-state reactions. The x = 0.2 member, which has been
synthesised and obtained as a single crystal in a previous work [16] had only the c-axis (z) spin
component freezing, while the other components remained dynamic. This study investigated
compositions with 0 < x < 0.4 and revealed that the whole series exhibits anisotropic spin glass
behaviour. This is all the more remarkable as the corresponding Sri-xLai+xMnQas+s Series
members for x = 0.0 and 0.2 show long range and short-range antiferromagnetic order [28]. The
dc and ac magnetic susceptibility have shown that the spin freezing temperature, Ty varies
across the series such that Ty is first increasing for x < 0.2 reaching a maximum at about X =
0.2, but then it shows a decrease for 0.2 < x < 0.4.

It was also found that for x < 0.2, Mn®* alone is present, while small levels of Mn?* appear for
x > 0.2, as revealed by XANES analysis. Therefore, the origin of spin glass state in the
Bai—xLai+xMnOa.sSeries, seems to be different for the two regimes:

a) X <0.2: here Mn is in +3 oxidation state only so the origin of the glassy state might be
similar as for BaLaMnOs [18]: competition between the antiferromagnetic and
ferromagnetic180° superexchange interactions for the Mn®* (tzg%eq4t) ion aided by subtle
changes in the MOeg octahedra due to increase in x with further consequences on the
strength of the antiferromagnetic interaction vs the ferromagnetic interactions and
which are reflected on the value of the freezing temperature.

b) 0.2 < x < 0.4: for this regime, the XANES showed an admixture of Mn?* and Mn®*
which might change the origin of the glassy state. For such a mixture, the Goodenough

rules [29] predict ferromagnetic interactions via the Mn** (d,2 _,2)* — O 2p — Mn*
(dxz_yz)o transfer which is a form of the double exchange interaction proposed by

Zener [30]. Note that a spin glass behaviour was also observed in the analogue series
LaixSr1+x MnO4 with 0.2 < x < 0.6 [28] where the coexistence of Mn?* with Mn®* would
give rise to ferromagnetic double exchange interactions to such an extent that they
become nearly equal to the antiferromagnetic superexchange interactions, leading to a
spin glass state.
Thus, similar as BaLaMnOs [18] and BaoslLai2MnOs1 [16] also the La-rich phases,
Bai-xLa1+xMnOas+s (X = 0.1, 0.3, and 0.4) exhibit the very rare anisotropic spin glass behaviour
with only the c-axis spin component freezing below Ty, although the origin of frustration is

dependent on x.
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