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We have studied the partially ordered double perovskite (PODP) and spin-glass phase in Sr(Mn;_,W,)O3
(x = 0.20 to 0.40) using neutron powder diffraction (NPD), muon spin relaxation («SR), magnetic susceptibility
(x), and x-ray photoelectron spectroscopy measurements. Structural studies reveal that StMn; _, W, O3 undergoes
a quasicontinuous transformation from simple perovskite (Pm-3m) to PODP (P2, /n) phase as x increases. xq.(T)
and x,.(7T') measurements show a sharp cusplike peak at spin-glass transition 7,. The muon relaxation rate (1)
peaks at T, following a critical growth, givenby A = A(0)t ™[z = (T —T,)/T,]. No long-range magnetic order is
observed in NPD below T,. These measurements confirm a tunable spin-glass state of SrtMn;_,W,0; for 0.2 <
x < 0.4. The spin-glass phase appears with the onset of Mn>* cations, which induce competing ferro-antiferro
interactions leading to exchange frustration. The 7, decreases as the W content and Mn?" concentration increase.
Our results suggest that the spin-glass phase can be tuned through the relative concentration of 2+, 3+, and 4+

Mn ions.
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I. INTRODUCTION

The occurrence of exotic magnetic ground states like spin
liquid [1-5], valence bond glass [6], spin glass [7-11], and
spin ice [12,13] have been of immense theoretical and experi-
mental interest for several decades [14—17]. These exotic mag-
netic phases originate from magnetic frustration arising from
competing nearest neighbor (NN) and next nearest neighbor
(NNN) antiferromagnetic (AFM) interactions between mo-
ments arranged on triangular, tetrahedral [18], kagome [19],
and Shastry-Sutherland [20] type lattices. Due to the presence
of tetrahedral topology in their structure, as shown in the inset
of Fig. 1(a), magnetic double perovskites (DPs) of the general
chemical formula [6,21-23] A;BB’O¢ have been extensively
studied regarding such exotic magnetic ground states. In
magnetic DPs [24] B/B’ (diamagnetic/magnetic) cations fol-
low a tetrahedral topology; therefore an AFM superexchange
interaction cannot be simultaneously satisfied at each lattice
site, and hence long-range AFM order is suppressed. Such
an interaction gives rise to cooperative phenomena resulting
in frustration-driven freezing of spin configurations, such
as valence bond glass BaYMoOg [6] and spin glass as
in Sr,CaReOg [21], Ba; YReOg [22], and Sr;MgReOg [23].
However, there are examples, where despite the presence of
tetrahedral topology, magnetic DPs undergo normal AFM
ordering [25,26].

An ideal DP has Fm-3m structure, but it is often distorted
due to steric pressure and temperature variations [27,28]
resulting in its structural variants like P4,/n, Pnma, P2, /m,
P2, /n, etc. The B-site chemical ordering of B/B’ cations still

“nplallaiuc82 @ gmail.com

2469-9950/2019/99(21)/214421(8)

214421-1

exists [28-30], but the tetrahedral topology can be distorted
relaxing the condition of frustration and resulting in AFM
ordering. In such DPs the NN AFM interaction is an ex-
tended superexchange, active along B’-O-B-O-B’' pathways
and leads to type-1 AFM, e.g., Ca;LaRuQOg [31], Sr; YRuOg
[32], Sr,LuRuOg, Ba, YRuOg, Ba,LLuRuOg [33], LasLiRuOg
[34], and Sr, TeMnOg [35]. It has been shown that DPs having
diamagnetic atoms like W [25,26,36,37], Nb [38], or Mo [26],
at their B sites exhibit type-II AFM in which the NNN spins
are AFM aligned.

It is worth noting that in the case of perovskites the
frustrated magnetic ground states have been studied mostly on
perfectly ordered DPs. No attempts have been made to study
the evolution of magnetic frustration as a function of B-site
substitution. The flexibility of the perovskite structures for B-
site substitution provides a unique opportunity for such stud-
ies. For DP structures it is not yet known, under the favorable
conditions of ionic size and charge states of B/B’, what min-
imum substitution can result in the formation of A>B;_ B.Og
type partially ordered double perovskites (PODPs) or whether
a PODP even forms. The physical properties of perovskites
are mostly governed by the BOg octahedra so a quasicontin-
uous variation of B-site occupancies in PODPs can provide
tunability of their physical properties. The coexistence of
various charge states of B’ probably arising due to substitution
of B, and B’-O-B’ and B’-O-B-O-B’, mixed superexchange
pathways in a PODP should alter the magnetic interactions
and result in frustrated spin lattices with exotic magnetic
phases.

To address these questions we have carried out studies on
distorted DPs with compositions typified by A(B'|_xB,)O3
taking Sr(Mn;_,W,)O3 as a case study, with x ranging
from 0.2 to 0.4. The end members of Sr(Mn;_,W,)Os, i.e.,
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FIG. 1. (a) Rietveld refined time-of-flight (TOF) neutron powder
diffraction profile of Sr(Mn;_,W,)O3 for x = 0.30. Inset shows the
structure of a double perovskite phase, highlighting the presence of
tetrahedral topology of B/B’ cations. (b) A typical crystal structure
model of a partially ordered double perovskite of Sr(Mn;_,W,)O3
obtained after Rietveld refinement. (c) It depicts the biased occupan-
cies of Mn at 2c¢ and W at 24 sites for x = 0.30. Atoms have been
indicated in different colors.

SrMnOj; (x = 0), space group Pm-3m [39], and the perfectly
ordered DP SrMngsW( 503 or equivalently Sr,(MnW)Og,
space-group P2;/n [26], both order antiferromagnetically
along superexchange pathways Mn-O-Mn and Mn-O-W-O-
Mn at their Néel transition temperatures (7y) = 260 and
13.6 K, respectively. StMnOs is reported to order as G
type with propagation vector (1/2, 1/2, 1/2) [39] and
Sr,(MnW)Og is reported to order as AFM with propagation
vector (1/2,0,1/2) [26]. We have found that St(Mn;_,W,) O3
forms PODPs for x > 0.3, while the compositions with x <
0.3 remain simple disordered perovskites. The magnetic and
structural properties of PODPs of Sr(Mn;_,W,)O; are en-
tirely different from that of the fully ordered Sr,MnWOgq
[25,26,37,38]. Instead of the long-range AFM order [25,26],
we found a spin-glass state with transition temperature (75)
systematically decreasing with x. Such tunability of the site
occupancy will be common to nearly all DPs, and hence
this approach can prove an interesting way for tailoring the
properties of other DPs as well.

II. EXPERIMENT

Sr(Mn;_,W,)O3 compounds with x = 0.20 to 0.40 were
prepared following the conventional solid-state reaction route
using 99.99% pure SrCO3, MnO,, and WOj3. The thoroughly
ground stoichiometric mixture of the ingredients was calcined
and sintered, respectively, at 1200 °C for 24 h and 1450 °C for
12 h. Phase purity characterization was done using powder
x-ray diffraction. The charge states of Mn were determined
through x-ray photoelectron spectroscopy (XPS) measure-
ments (SPECS, Germany). The magnetization vs tempera-
ture (M-T) measurements were carried out under zero-field-
cooled (ZFC) and field-cooled (FC) conditions at 500 Oe us-
ing SQUID VSM (Superconducting quantum-interference de-
vice vibrating sample magnetometer), QD (Quantum design,
USA). To investigate the microscopic nature of the magnetic
ground states, neutron powder diffraction (NPD) (200-5 K),
using the GEM instrument, and muon spin relaxation (uSR)
measurements in zero field (ZF) and 0-0.3 T longitudinal
fields (LF) (125-2 K), using the MuSR instrument, were
performed at the ISIS Pulsed Neutron and Muon Source, UK.

III. RESULTS

A. Neutron diffraction studies

As-prepared samples were subjected to thorough struc-
tural characterizations (see Sec. SM 1.0 in the Supplemental
Material [40] for details on structural characterization). In the
literature, two possible space groups P4,/n [25] and P2;/n
[26] have been assigned to the structure of SrMngysW503.
We refined the room temperature NPD data of all the studied
PODPs with P2, /n using JANA2006 [41]. Figure 1(a) presents
typical NPD data (of x = 0.3 sample), which have been
refined using P2, /n. The refinement of PODP structures was
done following coupled 2c¢ and 2d occupancies described
as Sro(Mn;_,W,)(Mn,W;_,)O¢ (see Sec. SM 1.3 in the
Supplemental Material [40] for details on structure refine-
ment). Figures 1(b) and 1(c) show typical examples of the
refined crystal structure of the PODP phase. The relative
partial occupancies of Mn(2¢) and W(2d) sites and the Mn-
O-Mn bond angles, along the ¢ axis and in the ab plane, show
systematic variation with x; see Table I. It shows that the Mn-
O-Mn bond angle along the ¢ axis decreases with increasing
x, whereas the second type of Mn-O-Mn bond angle lying in
the ab plane remains less affected. The bending of Mn-O-Mn
is likely to tilt the anisotropy axis, thereby causing canting of
the moments [42,43].

B. Magnetic studies

Temperature-dependent dc magnetic susceptibility (x4c vs
T) of Sr(Mn;_,W,)O; was measured for x = 0.20 to 0.40.
Figures 2(a) and 2(b) show a typical ZFC, and 500 Oe FC yq
vs T for x = 0.20 and 0.30, respectively. The ZFC yxq4c vs T
shows a sharp cusplike feature at 7, that systematically shifts
from 53 to 14 K as x increases from 0.20 to 0.40. The variation
of T, and the corresponding xq.(7;) is shown in Fig. 3. The
cusplike feature has also been reported by Lin et al. [44] for
the fully ordered DP of SruMnWOQOg. The ZFC cusp shows
bifurcation with the FC curve. The dc susceptibility increases
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TABLE I. Refined occupancies, Mn-O-Mn bond angles, and agreement factors. The digits in parentheses represent error (or standard

uncertainty) in the last digit of the value.

SrMn;_,W,0; GOF Occupancies Mn-O-Mn bond angles (deg)

x) (goodness of fit) R, wR, Mn (2¢) W (2d) Along c axis In ab plane

0.30 1.03 2.94 3.81 0.404(2) 0.204(2) 177.1758(7) 175.2437(5) and 174.7152(7)
0.32 3.09 3. 4.84 0.406(1) 0.226(1) 170.893(3) 174.9600(9) and 170.9954(7)
0.40 1.86 2.49 3.48 0.474(1) 0.374(1) 161.942(5) 175.6671(8) and 167.704(4)

with (x). To explore the dynamic behavior of the short-range
spin correlations, ac susceptibility (xac vs 7) measurements
were carried out at frequencies ranging from 31 to 937 Hz.
The x,c vs T data for x = 0.2 and x = 0.3 samples are shown
in Figs. 2(c) and 2(d). The x,. vs T data also show a cusplike
peak, the frequency dependence of which is shown in the
insets of each panel.

To check for the occurrence of any long- or short-range
magnetic order, NPD measurements were performed at tem-
peratures below the cusplike anomalies. Figure 4 shows
the comparison of the low-q (high-d) regions of the low-
temperature NPD profiles of the Sr(Mn;_,W,)O3; samples
with x = 0.30, 0.32, and 0.40. In the literature the occur-
rence of a pronounced AFM peak at ~9.2 A is reported for
SrMng sW(sOg by Azad et al. [25] and Muiioz et al. [26],
but no such feature is evident in our data, so we conclude the
absence of long-range AFM ordering.

C. uSR measurements

To investigate the spin-glass state in the PODP phases
of Sr(Mn;_,W,)O3, low-temperature (125-1.5 K) ZF-uSR
measurements were carried out on samples with x = 0.20,
0.30, and 0.40 using a 100% spin-polarized pulsed ™ beam
(duration 70 ns, period 20 ms) at the ISIS facility, UK
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FIG. 2. (a), (b) The temperature variation of xg.(7) for
Sr(Mn,;_, W, )O3, respectively, for x = 0.2 and 0.3. The cusplike
peak can be clearly seen. (c), (d) x..(7) variation of Sr(Mn,_, W, )Os,
for x = 0.20 and 0.30. Frequency dispersion of the cusplike peaks
can be clearly seen in the insets.

[45]. The uSR technique probes a much wider time domain,
10°—10'°Hz, of magnetic relaxation than x..(7) [46]. The
asymmetry vs time A(f) uSR spectra were collected from 0.1
to 32 us. The ZF uSR spectra were collected down to 1.5 K;
see Sec. SM 3.0 in the Supplemental Material [40] for com-
plete ZF uSR spectra. The A(¢) spectra of Sr(Mn;_,W,)O3
samples with x = 0.20, 0.30, and 0.40 show qualitatively
similar behavior, except for the lowering of the transition
temperature.

In our samples, all Mn ions are magnetic. Since only
20%—40% of these Mn ions are being replaced by W, it is
still a relatively dense moment system. After excluding other
possible models [47], we analyzed the measured A(¢) using a
simple exponential and a constant.

A(t) = A, exp (—At) + Ae. (1)

Here A, is the amplitude of the relaxing part of the observed
asymmetry, A is the muon spin relaxation rate, and A, is the
constant part of the observed asymmetry, which will have a
temperature-independent part from muons stopping outside
the sample and a part from muons stopping in the sample
but not being depolarized, that may depend on temperature.
A, A;, and A were determined by fitting the A(¢) data with
Eq. (1) using the MANTID software [48]. At high temper-
ature in the paramagnetic state, A, + A, ~ 0.26, which is
the initial asymmetry expected for the experimental setup.
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FIG. 3. Variation of spin-glass transition temperature 7, and the
Xac(Ty), i.e., value of x4 (T) at T, as a function of W concentration
(x). T, marks the cusp of xqc(T).
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FIG. 4. Enlarged view of the low-g (high-d) regions of the
bank-2 TOF-NPD profiles of Sr(Mn;_,W,)O3 samples with x =
0.30, 0.32, and 0.40. Unlike Ref. [26] these profiles clearly depict
(dashed vertical line) the absence of any peak at ~9.2 A showing
AFM order in the PODP phase.

Figures 5(a)-5(f) show the temperature dependence of A,, A,
and XA. In each panel of Figs. 5(a)-5(f) the flat behavior of
A, and A at high temperature shows the paramagnetic state
of the samples. As the temperature is lowered across the
characteristic temperature (7,), A, drops sharply. The steep
drop in A, indicates that the muon spins are depolarized well
within the pulse duration of 70 ns. The corresponding cusplike
peaks in A show that the timescale of the fluctuation of the
local field is slowing down and crosses the SR time window
of 10 ps to 1 us, around 7,. Both these anomalies show
correspondence with the ac/dc x (T) data.

In spin glasses, across the freezing transition, the spin-glass
order susceptibility diverges proportional to T~ [49] where
(7) is the reduced temperature given as T = (I'—7,)/T, and
(w) is the critical exponent. When susceptibility diverges,
magnetization (i.e., the local field) also diverges and hence
the muon spin relaxation rate A should also diverge [50] as
A =Xx(0)r™". In fact the critical exponents measured using
uSR have a composite effect of both static and dynamic

properties of the moments. Figure 6(a) shows the log(A) vs
log{(T —1,)/T,} plots for the three studied samples. The well-
defined linear behavior of these plots indicates that A increases
algebraically, i.e., A =A(0)t™", as T approaches T,. The
critical growth of A(T) in turn indicates critical slowing down
of the spin fluctuations. The complete absence of long-range
magnetic order in NPD and the cusplike peak in ac/dc x(7)
indicate that the slowing down of the spin-fluctuation is due to
spin-glass transition at 7,. The value of critical exponents for
insulating spin glasses in high reduced temperature is ~3.3
[46]. However, for the three samples in our case the critical
exponents are found to range from 2.09 to 1.04 as (x) increases
from x = 0.20 to 0.40. This might be due to changes in the
degree of isotropy of the exchange interaction [51].

To distinguish between static and fluctuating fields, we
collected SR spectra at 5 K for the Sr(Mn;_, W, )O3 sample
with x = 0.30, at various longitudinal fields (LFs) ranging
from O to 0.3 T. Figure 6(b) shows the corresponding LF
A(t) data. Since the applied LFs are unable to decouple the
muon spins from the internal local fields they experience, and
the form of the data suggests that the fields are quasistatic,
we concluded that the internal local fields in the samples are
significantly larger than the applied largest longitudinal field
of 0.3 T.

IV. DISCUSSION

The bifurcation in ZFC and FC of x4 vs T below the cusp,
the frequency dispersion of the peak maxima in y,. vs 7, the
complete absence of the signature of any magnetic order in
NPD, and the critical growth of the muon spin relaxation rate
AMT), i.e., A = L(0)r~ in ZF uSR studies, clearly reveal that
Sr(Mn;_, W, )O3 with x = 0.20 to 0.40 undergoes a spin-glass
transition. The significantly low value of magnetization, even
at fields as high as 7 T, is due to inherent moment frustration
in the spin-glass state. The opening of the M-H loop (see
Sec. SM 2.0 in the Supplemental Material [40]) below T, is
due to field irreversibility characteristics of spin glass [15-17]
which is seen even in canonical spin-glass systems [52-54].
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havior of the spin freezing across the glass transition. Here (w) is the
critical exponent of . (b) Zero to 0.3 T longitudinal field dependence
of A(t) spectra for x = 0.30 sample at 5 K.

Upon W doping the effective magnetic moment decreases.
A minor increase in the magnetization and the susceptibility,
at low temperatures, is due to the weakening of the AFM
interaction and a concomitant increase in the ferromagnetic
exchange interactions because of charge disorder. The spin-
glass transition temperature 7T, is supposed to decrease with
decreasing the concentration of magnetic ions [55-57]. This
is in agreement with our observation.

In pristine StMnOs, all the Mn ions are in the 44 charge
state. However, in StMn;_,W,Os;, since the most stable oxi-
dation state of tungsten (W) is 6+, some of the Mn*t convert
into Mn*. The presence of 44/3+ mixed valence of Mn
gives rise to a series of interesting charge and spin ordered
states [58] until x < 0.18. As confirmed through XPS mea-
surements (see Sec. SM 4.0 in the Supplemental Material
[40]) and its analysis [59-61], in Sr(Mn;_,W,)O; with
x > 0.20, besides Mn*t and Mn’*, a significant amount
of Mn?t is also present, which increases from 23%, to

25%, and 33%, respectively, for x = 0.20, 0.25, and 0.30.
It is expected that as x approaches 0.5, Mn?* will max-
imize and concentrations of Mn** and Mn** go to zero.
Recently, Wang et al. [62] have also reported similar
changes in the charge state of Mn on W substitution in
Sr(Mn;_,W,)O3. StMnO3 is a G-type AFM [39] with NN
Mn*+ I, moments interacting antiferromagnetically through
Mn**t — O?” — Mn** superexchange pathways. At the other
extreme of x = 0.5, i.e., in fully ordered DP Sr,MnWOg,
the Mn?* cations are again ordered antiferromagnet-
ically [25] through Mn?** — 0% — Wb — 0?" — Mn?*
extended superexchange pathways. However, the intermediate
samples with W substitution, e.g., with x = 0.2 to 0.4, have
mixed charge states Mn>*, Mn3**, and Mn**, which will
cause disordered mixed superexchange interactions leading
to magnetic frustration. Some of the possible superexchange
models showing antiferro or ferromagnetic interactions be-
tween given Mn charge states are shown in Fig. 7(a) (see
Sec. 5.0 in the Supplemental Material [40] for details on the
GKA rule).

Here, in order to illustrate how magnetic frustration can
arise in the lattice of Sr(Mn;_,W,)O3; having mixed charge
states Mn?*, Mn**, and Mn**, for simplicity we consider a
case of nearly equally populated Mn charge states. Figure 7(b)
shows a 2D schematic of the same with B-site cations only. In
these compounds both the transition metal ions, viz., Mn and
W, are situated in the octahedral crystal field and hence un-
dergo splitting of the otherwise degenerate fivefold d orbitals
giving rise to triply degenerate t,, and doubly degenerate e,
levels. The W+ ion with electron configuration 44540,
being diamagnetic, cannot take part in magnetic exchange.
Following the Goodenough-Kanamori-Anderson (GKA) rule
of superexchange Mn>*, Mn**, and Mn** ions with electron
configurations 3d>, 3d*, and 3d>, respectively, undergo indi-
rect exchange interaction. The magnetic exchange interactions
between Mn?t and Mn?*, Mn?+ and Mn?**, and Mn*t and
Mn** are expected to be antiferromagnetic, whereas between
Mn2* and Mn3*, Mn?* and Mn**, and Mn3t and Mn*t it
should be ferromagnetic [63]; see Supplemental Material [40].
Magnetic frustration can arise due to (i) geometric constraints
(as in triangular or tetrahedral lattices with AFM interaction)
or (ii) competing FM and AFM interactions in a lattice. For
SrMn;_, W,03; compositions with PODP structure, we do not
expect any geometric frustration as the underlying tetrahedral
topology, on which the magnetic ions are arranged, is distorted
due to the P2,/n space group of the PODP. In the fully
disordered case of simple cubic perovskite, the square lattice
with AFM interaction is not supposed to cause geometric
frustration. On the other hand, the presence of both FM and
AFM superexchange interactions, among mixed valence Mn
ions, can result in “exchange frustration,” particularly when
the Mn?t, Mn3*, and Mn** ions are disordered. The two-
dimensional (2D) schematic in Fig. 7(b) shows how compet-
ing magnetic interactions between mixed charge states of Mn
cations can bring in the exchange frustration in the lattice.
When we “start” from a magnetic site, with any randomly
selected spin orientation, and navigate through the lattice
following the GKA rule, it is found that certain Mn sites
cannot simultaneously satisfy exchange interactions with all
their neighbors (marked as “?”) causing magnetic frustra-
tion and thus leading to a spin-glass state. While the 2D
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illustration is somewhat simpler to visualize, the situation
becomes extremely complex when we consider visualization
in 3D. However, at the same time, allowing interaction paths
in three dimensions (3D) enhance the chance of getting more
neighbors marked as (?), hence leading to stronger magnetic
frustration.

With increasing W, the concentration of Mn2* increases
at the expense of Mn** and Mn**. Since Mn>* is necessary
for charge/orbital order, its decrease suppresses the long-range
charge/orbital/spin ordered phases and enhances disordered
magnetic phase, leading to spin-glass behavior. The occur-
rence of Mn?" is thus correlated with the appearance of the
spin-glass phase.

Though the above-described model of exchange frustration
considers fully disordered Mn charge states distribution, i.e.,
the limiting case of x = 0.25 (see Sec. SM 1.1 in the Sup-
plemental Material [40]), the same argument can be applied
for the PODPs as well. Our structural analysis reveals that
the PODP phase arises due to partial occupancy of Mn and
W, respectively, at 2c and 2d sites, which changes rather
continuously towards x = 0.5 for a fully ordered DP. In such
an intermediate situation, the fully disordered scenario of Mn
charge states is not expected to change much, even if the
diffraction data indicate appearance of a PODP phase, e.g.,
the phases with 0.3 < x < 0.4, and therefore the magnetic
frustration will still largely prevail. Of course, the density of
Mn sites marked (?) will continuously decrease with increas-
ing (x) and finally the system will slowly terminate to an
ordered AFM phase. Like other spin-glass systems [57], the
decrease in T, appears to be related with the decreasing Mn
ions in the lattice. In Fig. 8 we summarize the phase diagram
of Sr(Mn;_,W,)O3, showing various magnetic phases as a
function of (x) [58].

V. CONCLUSION

Based on the above-described studies on Sr(Mn;_, W, )O3,
with (x) ranging from 0.20 to 0.40, we conclude that on W
substitution at Mn site the G-type antiferromagnetic STMnOj3

undergoes a transformation to a disordered simple perovskite
dense spin-glass phase at x ~ 0.20 and then to partially or-
dered double perovskite (PODP) spin-glass phases with x >
0.3. The spin-glass transition temperature 7, continuously
decreases in the range of 55-15 K with increasing W. In both
cases, i.e., simple cubic as well as PODPs, the spin-glass
phase appears to arise due to exchange frustration between
the randomly distributed Mn?*, Mn*, and Mn** cations. The
spin-glass phase appears to be correlated with the occurrence
of Mn*? cations and the onset of competing ferro-antiferro
interactions. A magnetic phase diagram has been presented
summarizing the occurrence of various magnetic phases as
a function of W substitution in Sr(Mn;_, W, )Os. We finally
conclude that under an otherwise favorable B-site substitution,
a magnetic perovskite phase can continuously transform to a
PODP phase with tunability of the related physical properties,
e.g., the spin-glass phase in the present study.

400
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