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Magnetic Properties of the Ordered Double Perovskite Sr,MnTeOg
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The ordered double perovskite Sr,MnTeOg was prepared by
the freeze-drying method. The nuclear and magnetic struc-
tures were determined by both X-ray and neutron (D2B and
D1B) powder diffraction. A distorted, double perovskite
structure type described by the monoclinic P12;/n1 space
group is observed at room temperature and down to 4 K. The
room temperature EPR spectrum shows an isotropic signal
centered at a g value of 1.998 indicating that manganese ions
are in the +2 oxidation state. At low temperature the EPR
signal broadens as the exchange and dipolar interactions be-
tween Mn?* cations increase. Below 25K no signal is ob-
served, indicating that the sample is magnetically ordered.
The dc magnetic susceptibility shows the existence of anti-
ferromagnetic interactions with an ordering temperature

around 20 K. A sharp A-type anomaly observed at 19K in
the specific heat curve and refinement of low-temperature
neutron diffraction data confirm the presence of a three-di-
mensional, antiferromagnetic ordered structure with an or-
dering temperature of ca. 23 K. The propagation vector of the
magnetic structure is k = [0,0,0], yielding a type I antiferro-
magnetic ordering between Mn?* (S = 5/,) cations. At 2K,
each manganese ion is antiferromagnetically aligned to 8 out
of 12 nearest-neighbors at an approximate distance of 5.6 A,
This magnetic structure can be viewed as being composed
of ferromagnetic arrangement of Mn?* moments in the ab
plane, coupled antiferromagnetically along the c axis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Ordered, double perovskites have been of technological
interest since the early 1950s when the search for ferroelec-
tric and piezoelectric materials, to be used mainly as capaci-
tors, was extended from the common perovskite oxides,
ABOj; (A being Sr, Ba, Pb, or Ln3* cations and B transition
metals), to more complex systems such as the ordered per-
ovskites, A,BB’Og.[!l As a result, many double perovskites
had been discovered and their dielectric properties deter-
mined by the mid 1970s.1”! The magnetic and other electrical
properties of these ordered perovskites did not attract such
interest until the discovery, by Kobayashi et al.’l in 1998,
of room temperature magnetoresistance in the half-metallic
Sr,FeMoOg oxide. The intense study in this class of materi-
als carried out after this technologically important discov-
ery has led to the observation of other potentially useful
properties such as high temperature superconductivity in

[a] Departamento de Quimica Inorgéanica, Facultad de Ciencia y
Tecnologia, Universidad del Pais Vasco (UPV/EHU), Apdo.
644,

48080 Bilbao, Spain
E-mail: teo.rojo@ehu.es

[b] Departamento de Mineralogia y Petrologia, Facultad de Cien-
cia y Tecnologia, Universidad del Pais Vasco (UPV/EHU),
Apdo. 644,

48080 Bilbao, Spain

[c] CITIMAC, Facultad de Ciencias, Universidad de Cantabria,
39005 Santander, Spain

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

1362 @ InterScience"

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Sr,YRug ¢sCuy 1506 and the coexistence of ferromagnet-
ism and ferroelectricity in Bi,NiMnQg.!

The magnetic properties, and how the diverse magnetic
behaviors depend on the constituent cations, continue to be
one of the most important fields of study in these materials.
Sr,FeB’'Og oxides (B’ = Mo>* or Re*) are the best-known
examples. These oxides show room temperature ferrimag-
netic behavior which results from the incomplete cancella-
tion of the localized Fe moments antiferromagnetically
aligned with the delocalized Mo/Re moments, the latter be-
ing responsible for the half metallicity and magnetoresis-
tance.l% If Fe is substituted by Mn, magnetic and electrical
behavior changes. Sr(MngsRu, )O3 is a partially disor-
dered, ferrimagnetic perovskite with a 7, of approximately
125 K, which also shows magnetoresistive effects. In this
phase, however, magnetic exchange is complicated due to
the mixed valences observed in the ionic pairs Ru'Y/RuY
and Mn""/Mn"™."l In other phases, manganese stabilizes as
Mn?* leading to higher oxidation states of elements such as
Re and Mo than in their Fe analogues, favoring an ordered
arrangement of the B and B’ cations. Sr,MnReOy, for ex-
ample, is also ferrimagnetic (arising from an antiferromag-
netic coupling between ordered Re and Mn lattices) but has
an ordering temperature of 100 K, a low electrical conduc-
tivity and shows a poor magnetoresistive effect.[®!
Sr,MnMoOg is, by contrast, an antiferromagnetic oxide
with a low Néel temperature, of approximately 12 K.l In
this case, Mn?* is the only paramagnetic cation present,
producing a lengthening of the exchange pathways and a
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weakening of the predominantly antiferromagnetic interac-
tions. Below the Néel temperature this phase shows three-
dimensional antiferromagnetic order, the observed mag-
netic structure being of ‘type II'.

In the absence of mixed valences and/or vacancy forma-
tion, complete cancellation of the antiferromagnetically
aligned planes should occur, yielding conventional antifer-
romagnetic systems with no overall magnetic moment. The
magnetic properties reported by Azad et al. for the
A,MnWOg (A = Ca, Ba, or Sr) phases,'” expected to be-
have in a similar way to the analogous SroMnMoOy, did
not fit, however, with this simple behavior. Low tempera-
ture magnetic susceptibility measurements showed the pres-
ence of two distinct maxima, the first at ca. 40 K, and the
second at temperatures ranging from 9 (A = Ba) to 16 K
(A = Ca). The first maximum was attributed to a disor-
dered, canted antiferromagnetic state composed of various
domains that, on further lowering of the temperature, un-
dergo a magnetic transition to a three-dimensionally or-
dered antiferromagnetic phase, also of type II.

Subsequent variable temperature neutron diffraction ex-
periments performed by Mufioz et al.’¥ in samples of the
same oxides showed that the Ca and Sr phases are only
three-dimensionally ordered below ca. 17 and ca. 14 K
respectively, with no intermediate magnetically ordered
state between 40 and 20 K. More recently, Lin et al.l'!l re-
ported a typical antiferromagnetic behavior for S;,MnWOgq
with a unique maximum at ca. 16 K in the magnetic suscep-
tibility curve and no additional features around 40 K. The
substitution of Sr cations by La, however, seems to induce
in some samples the presence of a small shoulder in the
magnetic susceptibility curve and irreversibility in the zero-
field cooled/field-cooled susceptibilities also around 40 K.

This diversity of magnetic properties observed in such
similar systems highlights the need for detailed studies of
the structural and physical properties in related A,MnB'Og
(B' = diamagnetic cation) double perovskites, such as those
having B’ = Te. We have previously published the room
temperature structure and high temperature phase transi-
tions of Sro,MnTeOg.['? In this paper we present the low
temperature structure and magnetic properties of this mate-
rial and establish correlations between structural features
and magnetic behavior.

Results and Discussion

Crystal Structure

As previously reported, the room temperature crystal
structure of the Sr,MnTeOg ordered double perovskite, re-
fined simultaneously from X-ray and D2B neutron diffrac-
tion data, is described by a monoclinic distortion of the
ideal cubic cell, in space group P12,/n1.1'?1 At high tempera-
ture, Sr_MnTeO4 undergoes three structural phase transi-
tions at approximately 250, 550, and 675 °C, the sequence
being P12,/nl — I12/m1 — I4lm — Fm3m, in good agree-
ment with the schemes proposed by Howard and Stokes.[!?]
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Rietveld refinement of the low temperature crystal struc-
ture from high resolution D2B neutron powder diffraction
data recorded at 4, 30, and 60 K, showed that the room
temperature P12,/nl symmetry is maintained down to 4 K.
The structural model was as previously reported at 298 K
(reproduced in Table 1 for comparison), with all atomic po-
sitions and isotropic thermal factors freely refined. No mis-
site disorder or vacancy formation was observed at 298 K
and so was not refined at low temperature. Refined struc-
tural parameters are shown in Table 1 and selected bond
lengths and angles in Table 2. The Rietveld fits to the 60
and 4 K data are shown in Figure 1. The structure consists
of a framework of corner sharing TeOg and MnOg octahe-
dra, with in phase (+) rotations around the ¢ axis and anti-
phase (-) rotations normal to the ¢ axis. The expected in-
crease in the magnitudes of the octahedral rotations and
reduction in the cell volume on lowering the temperature
are the only significant structural variations.

Table 1. Refined parameters and reliability factors for Sr,MnTeOq
from D2B powder diffraction data at different temperatures.

T [K] 298 60 30 4
Symmetry monoclinic monoclinic monoclinic monoclinic
Space group  P12,/nl P12,/nl P12,/nl P12,/nl
a[A] 5.7009(1)  5.6887(1)  5.6882(1)  5.6897(1)
b [A] 5.6770(1)  5.6704(1)  5.6702(1)  5.6719(1)
c[A] 8.0334(1)  8.0207(1)  8.0201(1)  8.0177(1)
Bl 90.085(1)  90.091(1)  90.090(1)  90.087(1)
VA3 259.99(1)  258.73(1)  258.68(1)  258.74(1)
Sr x 0.5015(3)  0.5034(4)  0.5034(4)  0.5035(4)
Sry 0.0153(2)  0.0210(3)  0.0212(3)  0.0210(3)
Sr z 0.2492(3)  0.2508(4)  0.2507(5)  0.2492(5)
Uso (X100 A2) 0.78(2) 0.62(3) 0.60(3) 0.62(3)
Mnx=y=z 0 0 0 0

Uso (X100 A2) 0.55(5) 0.7(1) 0.6(1) 0.7(1)
Tex=y 0 0 0 0

Te z 0.5 0.5 0.5 0.5

Uso (X100 A2) 0.38(3) 0.51(6) 0.52(6) 0.57(6)
Ol x 0.9453(4)  0.9419(4) 0.9418(4)  0.9422(4)
Ol y 0.0065(4)  0.0076(3)  0.0080(3)  0.0086(4)
Ol z 0.7350(3)  0.7348(3)  0.7349(3)  0.7348(3)
Uso (X100 A2) 0.83(5) 0.46(6) 0.47(6) 0.51(7)
02 x 0.2906(4)  0.2935(4)  0.2933(4)  0.2938(4)
02y 0.2379(5)  0.2348(5)  0.2349(5)  0.2344(5)
02z 0.9713(4)  0.9701(4)  0.9700(4)  0.9701(4)
Uso (X100 A2) 0.91(6) 0.61(6) 0.60(6) 0.74(6)
03 x 0.2591(4) 0.2619(4)  0.2617(4)  0.2620(4)
03y 0.2126(5)  0.2112(5)  0.2108(5)  0.2096(5)
03z _0.5283(4)  0.5295(4)  0.5296(4)  0.5296(4)
Usso (X100 A%) 1.14(6) 0.87(6) 0.82(6) 0.74(6)
M (Mn)al - - - 4.55(2)
R, [%] 4.7 5.7 5.8 6.4

R, [%] 3.4 4.2 44 4.7

Ve 2.1 2.0 2.1 2.4

R7 29 2.6 2.6 2.0

Rag - - - 4.1

[a] M, = 4.55(2); M, = M. = 0.

The high degree of distortion of this phase with respect
to the ideal cubic perovskite is a common feature of other
similar Sr,MnB'O4 (B’ = Mo®*, W°*, and Re®") double
perovskites, the structures of which are also described by
the P12,/nl space group (see Table 3). This distortion type
1363
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Table 2. Selected bond lengths [A] and angles [°] of Sr,MnTeOy at
various temperatures.

T K] 298 60 30 4
Mn-Ol x2  2.151(3)  2.153Q2)  2.1522)  2.152(2)
Mn-02x2  2.150(2)  2.149Q2)  2.1492)  2.149(2)
Mn-03 x2  2.145(2)  2.139Q2)  2.14122)  2.146(2)
Mean 2.149 2.147 2.147 2.149
Caled [ 2.17
O1-Mn-02 90.4(3) 90.3(1) 90.3(1) 90.4(1)
O1-Mn-03  90.0(2) 90.1(1) 90.2(1) 90.2(1)
02-Mn-03 91.6(2) 91.7(1) 91.7(1) 91.6(1)
TeOlx2  19143)  19132)  19142)  1.912(2)
Te02x2  1.921(2)  1.9232)  1.923(2)  1.924(2)
TeO3x2  1.921(2)  1.926(2)  19242)  1.921(2)
Mean 1.919 1.921 1.920 1.919
Caled [ 1.91
O1-Te-02  90.1(1) 90.1(1) 90.1(1) 90.2(1)
O1-Te-O3  90.1(6) 90.0(1) 90.1(1) 90.2(1)
02-Te-O3  90.30(6) 90.1(1) 90.1(1) 90.2(1)
Mn-Ol-Te 162.158) 161.1(1)  161.01)  161.1(1)
Mn-02-Te 162.23(7) 160.9(1) 160.9(1) 160.8(2)
Mn-O3-Te 163.29(4) 162.32)  1622(2)  162.0(2)
[a] According to ref.['4]
(a) 60K I % ;
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Figure 1. Rietveld fits to the D2B neutron diffraction data at (a)
60 K and (b) 4 K of SroMnTeOg in space group P12,/nl, showing
observed, calculated and difference curves. Lower and upper reflec-
tion markers in (b) correspond to magnetic and nuclear structures,
respectively. In each case, the fit to the high angle data is inset.

occurs when the A cation, Sr?* in this case, is too small to
fill the space in the three-dimensional network of B/B’'Og
octahedra, the result of this mismatch being the tilting of
these octahedra around the three axes of the primitive cubic
perovskite.
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Electron Paramagnetic Resonance Measurements

The room temperature EPR data (see Figure 2, a) show
a single, sharp resonance of Lorentzian shape with AH,, =
80(1) Oe and a resonance field of 3375.3(2) Oe, correspond-
ing to a g value of 1.998(1). This value of the gyromagnetic
factor confirms the oxidation state of Mn as +2 and the
sharpness of the resonance is further evidence for the chem-
ical and structural homogeneity of the octahedral Mn envi-
ronment observed from X-ray and neutron diffraction.

Thermal evolution of the EPR signal was also studied
in order to extract information regarding the magnetic and
dipolar interactions in the sample. The area of the signal
(Agpr) and the peak-to-peak linewidth as a function of
temperature are shown in part b of Figure 2. The peak-to-
peak linewidth (AH,,) can be related to the Mn*" spins’
relaxation time, 7, in a way that AH,, is proportional to
the inverse of 7.1 As t usually increases with decreasing
temperature we should expect reduction of the signal
broadening with lowering temperature. The exchange and
dipolar interaction between manganese ions, however, act
in the opposite sense. Figure 2 (b) shows that AH,,, is al-
most constant down to ca. 30 K indicating that both effects
counteract one another. Below 30 K an exponential in-
crease of AH,, is observed which indicates that the effect
of the exchange interactions between manganese cations is
strong and dominates the EPR resonance process. The area
of the signal, Agpg, is related to the number of paramag-
netic spins and is generally considered as the “EPR suscep-
tibility”. In order to avoid errors in the determination of
the intensity because of the broadening of the signal into
magnetic field regions not covered by the measurements,
Agpr was calculated as Y-z, which results from double
integration of the derivative equation that defines the reso-
nance process for Lorentzian line-shapes.['”) In this expres-
sion, Y is the height of the signal and 7" the half-width at
half-height, both of which were directly obtained from fits
to the experimental data. As shown in part b of Figure 2
the value for 4 zpp increases monotonically as the tempera-
ture is reduced. In order to obtain further information
about the type of magnetic interactions, the inverse of the
Apgpr curve was fitted at high temperatures by a Curie—
Weiss law, y = C,/(T — 0) [see inset (b) in Figure 2] which
gave a Weiss constant of ca. —160 K, indicating the presence
of antiferromagnetic interactions. Below 25 K, the EPR sig-
nal is no longer observed due to significant broadening and
reduction in intensity; see the inset (a) in Figure 2. These
effects are consistent with the existence of strong magnetic
correlations between Mn2* spins below this temperature
and the presence of a three dimensionally ordered state (see
“Magnetic structure” below).

Magnetic Susceptibility Measurements

Figure 3a shows the temperature dependence of the mo-
lar magnetic susceptibility (y,,) and inverse susceptibility
(1/x,,) curves measured at 1 kOe after cooling without an
applied field (ZFC). At high temperature, 7" > 150 K, the

Eur. J. Inorg. Chem. 2006, 13621370
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Table 3. Selected structural and magnetic data for several Mn?*-containing ordered perovskites.
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S.G.[al

TN ASTM! Hetr (UB) M (up) Ref.
T>>Ty T = 4K

Sr_MnMoOg P12,/nl 12-16 11 4.5 < per < 6.28 4.17(6) [15.9a]
Sro>MnWOg P12,/nl ~14 11 5.6 4.54(5) [9a,10a]
Sr,MnReOq P12,/nl 120(41 fel - 4.49(8) (ol
Sr->MnTeOgq P12,/nl 20 1 6.04 4.54(4) this work
Ca,MnWOgq P12,/nl 16 11 6.19 4.9(1) [100]
LaCaMnNbOgq P12,/nl 9 11 6.2 4.69(3) (7
Ba,MnTeOg¢ R-3 9 11 6.05 4.75(4) (18]

[a] Space group. [b] Antiferromagnetic structure type. [c] Refined magnetic moment from neutron diffraction data. [d] In this case, the

value refers to 7. [e] Noncollinear ferromagnetic arrangement.
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Figure 2. (a) Normalized EPR spectra between 280 and 25 K. The
inset shows the weak EPR spectra observed at 4 and 20 K. (b)
Thermal evolution of the signal area (4zpr) and the peak-to-peak
linewidth (AH,)).

rp.
thermal evolution of y,, follows the classical Curie—Weiss
law, with C,, = 4.6 cm*K/mol and 0 = —-136 K indicating
that the predominant interactions are of antiferromagnetic
nature and in very good agreement with the values obtained
from EPR. The effective magnetic moment () calculated
for the paramagnetic region well above the Néel tempera-
ture as fl; = 2.828VC,, gave the value of 6.05 pp, very
close to the theoretical value (5.91 ug) obtained from
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Figure 3. (a) Temperature dependence of the magnetic and recipro-
cal susceptibilities measured at 1 kOe. The inset shows low tem-
perature details of the ZFC and FC modes of y,,. (b) Temperature
dependence of the magnetic and reciprocal susceptibilities mea-
sured at 1 kOe after the subtraction of the component due to the
presence of 1.5% by mass of Mn30,. Inset are the corrected ZFC
and FC modes and the corrected thermal evolution of the product
AmT

Hepr = gVS(S + 1), considering high spin S = %, manganese
cations with no orbital contribution.

The inset (a) in Figure 3 shows details of the low-tem-
perature molar magnetic susceptibility (y,,) measured in
ZFC and FC modes. Two distinct features, at approximately
40 and 20 K, can be observed in both modes. The most
important characteristic of this low temperature behavior is
that the maximum at ca. 40 K appears at the same tempera-
1365
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ture as that observed in all A, MnWOg (A = Ca, Ba, Sr)
phases studied by Azad et al.,l'% while the low temperature
maximum appears at a different temperature in each sam-
ple. Similar characteristics have also been observed in
phases of the Sr,_.La, MnWOy series.'!l It is worth noting
that these features observed in some antiferromagnetic
manganese-containing double perovskites are very similar
to those reported for the ferrimagnetic Mn;Oy, with a T, of
42 K .I29

Field-dependent DC and AC susceptibility measure-
ments, on both SroMnTeOg and commercially available
Mn;0, (CAS number: 1317-35-7) showed very similar be-
havior, with the appearance of significant features around
40 K, the only difference being the appearance of a weak
maximum in the DC susceptibility and in the real (y') com-
ponent of the AC susceptibility in the case of Sro,MnTeOs.
These characteristics confirm that the maxima around 40 K
correspond to Mn;0, rather than originating from the mag-
netic behavior of Sr,MnTeOg. These observed DC suscep-
tibility curves are similar to those reported for the similar
double perovskite oxide Ba,MnWOg, in which the ferro-
magnetism observed below 40 K was attributed to a disor-
dered canted antiferromagnetic state composed of various
domains.['%1 Further details of the susceptibility study are
available as supporting information to this article.

It is worth noting that the presence of undetected Mn;0,
has led to misinterpretation of the magnetic properties of
many manganese-containing compounds. One of the first
examples is the oxide MnO, which was considered to behave
as a spin glass around 40 K, but the AC susceptibility re-
vealed that the maximum observed in the DC susceptibility
measurements at this temperature actually originated from
an undetected fraction of Mn;0,.[>!1 Recently, Goff et al.*?]
demonstrated that quantities as low as 1% of this oxide
can completely mask the magnetic behavior of the majority
phase. The magnetic behavior published for A,MnWOgq
may be a further example of this type of undetected con-
tamination with Mn3;04.1'° The DC susceptibility data for
Sro,MnTeOg, corrected for an estimated 1.5% by mass of
Mn;0, are shown in Figure 3 (b). It is therefore clear that
great care must be taken when analyzing the magnetic prop-
erties of manganese-containing compounds as manganese
oxides exist with strong ferro/ferri-magnetic behavior that,
well below the detection limit of other techniques, can com-
pletely dominate the magnetic properties of phases under
investigation.

Specific Heat Measurements

Figure 4 shows the observed total specific heat (Cp), the
calculated contribution of lattice phonons to the specific
heat, Cp(po), and the resulting magnetic specific heat,
Cp(mag)- The total specific heat exhibits a three-dimensional
(A-type) magnetic ordering peak at 20 K, in agreement with
the previous magnetic and neutron diffraction data. The
contribution of the lattice vibrations to the specific heat ca-
pacity was calculated by fitting the experimental high tem-
1366
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perature data (above the A anomaly) using a modified De-
bye model considering the existence of two phonon spectra.
For a formula unit containing N atoms, n; was assigned a
Debye temperature ; and n,, constrained such that n, =
N — ny, a Debye temperature 0, yielding three independent
variables to be refined, namely 60, 0>, and n;. Refined values
indicate that, of the 10 atoms in the formula unit, 3.5 ()
have a Debye temperature of 217 K and 6.5 (n, = N — n)
have a Debye temperature of 616.5 K. This result not only
produces an excellent fit to the experimental data up to
300 K, but is also in good agreement with the chemical for-
mula contents of 4 heavy atoms and 6 light atoms, the latter
with a much higher Debye temperature. The magnetic spe-
cific heat, Cp,n4e), shown in Figure 4, being the result of
subtracting the phonon component from the total specific
heat (Cp).
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Figure 4. (a) Specific heat vs. temperature of Sr,MnTeO¢ from 1.8
to 45 K showing total specific heat, Cp, the calculated phonon con-
tribution, Cp,y,., and the resultant magnetic contribution, Cp,qg.
(b) Comparison between the specific heat data measured at 0T and
under an applied magnetic field of 9T. The inset shows the calcu-
lated magnetic entropy, Sg-

The effect of a 9T magnetic field on the three-dimen-
sional 4 peak in the heat capacity is shown in Figure 4 (b).
In a pure antiferromagnetic sample, a small displacement
of the peak to lower temperatures with increasing magnetic

Eur. J. Inorg. Chem. 2006, 13621370
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field would be expected. It can be seen, however, that the
peak is slightly displaced to higher temperature with the
applied field, indicating a small ferromagnetic component.
This ferromagnetic component may originate from a small
canting in the antiferromagnetic structure as the small mag-
nitude of the displacement is typical of highly anisotropic
antiferromagnets. The thermal evolution of the magnetic
entropy, S,..e. released in the ordering process for this phase
is shown in the inset (b) of Figure 4. TThe total magnetic

entropy, calculated from the S,,,,(T) = [C,,,o(T)/T*dT ex-
0

pression, was found to be =8 J/mol-‘K above 20 K. This
value is =60% of the theoretical value, RIn(2S + 1) =
14.9 J/mol'K, expected for the S = %/, state of the Mn>*
cation at low temperatures. This low value could be related
to systematic errors in the subtraction of the lattice compo-
nent around the observed maximum in the specific heat
data or, as has been previously suggested, this deviation
could indicate that some of the spins of the Mn?" ions are
not correlated to the rest.??! The latter explanation would,
however, also imply a similar deviation of the low tempera-
ture magnetic moment of the Mn?* spins, an effect not ob-
served in SroMnTeOg.

Magnetic Structure

The 4 K neutron diffraction data show the presence of
several additional peaks which arise from long-range mag-
netic order in the sample (see Figure 1, b). These reflections
were not coincident with those of the nuclear structure indi-
cating that this magnetic order is of antiferromagnetic na-
ture. These peaks were indexed considering a magnetic cell
with the same dimensions as that of the crystal cell (with
parameters \/Eap X \/Eap X 2a,, where a, is the primitive
cubic perovskite parameter) in the P1 space group (refined
neutron data are shown in Figure 1, b). The first two sharp
magnetic peaks are, consequently, the unique (001) reflec-
tion and the unresolved doublet composed of the (010) and
(100) reflections. The type I antiferromagnetic structure is
the only collinear arrangement of magnetic ions compatible
with these observed maxima. The strong (001) peak indi-
cates that an important component of the magnetic mo-
ment is in the ab plane. The orientation of the magnetic
moments in this plane could not be determined, because of
the overlap of the (010) and (100) reflections. No significant
component was observed in the c-direction. In the final
model, magnetic moments of magnitude M, were fixed
along a and —« in alternating planes in the c-direction. The
refined structure at 4 K, showing the orientation of mag-
netic moments, is shown in Figure 5. In this magnetic struc-
ture each manganese cation is antiferromagnetically cou-
pled by 90° superexchange interactions via diamagnetic —
O-Te®*O- bridges to 8 out of 12 nearest-neighbors, NN,
at an approximate distance of 5.6 A. The six next nearest-
neighbors, NNN, (at ca. 8.0 A) are all ferromagnetically
aligned via 180° —O—Te®"—O- linkages.
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Figure 5. Type I antiferromagnetic structure of Sr,MnTeOg. Ligh-
ter spheres represent Mn and darker spheres Te. Sr atoms are omit-
ted for clarity.

Figure 6 shows the temperature-dependent D1B diffrac-
tion data. The thermal evolution of the refined magnetic
moment (M,) is represented in Figure 7. It can be observed
that the three-dimensional magnetic order begins at 20 K.
The Mn?" moment rapidly increases below 20 K, reaching
saturation at approximately 10 K. The obtained value of
M, = 4.55(5) pg is close to the theoretical value of 5 pg for
high spin S = 3/, manganese at low temperature.

Figure 6. Temperature-dependent DI1B neutron diffraction data
from 2 to 60 K. Magnetic peaks are marked by arrows.

The temperature dependence of the refined lattice pa-
rameters and volume are shown in Figure 8. The thermal
evolution of the lattice parameters is of particular interest.
The a parameter exhibits almost no variation whereas the
b and ¢ parameters show different behaviors with tempera-
ture. Below 20 K, where three-dimensional magnetic order
is observed, the parameters show no systematic change. At
20 K, a marked discontinuity is observed in both param-
eters with ¢ increasing and b decreasing. Above 20 K, the »
and ¢ parameters are again virtually independent of tem-
1367

www.eurjic.org



FULL PAPER

T. Rojo et al.

0 10 20 30 40 50 60
T'[K]

Figure 7. Temperature dependence of the magnitude of the mag-
netic moment refined from D1B neutron diffraction data from 2 to
60 K, with the Néel temperature, Ty = 22 K, marked.

perature. The thermal evolution of the unit cell volume
shows no change below 20 K and a small increase at higher
temperatures.
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Figure 8. Temperature dependence of the reduced lattice param-
eters and cell volume refined from DI1B neutron diffraction data
from 2 to 60 K. Reduced lattice parameters were calculated as fol-
lows: @, = aN2, b,, = bN2; cm = ¢/2.

The observed behavior could be associated to “spontane-
ous magnetostriction” resulting from a magnetically or-
dered state, in contrast to the “common magnetostriction”
effect that results from the application of a magnetic
field.?Y In Sr,MnTeOy, this effect can be viewed as the re-
sult of the nature of the magnetic order (see Figure9),
where moments perpendicular to the [001] direction attract
one another, leading to a reduction of the ¢ parameter with
the increase in b parameter being the result of the repulsion
between ferromagnetically aligned moments in the ab plane.
1368
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Similar, but more pronounced, spontaneous magnetostric-
tion effects have also been recently observed in the ferro-
magnetic oxides SrRu; ,05.2* Field-induced magneto-
striction is common in other ferromagnetic perovskites,
such as manganites and double perovskites,>>®2¢ but the
observation of this spontaneous effect in this type of anti-
ferromagnet is rare.

Figure 9. Origin of the spontaneous magnetostriction effect ob-
served in Sr,MnTeOg. Dark spheres represent Te and light ones
with arrows represent Mn with their magnetic moments. Also de-
picted are arrows indicating the compressions and elongations of
the unit cell dimensions as a consequence of the magnetic ordering.
Sr and O atoms are omitted for clarity.

Conclusions

The ordered double perovskite Sr,MnTeOg crystallizes at
room temperature in space group P12,/n1 and maintains its
symmetry on cooling down to 4 K. Electron paramagnetic
resonance spectroscopy shows the presence of a sharp reso-
nance centred at a g value of 1.998(2), indicating that man-
ganese ions are in the +2 oxidation state. As the tempera-
ture is lowered and magnetic exchange interactions between
Mn2* become stronger, the area of the resonance increases
showing a maximum around 25 K. Below this temperature
a large broadening of the signal occurs indicating that the
sample is magnetically ordered.

Magnetic DC susceptibility follows the Curie—Weiss law
at high temperatures, and a Weiss constant of —136 K indi-
cates that the predominant interactions are of antiferromag-
netic nature. The observed effective magnetic moment
agrees well with a § = 3/, cation with no orbital contri-
bution. The Néel temperature was estimated to be 20 K.
At this same temperature the specific heat shows a A-type
anomaly typical of three-dimensionally ordered systems,
which is slightly repressed on application of a field of 9T.
Both effects are consistent with the observed anti-ferromag-
netic ordering within the sample. Low temperature neutron
diffraction indicates that the ordered antiferromagnetic
state is of type I, in which planes perpendicular to the (001)
direction contain S = 5/, Mn?>* magnetic moments ferro-
magnetically coupled to one another within the plane via
diamagnetic —-O-Te®*—O- bridges. These planes are coupled
antiferromagnetically because of the stronger 90° Mn-—
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O--O-Mn linkages, producing the predominant antiferro-
magnetic inter-planar interactions. The observed magnetic
moment per manganese ion of 4.5 pp indicates that virtually
all the sample is magnetically ordered at this temperature.
Discontinuities observed around the ordering temperature
in the lattice parameters indicate that this phase also shows
a small spontaneous magnetostriction effect.

Experimental Section

Synthesis, room temperature structural refinement, and confirm-
ation of nominal stoichiometry of the ordered double perovskite
Sr,MnTeO; have been reported previously.!'? Low temperature
neutron powder diffraction data were collected at 4, 30, and 60 K
on instrument D2B at the Institut Laue Langevin (I.L.L.), Greno-
ble, France. Neutrons of wavelength 1.595 A were incident on 10 g
of Sr,MnTeOg, contained in an 8-mm diameter vanadium can held
in a liquid helium cryostat. Data were collected over the angular
range 0 = 20 = 160°, then normalized for subsequent refinement
in GSAS.[2¢

Temperature-dependent neutron powder diffraction data were col-
lected on instrument DIB at the I.L.L. Neutrons of wavelength
2.52 A were incident on 10 g of Sr,MnTeO, contained in an 8-mm
diameter vanadium can held in a liquid helium cryostat. Data were
collected every 2 K from 2 to 60 K over the angular range 10 = 20
= 90°. Evolution of lattice parameters and magnetic moment (M)
with temperature were obtained by sequential refinement in FullP-
rof?”! starting from the structural model refined with D2B data at
4 K.

X-band EPR spectra were recorded between 0 and 7 kOe from 300
to 5 K with 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 gaussmeter and
the frequency inside the cavity was determined using a Hewlett—
Packard 5352B microwave frequency counter.

DC magnetic susceptibility measurements were performed using a
Quantum Design MPMS-7 SQUID magnetometer whilst heating
from 5 to 300 K in an applied field of 1 and 5 kOe. In both cases,
data were collected after cooling either in the presence (field cool-
ing —FC curve) or absence (zero-field cooling- ZFC curve) of the
applied field. Magnetization as a function of applied field (H) was
measured using the same MPMS-7 SQUID magnetometer after
cooling the sample in zero field. Magnetization was also measured
as a function of temperature between 5 and 80 K.

AC magnetic susceptibility measurements were made with a stan-
dard QD PPMS system with an alternate excitation field (H,,.) of
1 Oe at frequencies between 10?> and 10* Hz. Data were recorded
from 4 to 60 K as a function of both frequency and applied DC
magnetic field.

Heat capacity measurements were carried out by a relaxation
method using the same PPMS system. The sample was a plate of
0.3 mm thickness and 7 mg weight obtained by compressing the
original powder. Data were collected with zero field (0T) and under
an applied field of 9T from 1.8 to 300 K.

Supporting Information (for details see the footnote on the first
page of this article): Further magnetic data are available as Sup-
porting Information, due to the magnetic characterisation of
Sr,MnTeOg4 having been complicated by the presence of the ferro-
magnetic oxide, Mn;0,. Field-cooled and zero-field cooled DC
susceptibilities at various applied fields and field- and frequency-
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dependent AC susceptibilities are presented for both the as-pre-
pared SroMnTeOq and commercially available Mn3;O,4. Also in-
cluded is the field-dependence of the magnetization for
SroMnTeOg,
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