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In this report the structural, magnetic and spectroscopic properties of the freeze-drying synthe-

DOI: 10.7T039/XXXXXXXXXX

www.rsc.org/journalname

sized Sr;Ni;_,Mg, TeO¢ (x = 0.0, 0.1, 0.2, 0.3 and 0.5) oxides are analyzed by means of X-ray
(XRPD) and neutron diffraction (NPD), electron paramagnetic resonance, diffuse reflectance and

magnetic susceptibility. The XRPD and NPD data analysis using mode-crystallography approach
have revealed that at room-temperature (RT), all the compositions are monoclinically distorted
with the space group 72/m. The high and low temperature analysis have shown that these ma-
terials suffer a series of three structural phase transitions. The EPR results have shown that the
spectra for all the compositions are centred at g ~ 2.28, indicating a slightly distorted octahe-
dral environment of Ni%*, which is in agreement with the crystal structure analysis. The increase
of Mg?* content in Sr,Ni;_,Mg,TeOg, provoke a decrease of the dipolar interaction effects and
thus, the resonance becomes narrower. This resonance does not completely disappear which
leads to the idea that long-range magnetic order is not completely established when x > 0.3. The
substitution of the Ni2* (S = 1) ions by Mg+ (S=0) ions, also induces the weakening of the an-
tiferromagnetic interactions, which is reflected in the diminishing of: the absolute value of 6 and
the Néel temperature Tyy. The magnetic structures determination revealed the existence of an
antiferromagnetic coupling for x- and z-spin components of the nickel atoms.

1 Introduction

The Sr,NiTeOgq oxide has been of great interest in the scien-
tific community since the 40’s. The first studies focused on its
colour (it's yellowish tonality! was of interest for the develop-
ment of ceramic pigments?) and its dielectric properties, in case
that it could be used in dielectric capacitors.3* The first struc-
tural study was done by P. Kohl and co-workers.® According to
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them, the symmetry of the crystal is C2/m and its cell param-
eters are: a=7.911°\, b=7.91A, c=7.87A and B= 90.2°. More
precise parameters were provide by D. Iwanaga et al.® in a more
recent work: a=7.9174(4) A, b=7.8765(4) A, c=7.916(1) A and
B =90.378(1)°. The later work suggested that the NiOg and TeOg
octahedra are rotated, out of phase, around one of the three axes
of the primitive perovskite. However, all theoretical and exper-
imental studies done up to now show that the symmetry of the
crystal structure resulting from this rotation system corresponds
to the tetragonal space group /4/m, with cell parameters a = b
~ V/2a,, and ¢ ~ 2a,.” Based on electron diffraction measure-
ments, it has also been suggested that the structure of Sr,NiTeOg
as I12/m1 symmetry (non-standard setting).®

On the other hand the Sr,MgTeOq was recently reported to
have tetragonal structure with the space group 74/m. These find-
ings, which updated the previous reports of this phase as being
cubic, were based on X-ray diffraction, Raman and Infrared spec-
troscopic investigations.® A more recent work has re-examined
the previous X-ray diffraction data and has found that the struc-
ture appears like a pseudo-tetragonal phase, but the symmetry
which describes it best is monoclinic with the space group 12/m, '
which had already been mentioned before by the authors of this
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work. ! This is why the structural analysis of the compositions
presented in this paper has been done carefully and paying spe-
cial attention to previous inconsistencies.

The present paper presents a complete analysis on the
SrpNi;_,Mg,TeOq perovskite oxides, where the spectroscopic,
magnetic and structural data at different temperatures are pre-
sented for the first time. The crystal structure of all the oxides
has been studied from low to high temperature by X-ray diffrac-
tion (in all cases) and neutron diffraction (the latter just with
x=0 and x=0.1 compounds and up to room temperature) in or-
der to investigate the sequences of phase transitions and find if
these oxides follow the behavior of similar Sr,BTeOg compounds
with B=Mn?* and Co?* which crystallize in a more distorted per-
ovskite structure at room temperature compared to the nickel
phase.81213 The existing data on the room temperature struc-
ture for the parent compound (x=0) 8 are reviewed using mode-
crystallography, 1316 which is also applied to the other phases
for the first time. The impact of substitution of Ni cation by
Mg cation on the magnetic and spectroscopic properties of the
double perovskite Sr,NiTeOg are evaluated in accordance with
the structural results. The magnetic structures of Sr,NiTeOg and
SryNig 9Mgg 1 TeOg are solved making use of the full symmetry of
the materials, as deduced from the diffraction experiments and
from the magnetic properties.

2 Experimental

Polycrystalline Sr,Ni;_,Mg,TeOg with x = 0.0, 0.1, 0.2, 0.3 and
0.5 were synthesized by the freeze-drying method. Stoichiomet-
ric quantities of SrCO3, Ni(C;H30,),, Mg(CyH303), and TeO,
were dissolved in dilute aqueous nitric acid. The solutions were
drop-by-drop frozen under liquid nitrogen. The frozen solutions
were subsequently freeze-dried and the powders obtained were
ground and calcined at 1170 K for 6 hours. The samples were
ground, pelleted and calcined for 8 hours at 1320K. Phase pu-
rity was confirmed by X-ray powder diffraction and the expected
content of Sy, Ni, Mg and Te in Sr,Ni;_,Mg,TeO¢ was verified by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) performed with an ARL Fisons 3410 spectrometer (see Ta-
ble ??) (ESIY).

Spectroscopic measurements were made by both Diffuse Re-
flectance and Electron Paramagnetic Resonance (EPR). The dif-
fuse reflectance spectrum was collected on a Cary 2415 spectrom-
eter and registered at RT in the 5000-50000 cm~! range. X-Band
EPR spectra were recorded between 0 and 7 kOe from 300 to
5 K on a Bruker ESP 300 spectrometer. The temperature was
controlled by an Oxford Instruments (ITC4) regulator. The mag-
netic field was measured with a Bruker BNM 200 gauss-meter and
the frequency inside the cavity was determined using a Hewlett-
Packard 5352B microwave frequency counter.

DC magnetic susceptibility measurements were performed us-
ing a Quantum Design MPMS-7 SQUID magnetometer whilst
heating from 5 to 300 K in an applied field of 1 kOe for composi-
tion x = 0.0, 0.1, 0.2 and 0.3, after cooling either in the absence
(zero-field cooling, ZFC) or presence (field cooling, FC) of the
applied field.

Magnetization as a function of applied field H was measured
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using the same MPMS-7 SQUID magnetometer at 5 K after cool-
ing the sample in zero field. During the measurement, the field
was swept between 70 and 270 kOe.

Neutron powder diffraction (NPD) experiments were carried
out at the Institut Laue Langevin (ILL), Grenoble, France, on
D2B high-resolution diffractometer. For the experiment, poly-
crystalline samples of Sr,NiTeOg and Sr;NipoMg, TeOg were
packed in an 8 mm diameter vanadium can, which was held
inside a liquid helium cryostat. Data were collected at 4, 60
and 298 K in the SrpNiTeOg composition and at 4 and 298 K on
SryNig 9Mgp 1 TeOg; using the wavelength A = 1.595 A in the an-
gular range 2° < 26 < 162° in steps of 0.05° with an integration
time of 50000 monitor counts per step. Each point in the diffrac-
tion pattern was recorded by 6 independent detectors for subse-
quent normalization and summation, giving an overall collection
time of approximately 3 hours for the entire data set.

Temperature dependent neutron powder diffraction data were
collected on Instrument D1B at the ILL. Neutrons of wavelength
2.52A were used. Data were collected every 1.5 K from 2 to 37
K over the angular range 10° < 26 < 90°. Sequential refinement
was carried out in FullProf.

Room-temperature X-ray powder diffraction (XRPD) data were
collected in the range 18 < 26 < 102° in steps of 0.02° with an
integration time of about 15 seconds per step using a Philips
X’Pert MPD X-ray diffractometer with secondary beam graphite
monochromatizated Cu-Ka radiation. The room-temperature
crystal-structure was refined simultaneously from X-ray and high-
resolution neutron diffraction data. Temperature resolved XRPD
data were collected using an Anton Pdar HTK16 temperature
chamber with a platinum stage mounted in the same diffrac-
tometer. The sample for high temperature measurement was
mixed with acetone and a high temperature resin and applied
to the Pt stage. To monitor the evolution of several characteris-
tic peaks, data were collected every 10 K from 320 to 820 K in
the angular ranges 74.6° < 26 < 77.2°, 83.2° < 20 < 85.5° and
92.0° < 26 < 95°. Higher quality, temperature-dependent XRPD
data for subsequent Rietveld refinement were collected in the
range 17° <26 < 87° in steps of 0.02° with an integration time of
12 seconds per step, between 300 and 770 K, every 50 K.

Diffraction data were treated using the FullProf Suite program
package 17 and Jana2006. 18 Magnetic structures were plotted us-
ing Vesta program. !°

3 Results and Discussion

3.1 Spectroscopic measurements
3.1.1 Diffuse reflectance

Figure 1 shows the spectra measured in the (3000-35000) cm™!
energy interval obtained for the compositions SrpNi;_,Mg,TeOg
0.0, 0.1, 0.2, 0.3 and 0.5. In all cases, five bands
show up, being three of them very intense and the other two
much weaker. The band assignment has been done based on
the Tanabe-Sugano energy diagrams for a ¢® metal such as Ni**
ion.20 The most intense bands correspond to the spin allowed
transitions between the fundamental state >A,,°F) and the ex-
cited states 3To,CF), 3T1,(’F) and 3T;,(°P). The less intense

with x =
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bands emerge due to prohibited spin transitions that, given their
position, correspond to electronic excitations from the fundamen-
tal state A, (°F) to the 'E,('D) and 'T,,(°D) states. Table 1
gathers the values of the energies of the bands of each compo-
sition, together with the Dg and B parameters. Note that the
Racah parameter B is 80 % of the value of the free ion, By,
in good agreement to the usually observed values (0.7B <
B <0.9By,.). 2!

3.1.2 EPR spectroscopy

In principle, no spin-orbit coupling is expected for a Ni2*, d8,
cation due to the different symmetry between the fundamental
state (A, singlet) and the high-energy terms (T triplets). How-
ever, the wave functions of the fundamental state are slightly af-
fected by the 3T terms in such way that the former is modified
by a second order spin-orbit coupling. Moreover, the 3A, can be
splitted by the presence of an external field. 22?3 The degeneracy
of those energy levels can be studied by EPR spectroscopy by ob-
serving the deviation of the experimental g tensor with respect to
the value of the free ion. In general, the tensor is isotropic with
values between 2.15 and 2.35. In an ideal octahedron, where the
effects of covalent bonds are not taken into account, the g value
can be approximated using the diffuse reflectance data calculated
before using the equation:

4}\'3‘0

¢ =2.0023(1— 10Dy

) €3]

where Ay, is the second order spin orbit constant (= -
300cm™!). Using the data from Table 1, we obtain an approxi-
mate value of g= 2.35 in all cases.

The normalized EPR spectra collected at RT for all the crystals
are plotted in Figure 2a. The observed signals are wide, isotropic
and they are centered at g ~ 2.28 which is very similar to that
obtained from diffuse reflectance. These values are characteristic
for a slightly distorted octahedral environment of Ni**.

The curves have been fitted, see Figure 2b, using the derivative
of the Lorentz function, from which the g tensor and the peak to
peak linewidth (AH,,) have been taken. Even if the value of the
g tensor is equal for all the compositions, 2.28, AH,, decreases
as the amount of Ni decreases, see Figure 2c. This behavior is
consistent with the dilution effect of Ni** ions in the structure
whilst it is substituted by Mg?*. The resulting increase of the
distance between the nickel ions decreases the dipolar interaction
effects and thus, the resonance becomes narrower.

Figure 3a shows the temperature dependence of the spectra on
cooling for x = 0.0, 0.3 and 0.5 compositions. The values of the
integrated area of the signal (Agpg, that is usually considered as
the EPR susceptibility) and the peak to peak amplitude, AH),,, are
shown in Figure 3b.

The Appr parameter exhibits the same tendency in all compo-
sitions: as the temperature decreases, it smoothly increases its
value up to a maximum, and with further decreasing tempera-
ture it falls down abruptly. In contrast, the resonance line-width
has the opposite behavior: it decreases gradually with the tem-
perature down to a minimum, below which it grows considerably
fast, see Figure 3. Such evolution of the Agpg is typical in systems

This journal is © The Royal Society of Chemistry [year]
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with weak magnetic interactions: the number of spins capable to
resonate under field increases with decreasing temperature, until
the system reaches the temperature at which the strong magnetic
correlations arise between the spins of Ni** ions and, thereafter,
the Appr decreases rapidly. The relaxation time of the spins is
related to the evolution of the AH,, parameter. As the tempera-
ture falls down, the relaxation time of the spins is reduced and, in
consequence, the resonance line-widths become narrower. Below
certain temperature, the exchange interactions and the dipolar
effects considerably increase, and the line-widths start broaden-
ing. This effect is better observed in the substituted compositions
because, as the amount of the Ni?* cations decreases in the com-
position, the interactions between Ni** cations become more dif-
ficult and, thus, the broadening of the curves takes place at lower
temperatures.

At sufficiently low temperatures, in the magnetically ordered
state, the resonance almost disappears, see inset Figure 3a, x=0
sample. In the pure Sr;NiTeOg composition this effect occurs at
18 K. As the amount of Mg increases, the resonance does not com-
pletely disappear which leads to the idea that long-range mag-
netic order is not completely established when x > 0.3.

3.2 Magnetic properties

In the paramagnetic region, the evolution of the inverse of the
magnetic susceptibility as a function of the temperature exhibits
the behavior described by the Curie-Weiss law, see Figure 4, and
therefore all the curves have been fitted accordingly. The result-
ing C,, and 6 parameters are gathered in Table 2. The negative
values of the Weiss temperature and the descending tendency of
the magnetic susceptibility below the critical temperature indicate
the antiferromagnetic character of the materials.

The substitution of the Ni?t ions by Mg2* ions induces the
weakening of the antiferromagnetic interactions, which is re-
flected in the diminishing of the absolute value of 6 and the Néel
temperature Ty, see Table 2. In any case, the effective magnetic
moment values obtained from the fittings are in good agreement
with the expected values for a Ni** ion in high-spin state.

The % ratio shown in Table 2 has been calculated considering
the work of G. Blasse?* on the magnetic behavior of perovskites.
He proposed that the 6 and 7y parameters were directly related
to the exchange-coupling constants between the next neighbors
(NN, located at 90° from each other), given by J;, and between
next-nearest neighbors (NNN, located at 180°), reflected by J,
(see Figure 5a). The relation between those constants has often
been used to predict the magnetic order in double perovskites
which, in the case that only one B cation is paramagnetic, are
divided in two main types: type I (Figure 5b) and type II (Fig-
ure 5¢).2527 The values shown in Table 2 suggest that the mag-
netic ordering in all the compositions is a Type I antiferromag-
netic spin-arrangement, which consists of layers of ferromagnetic
configuration antiferromagnetically coupled. In this arrangement
there is some degree of frustration because 8 of the 12 NN nickel
ions are antiferromagnetically coupled and 4 are ferromagneti-
cally coupled.

From the evolution of the magnetic susceptibility, x,,, as the
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temperature decreases, it is possible to observe that the increase
of Mg gives rise to a paramagnetic contribution at low tempera-
tures, revealed by small tails at temperatures below Ty. At x=0.3
the amount of Mg is high enough that the maximum of the sus-
ceptibility is difficult to observe, hindering the determination of
the Néel temperature. This is probably the result of the simul-
taneous interruption of the magnetic interactions resulting from
the presence of the diamagnetic Mg?" ion instead of the para-
magnetic Ni** ions and also from the presence of some antisite
disorder in the Ni/Mg and Te positions in the substituted phases,
as indicated in Table 3. This antisite disorder contributes to the
frustration in the antiferromagnetic interactions and enhances the
paramagnetic contribution at low temperature.

In any case, the high intensity of the antiferromangnetic cou-
pling is confirmed by the zero-field-cooled (ZFC) and field-cooled
(FC) susceptibility measurements, plotted in Figure 6, where no
irreversibility is observed. This result disagree with those pre-
sented by Iwanaga et al. in® who observed a big irreversibility
in the ZFC and FC curves. This discrepancy is attributed to the
experimental process: they measured ZFC and FC curves using
100 Oe and 30 kOe fields. In contrast, in the present work, the
same field (1 kOe) was used for both measurements, which leads
to the conclusion that the process is completely reversible. In fact,
the magnetization in the pure Sr,NiTeOg composition measured
at 5 K after cooling under 100 Oe field showed no hysteresis as
expected for this system. (see Figure ??) (ESIY).

3.3 Crystal Structures: High Temperatures and Room Tem-
perature

Room temperature X-ray and neutron powder diffraction data in
all cases were indexed in the same space group as the parent com-
pounds (x=0 and x=1): the [2/m space group. It is to note that
the Rietveld refinements to these data have been carried out us-
ing mode crystallography. In the case of the RT monoclinic space
group 12/m, there are four irreducible representations (irreps) of
the Fm3m space group, that can take part in the symmetry break-
ing, and these are, as shown in Table 2 in ref. 14: GM; (1) (totally
symmetric), GM7 (1), GM; (1) and GM{ (4). Previous studies us-
ing the same approach, 11:13:14.16.28 haye shown that the system
does not use all the symmetry modes available (some displace-
ments with respect to the prototype phase are permitted but they
are not found experimentally). Consequently, from all the mode
amplitudes that are available for the /2/m space group to describe
the room temperature distortion from the ideal perovskite, only
GM; (the one that describes the tilting of the BOg octahedra)
has been used. Rietveld fits to the RT data are shown in Fig-
ure 7. Results from the fits are in Tables 3 and 4. Figure 8
shows the results of the mode amplitude and cell parameters at
RT for all phases. The values for the amplitudes are very similar,
although they show a very slight decrease with x, which indicates
that the monoclinic distortion at room temperature is not sub-
stantially affected by the magnesium doping.The cell parameters
show a slightly changing trend, with a small reduction of the vol-
ume with increasing x. This effect is consistent with the increase
of GM, with decreasing x and also with the increase of the toler-
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ance parameter as x approaches 0.

Low temperature neutron diffraction on x=0 phase
(SryNiTeOg¢) showed the presence of several new peaks
that did not appear at room temperature (Figure 9a). Given that
the onset of magnetic ordering occurs below 35K, only the new
peaks that appear in the 60K data set are of structural origin.
These new reflections were indexed considering the typical P2;/n
space group for monoclinically distorted double perovskites.
This new low temperature structure indicates that a structural
transition exist between RT and 60K. This transition is the same
observed above room temperature in Sr,BTeOg family (B= Co,
Mn). 11:13:1429 The data at 4K, below the magnetic transition
temperature, show the presence of new peaks that belong to the
magnetic ordering, which will be discussed later.

The 12/m — P2, /n transition also occurs in the x=0.1 phase
(Figure 9b). In the light that the same sequence of phase transi-
tions that occur in the Co and Mn phases would repeat in these
compounds several important peaks of the RT XRD patterns were
studied by thermodiffractometry (Figure 10). The changes ob-
served for the x=0 phase are consistent with the changes previ-
ously observed in the Mn and Co phases, confirming the same se-
quence of phase transitions: Fm3m — I4/m — 12/m — P21 /n. The
group of reflections that appear in the 74.6° < 26 < 77.2° range
(which show changes in each transition) was also studied in all
the substituted phases (see Figure ??) (ESI{) and it confirmed
that the same sequence of transitions occurs in this case.

The evolution of the structure with temperature has been stud-
ied, again, by mode crystallography. The mode-amplitudes de-
scribing the distorted phases that we have followed from the more
distorted phase (P2;/n) at low temperatures are GMI (the one
that describes the tilting of the BOg octahedra), X;r (the primary
order parameters) and X5+ ,trillinearly coupled to the formers,
and always necessary for the convergence of the refinement. In
the other two intermediate phases 12/m and 14/m only GM, was
present. The values for those amplitudes obtained from the NPD
data, assuming to be the best possible values, have been the ones
used for the refinements of the XRPD data. We have also refined
the XRPD data assuming we did not have the NPD data and the
obtained amplitude-values are very close but with bigger error
bars. The GM] irrep is the same in both intermediate phases
but it is not oriented in the same way, as indicated in previous
works.30 This is the only mode-amplitude refined freely in the
12/m and I4/m phases. This means that the distortion present in
these phases consists only on the tilting of the octahedra. There
is another distortion not described by the mentioned mode (GMZr
irrep): the deformation of the cell. In a first approximation, we
can analyse these two distortions separately, considering them as
independent. 3!

In summary: GMj( irrep consists in a tilting around the tetrag-
onal axis that starts (and then evolves in a continuous way) when
the cell transforms and the structure passes from cubic to tetrag-
onal. The GM; distortion continues until the cell does not stand
more tilt-distortion and changes to a monoclinic system.

We have observed that the sole freed amplitude in the mono-
clinic phase does not change, in the first refinement, in which we
have freed the atomic displacements parameters, see Figure 11a.

This journal is © The Royal Society of Chemistry [year]
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Usually, we do free the atomic displacements parameters in the
final stages of the refinements and, usually, with some restric-
tions. The atomic displacement parameters (ADP) have been re-
fined with restrictions and only three ADP have been considered:
Sr position, B-site atoms (which have been coupled together and
also oxygen atoms (also coupled even if there were more than
one position). In this way a stable refinement is achieved but the
structural freedom is maintained. The high temperature study
of SrZrO3 and CaTiO3; with neutron diffraction carried out by
Kennedy et al.,32, has demonstrated that ADPs at high temper-
ature are highly anisotropic. Laboratory high temperature XRPD
data is not suitable for this detailed refinement so isotropic ADP
have been used. As a first approximation we used their By, in the
high temperature refinements.

A nearly pseudo-linear behavior has been observed, as can be
seen in Figure 11b (red curve). The slope for the oxygen By, is
approximately twice that of the rest of the atoms, which is quite
reasonable; taking into account the other atoms present. With
this two slopes, we have calculated the fitted values for the B,
at each experimental temperature. We have refined again all the
data freeing everything, as previously described, except the Bjy,:
fixed by the fitted values. The results are shown in Figure 11b
(blue curve). For comparison, the black curve is also shown in
Figure 11b.

In the tetragonal phase, the amplitude values show a diminish-
ing trend, as expected in the case of a second order phase tran-
sition. They go to zero with a nearly square root dependence
with the temperature. This is the fitting result to a Landau The-
ory second order phase transition with a continuous behavior of
the primary order parameter: and with increasing errors, which
also agrees with the expected behavior for those kind of phase
transitions, as the fluctuations, in a mean field theory, increase
as the distance to the phase transitions diminishes. On the other
hand, in the case of the monoclinic intermediate phase, the dis-
tortion does not show a so big diminishing trend: it maintains al-
most constant. The errors corresponding to this mode-amplitude
values are smaller and more homogeneous. Finally, there is a
jump between the values of the distortion mode-amplitude: even
if both modes represent the same collective displacement pattern,
they are oriented in different directions, referred to the prototype
cubic, so the phase transitions has a strong first order character, as
it is clearly seen in the obtained results. Subsequent combinations
of Bjs, sets have not changed the described picture.

Results from the high temperature fits are shown in Figure 11
and 12. The observed behavior indicates that, as the temper-
ature is lowered, the cell contracts but the tilts increase. The
release of the energy on cooling is different in each variable: the
oxygen displacement (represented by the tilts) change smoothly
even during some structural transitions, but the cell parameters
vary smoothly only while the structure is the same and abruptly
in the transition. When the compounds transform to the lowest
symmetry structure, new mode-amplitudes appear but they re-
main reasonably constant with the exception of the GM;, which
indicate that the tilts are the most important distortion in opera-
tion.
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3.4 Low-Temperature magnetic structures

As it was indicated before (see Figure 9) 4K neutron powder
diffraction data showed the presence of extra reflections of mag-
netic origin. Those new reflections correspond to the magnetic
ordering and can be indexed by k = (0, 0, 0) propagation vector.
The crystal structure does not undergo any additional distortion
induced by the magnetic transition.

The symmetry analysis done to figure out the possible mag-
netic symmetries compatible with the data is explained in detail
in reference 3. Just a note to recall that the full symmetry of the
parent group is in this case P2;/nl’ and the magnetic ordering
should be described by a subgroup of the parent group (param-
agnetic), where the time-reversal operation is not present. The
maximal subgroups of the parent group compatible with k = (0,
0, 0) and which allow magnetic ordering for Ni atoms located in
0o %) position are P2y /n and P2} /n’. These magnetic groups are
the outcome of the activation of the magnetic irreps mG1+ and
mG2+ of P2y /nl’, respectively.

Neutron diffraction data at 4 K of both compositions have been
analyzed using P2;/n and P2|/n’ magnetic space groups. The
magnetic structures of both compositions have P2;/n symmetry.
The fittings are shown in Figure 13 and the resulting crystal-
structures are given in Table 5. It is clearly observed that the
refinement with the P2} /n’ space group does not fit well the
magnetic reflections, whereas P2;/n symmetry does. The mag-
netic components obtained from the refinements are given in
Table 6. Within experimental error, there is no difference be-
tween the magnetic structure of the pure SryNiTeOq and that of
SryNig9Mgp.1 TeOg. The spin arrangement consists of ferromag-
netic layers antiferromagnetically coupled along the ¢ axis, as it
was already predicted from the J,/J, ratio calculated from the
magnetic susceptibility data. In each layer the spins are parallel
within the ac plane, making an angle § with the ¢ axis: 6 =42(3)°
and 6 = 43(3)° for the x = 0.0 and x = 0.1 compositions, respec-
tively. However, the refinements are not conclusive in the sense
that they are indistinguishable for 8 and —d values, see Figure 14,
and consequently none of these results can be disregarded.

It is to note, however, that the magnetic moment observed at
low temperature (1.8 up) is smaller than the effective paramag-
netic moment obtained in the paramagnetic region (2.9-3.9 ug).
Even if the low temperature magnetic moment is approximated
as M = gS, where g is the gyromagnetic factor determined from
EPR and § the total spin quantum number (S=1 for a d® ion), the
observed magnetic moment at 4K is smaller than the calculated
from the previous formula (2,28 pp). This is common in all dou-
ble perovskites containing Ni as the sole paramagnetic ion (Ta-
ble 7). This could be attributed to the type of antiferromagnetic
orderings observed in these perovskites and the frustration that is
inherent to such configurations: in the present type I case of the
12 NN atoms around a given nickel ion 8 are coupled antiferro-
magnetically (at a distance of 5.58A) whereas the 4 remaining
NN Ni ions in the ab plane (two of which are at 5.56 A and an-
other two are separated 5.60 A) are coupled ferromagnetically.
This was already observed in the Sr,Co;_,Mg,TeO¢ system, with
also a type I antiferromagnetic ordering, which showed a greater
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reduction of the magnetic moment compared to the expected
paramagnetic one. '3 Similar compounds such as Sr,CuWOg 33 or
BaLaCuSbOg 34 do not even show a three-dimensional antiferro-
magnetic ordering at low temperature. Although the Ni phases
differ from the latter because in a Ni (II) ion both dxz,yz and d.
orbitals are available for a three-dimensional magnetic ordering,
whereas in the Cu(Il) phases only a two-dimensional magnetic
ordering is possible, the frustration present might be responsible
for a reduction of the intensity of the interactions and, thus, of the
observed magnetic moment. The broad magnetic peaks observed
in the magnetic susceptibility measurements in the present case,
which resemble those of the copper phases -but to a lesser extent-,
would be in favor of this interpretation.

Supplementary Figure ?? (ESIt) shows the temperature depen-
dent D1B diffraction data. The thermal dependence of the mag-
nitude of the magnetic moment is represented as inset. It can
be observed that the three-dimensional magnetic order begins on
cooling below 35K, as expected from magnetic susceptibility and
EPR data.

4 Conclusions

The double perovskites SryNi;_ Mg, TeOg (with x = 0.0, 0.1, 0.2,
0.3 and 0.5) have been successfully synthesized by the freeze-
drying method. The room-temperature crystal-structures of all
the compositions are monoclinic with space group symmetry
12/m. The structures reported in the present work, have been de-
scribed and refined in the framework of mode-crystallography ap-
proach. SrpNi;_,Mg,TeOg undergoes three structural phase tran-
sitions with increasing temperature, with the sequence: P2;/n —
12/m — I14/m — Fm3m. As in the case of the Sr,Co;_,Mg,TeOg
system, only three relevant modes GM; , X7 and X{ in P2;/n,
and only one, GM], in I2/m and I4/m have been shown to con-
tribute to the distorted structures observed experimentally. The
GMI irrep is the same in both intermediate phases, 12/m and
14/m, although it is not oriented in the same way. The amplitudes
of the distortion produced by the GM, goes to negligible value at
a second order transition. A parameterized combinations of B,
have been set to get the good diminishing trend of the amplitudes
with the temperature increase. Replacing the ion Ni** by Mg,
hardly changes the distortion.

The five bands that show up in the diffuse reflectance
measurements correspond to the spin transitions between the
fundamental state 3A;,(°F) and the excited states 3T,,CF),
3T1,CF),3T1,CP), 'E,(!D) and 'T,,(°D). The obtained Dg and B
parameters are in good agreement to the usually observed values
(0-7Bfree< B <O~9Bfree)~

The EPR results have shown that the spectra for all the com-
positions are centred at g ~ 2.28, which are similar to the cal-
culated values from diffuse reflectance data considering a second
order spin-orbit coupling. These values are characteristic for a
slightly distorted octahedral environment of Ni2*, in agrement
with the data obtained from the crystal structure analysis. It has
been shown that the increase of the distance between the nickel
ions decreases the dipolar interaction effects and thus, the res-
onance becomes narrower. At low temperatures, EPR data of
the Sr,NiTeOg, confirm the change in the magnetic properties of
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nickel, where the resonance almost disappears around 35K. As
the doping with Mg increases, the resonance does not completely
disappear indicating that long-range magnetic order is not com-
pletely established when x > 0.3.

Strong antiferromagnetic interactions between nickel ions (evi-
denced by the reversibility of ZFC/FC curves and the high 6) were
observed which are progressively weakened by the substitution of
the Ni** (§ = 1) ions by Mg?* (§=0), as evidenced by the reduc-
tion of the Néel temperature with x. The magnetic structures of
Sr,NiTeOg and SrpNip9Mgg 1 TeOg have been solved and they can
be described using the same space group as the crystal structure
at low temperature, P2;/n. This imposes an antiferromagnetic
coupling for x- and z-spin components and a ferromagnetic cou-
pling for the y-spin component between the Nickel atoms.

The magnetic moments at low temperature are smaller than
expected and this has been attributed to the frustration resulting
from this antiferromagnetic ordering.
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Fig. 1 Diffuse reflectance spectra of the Sr,Ni;_ Mg, TeOg (x=0.0, 0.1, 0.2, 0.3 and 0.5) series, in the energy range of 3000-35000 cm~!.
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Fig. 2 a) Normalized EPR spectra at RT of the Sr;Ni; Mg, TeOg (x = 0.0, 0.1, 0.2, 0.3 and 0.5) series. b) Fitting of the x = 0.0 curve using the
derivative of a Lorentzian function. c) Resonance line-widths (AH),,) of the Sr,Ni;_Mg,TeOs (x = 0.0, 0.1, 0.2, 0.3 and 0.5) series at RT.
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peak line widths (AH,,) and the integrated area of the EPR signals for (x = 0.0,0.3 and 0.5), in the Sr;Ni;_,Mg, TeO¢ series. Solid lines shown in the
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Fig. 4 (a-d) Susceptibility and its inverse curves for the (x = 0.0, 0.1, 0.2 and 0.3) series. In grey, the fitting according to the Curie-Weiss law is shown.
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Fig. 12 Thermal evolution of the cell parameters refined in the P2, /n, I2/m and I4/m space groups for the Sr,Ni;_Mg,TeOs series (x = 0.0, 0.1, 0.2,

0.3 and 0.5)
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Fig. 14 Sketch of a) Model 1 and b) Model 2 for the magnetic structure of Sr,NiTeOg and Sr,Nip9Mgp. 1 TeOg at 4 K.
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Table 1 Experimentally observed band sets and the Dg and B
parameters for the Sr,Ni;_ Mg, TeO¢ (x = 0.0, 0.1, 0.2, 0.3 and 0.5)
series.

x 0.0 0.1 0.2 0.3 0.5
viem™ 1) 6900 6900 6900 6900 6900
va(em™) 11500 11500 11500 11600 11500
vi(em™) 21600 21600 21650 21650 21650
v4(em™1) 13700 13700 13700 13700 13700
vs(em™') 19250 19250 19300 19300 19300
Dg(em™) 690 690 690 690 690
B(em™1) 830 830 830 835 840
C(ecm™1) 3830 3830 3830 3815 3800
Vi5 2Ag (OF) = Ty (°F); 10 Dg
V23 3404 CF) =3 T4 (3F); 15Dq +7.5B — 0.51/2258% + 100Dg% — 180DgB
V3; 342, OF) =3 114 (3P); 15Dq+7.5B+0.5/225B% + 100Dg> — 180DgB
(F

V43 A2, F) = E, (! D); 8B+2C — (6B /10Dq)

Table 2 Magnetic parameters for Sr,Ni;_Mg,TeOg, (0.0, 0.1, 0.2, and
0.3) oxides obtained by dc-susceptibility () and neutron-diffraction (%)
measurements. J; and J, have been calculated from the following
equations taken from Blassse Blasse?*: kg6, = 2/3 S(S + 1)(12J; + 6J,)
and kgTy=-2/3 S(S + 1)(6J,) where Ty= Néel temperature, 8, the Weiss
temperature and S= the total spin of the paramagnetic ions.

X 0.0 0.1 0.2 0.3
T (K) 35 29 23 17
Tnd (K) 35 29 - -

87 (K) 225 204 -196 -144
ji 2.7 3.0 3.7 3.7

2

cde (em® K/mol) 1.55 145 131 099
yfe’;f (up) 3.52 3.40 3.23 2.81
My, 4K 1.78 1.8 - -
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Table 3 Crystal structural data and refinement results for
Sr,Ni; Mg, TeOg (x = 0.0, 0.1, 0.2, 0.3 and 0.5), at room-temperature.
The refinements have been done freeing only one mode-amplitude (see
text): GM{, the primary mode for the transition from the cubic Fm3m to

the monoclinic 12/m.

SryNiTeOg SryNip 9gMg 1 TeOg SryNij Mg 2 TeOg Sr,Nip 7Mg( 3TeOg SryNij sMg s TeOg
GM; 0.6473(4) 0.6043(1) 0.5902(2) 0.5940(6) 0.5078(1)
Sr X 0.00000 0.00000 0.00000 0.00000 0.00000
y 1/2 1/2 1/2 1/2 1/2
z -0.75000 -0.75000 -0.75000 -0.75000 -0.75000
By  0.58(3) 0.50(3) 0.94(2) 0.57(3) 0.51(3)
o1 X 0.24714 0.24714 0.24714 0.24714 0.24714
y 0.24714 0.24714 0.24714 0.24714 0.24714
z -0.0272(1) -0.0239(1) -0.023(2) -0.023(1) -0.0227(18)
Biw®)  0.95(1) 1.06(1) 1.27(1) 1.00(1) 1.28(4)
02 X 0.054(3) 0.048(3) 0.046(4) 0.046(4) 0.045(4)
y 0 0 0.00000 0 0
z -0.75286 -0.75286 -0.7528 -0.75286 -0.75286
Biso(®) 0.95(1) 1.06(1) 1.27(1) 1.00(1) 1.28(4)
Te Bio(®  0.61(1) 0.51(1) 0.49(1) 0.56(1) 0.62(1)
Ni/Mg Biso(®) 0.61(1) 0.51(1) 0.49(1) 0.56(1) 0.62(1)
Order(%) 100 100 93 92 92
a @A) 5.6123(2) 5.6113(1) 5.6108(3) 5.6087(3) 5.6062(3)
b (A) 5.5740(3) 5.5754(1) 5.5766(4) 5.5772(4) 5.5790(3)
c®) 7.8722(4) 7.8744(1) 7.8762(4) 7.8768(4) 7.8812(4)
B () 246.27(2) 246.35(1) 246.44(2) 246.41(6) 246.50(2)
v (A% 89.965(4) 89.967(4) 89.967(1) 89.966(5) 89.965(5)
Ry (%) 8.02 8.74 9.2 9.12 9.01
Ryp (%) 6.2 7.5 8.1 8.41 8.37
Rexp (%) 5.61 6.03 5.88 5.81 5.71
1 10.7 10.8 11.13 11.48 11.05
RBrq 5.61 5.54 7.07 6.84 6.77
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Table 4 Main bond distances (A), selected angles (°), and ®(®') and (') tilt angles, for Sr,Ni; Mg, TeO¢ (x=0.0, 0.1, 0.2, 0.3 and 0.5) at room
temperature. The values were obtained refining the mode breaking the symmetry from the cubic Fm3m to the monoclinic 12 /m.

SryNiTeOg Sr,Nip.9gMgo. TeOg Sr,Nig gMgp » TeOg Sr,Nip 7Mgp 3TeOg Sr,Nig sMgg 5TeOg
Ni/MgOg octahedra
Ni/Mg-O1 2.011(1) x4 2.010(1) x4 2.009(1) x4 2.008(1) x4 2.007(1) x4
Ni/Mg-02 2.012(2)x2 2.009(1) x2 2.008(2)x2 2.009(2) x2 2.008(2)x2
Average distance 2.011(6) 2.010(6) 2.009(6) 2.008(6) 2.007(1)
Predicted distance 2.040 2.043 2.046 2.049 2.055
TeOg octahedra
Te-0O1 1.966(1) x4 1.964(1) x4 1.964(1) x4 1.963(1) x4 1.962(1) x4
Te-02 1.968(2)x2  1.965(1)x2 1.965(2) x2 1.964(2) x2 1.963(2) x2
Average distance 1.967(6) 1.964(6) 1.964(1) 1.964(6) 1.962(6)
Predicted distance 1.910 1.910 1.915 1.916 1.917
O1-Ni/Mg-02 89.9(2) 89.8(2) 89.9(2) 90.1(1) 90.1(2)
/02-Ni/Mg-02 89.1(1) 89.0(7) 90.0(7) 90.1(7) 90.2(7)
01-Te-02 89.8(4) 89.9(4) 89.9(4) 89.9(4) 89.9(4)
/02-Te-02 89.1(4) 90.1(4) 90.1(4) 90.1(4) 90.1(4)
Ni/Mg-O1-Te 164.5(1) 164.7(5) 164.5(1) 163.7(2) 163.5(2)
/Ni/Mg-02-Te 169.1(1) 169.0(8) 169.1(2) 168.6(3) 168.2(4)
P(TeOg)/P" (Ni/MgOg) 8.852(2) 7.879(1) 7.551(2) 7.547(2) 7.345(2)
W(TeOg)/¥' (Ni/MgOg) 8.656(2) 7.704(1) 7.385(2) 7.379(2) 7.181(2)
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Table 5 Crystal structural data for Sr,Ni;_.Mg,TeO¢ (x = 0.0, and 0.1),
at 4K. The refinements have been done freeing only their
mode-amplitude (see text): GM], X and XJ the primary modes for the
transition from the cubic Fm3m to the monoclinic P2, /n.

SryNiTeOgq SryNig gMg 1 TeOg
St x 0.0000 0.0000
y 0.4959(11)  0.4930(8)
0.2500 0.2500
Biso(®) 0.78(2) 0.77(2)
01 x -0.7718(3) -0.7656(3)
y 0.2560(3) 0.2599(3)
-0.0249(1) -0.0254(1)
By  1.08(2) 1.23(2)
02 x -0.4501(2) -0.4492(2)
y 0.5000 0.50000
z -0.2579(2) -0.2528(1)
B, 1.08(2) 1.23(2)
03 X -0.2560(3) -0.2599(3)
y 0.2282(3) 0.2344(3)
z 0.0249(1) 0.0254(1)
By  1.08(2) 1.23(2)
Te Bisw®  0.83(2) 0.89(2)
Ni/Mg B, 0.83(2) 0.89(2)
a (A) 5.6046(2) 5.6052(1) Table 7 Observed low temperature magnetic moments in several Ni2+
b @A) 5.5649(3) 5.5667(1) containing ordered perovskites obtained above and below the Néel
c@) 7.8707(4) 7.8718(1) ) .
B 245.48(2) 245.62(1) tempergture, Ty, from magnetic susceptibility and neutron data,
S 89.958(4)  89.955(4) respectively.
Rp(%) 4.90 5.54
Ry (% 6.48 7.12 - - -
R:‘X';((ﬂfo)) 446 401 Perovskite Ty () 0(K)  Ji/lh  Mys (ug) T>Ty  My; (up) 4K Re ~
$ 3.7 3.15 Sr,NiMoOg 81 - - - 1.92 35
Rprage 4.85 4.44 Ba,NiMoOg 64 - - - 2.04 35
Ba, NiWOg 48 -120 0.8 3.02 1.9(3) 36,37
SrLaNiSbOg 26 - - 2.83 1.53(5) 38
LayNiTiOg 25 - - 3.12 2.05(4) 39
: : ! SroNiTeOg 35 -240 3.0 3.06 - 6
Table 6 R_eflned parameters of the magnefuc structures of SerlTeOG _ 6 s 25 27 352 1.78(9) This woe
and Sr;Nig9Mgo.1 TeOg at 4 K. Only the spin components of Ni atoms in Sr,)Nip gMgp ; TeOg 29 -204 3.0 3.40 1.8(1) This work
(0,0,%) are given. The data can not distinguish Model 1 from Model 2. * From NPD data.

Ni at (0,0, 7) SroNiTeOg SrNig oMgp, | TeOg

Model 1
My 1.18(7)up 1.23(8)up
M, 0 0
M, 1.34(6)up 1.34(Nup
Mn;i 1.78(Dpup 1.8(Mup
S 42(3)° 43(3)°
Model 2
M, —~1.18(7)up ~1.23(8)up
M, 0 0
M, 1.34(6)up 1.34(7)up
My; 1.78(9up 1.8(M)up
) —42(3)° —43(3)°
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