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Tuning of magnetic frustration and emergence of a magnetostructural transition in Mn;_,Cd,Cr,0y4
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Mn, _,Cd,Cr,04 spinel series is engineered to host a controlled and wide-range tuning of magnetic frustration
through a nonmagnetic ion (Cd) doping in MnCr,0, spinel oxide. While MnCr,0,4 exhibits weak geometric
magnetic frustration (GMF), the doping brings in an interplay between various competing magnetic-exchange
interactions involving the Jahn-Teller inactive Cr**(34) spins that lie on a frustrated pyrochlore lattice in cubic
spinel oxide. Magnetic frustration is observed to be the maximum for the intermediate values of x which
are associated with large spin-relaxation times and an evolution in the nature of glassy spin dynamics. The
dominant antiferromagnetic coupling between the Mn sites and Cr sites (which induces the intra-Cr-lattice spins
to be nearly ferromagnetically coupled in x = 0) becomes weaker due to magnetic dilution of the Mn site by
diamagnetic Cd*" ions. As a result, the net interactions between Cr** ions in the pyrochlore lattice become
antiferromagnetic beyond x 2> 0.6. This causes the associated GMF to become very large for x = 0.6. As a
result, while the structure remains cubic till the lowest temperature for 0 < x < 0.60, the appearance of strong
GMF induces spin-driven magnetostructural transitions from a high-temperature cubic (paramagnetic) to a low-
temperature tetragonal (and antiferromagnetic) phase. The obtained results demonstrate a direct link between
GMF and spin-lattice coupling and provide a road map to design compounds with engineered magnetostructural
transitions associated with large spin-lattice coupling.

DOLI: 10.1103/PhysRevB.108.064426

I. INTRODUCTION

Investigations on compounds exhibiting strong spin-lattice
coupling are paramount from a basic research perspective
to elucidate the underlying driving mechanism and are also
extremely promising for a plethora of applications, such as
enhanced magnetocaloric effect [1-4], large magnetoelectric
effect [5-7], anisotropic thermal transport [8], and many
more. While such materials are relatively rare, compounds
possessing large geometric magnetic frustration (GMF) often
exhibit large spin-lattice coupling [9-11], although an explicit
dependency remains to be demonstrated to the best of our
knowledge. The phenomenon of GMF arises when various
magnetic-exchange interactions of a material cannot simulta-
neously be optimized due to the geometry of the underlying
crystalline lattice. This results in many possible ground states
instead of a single magnetic ground state and the absence of
any long-range magnetic ordering [12—15].

Transition-metal AB,O4 cubic spinel oxides present a clas-
sic example of such a geometrically frustrated lattice in
which magnetic B-site ions alone lie on the edges of a
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three-dimensional network of corner-sharing tetrahedra, also
referred to as a pyrochlore lattice, as shown in Fig. S1 of
the Supplemental Material [16]. The B-site pyrochlore lat-
tice is known to host one of the strongest GMFs in the
presence of dominant antiferromagnetic interaction between
the B-site spins [17-20]. In the presence of magnetic A- or
B-site ions with orbital degrees of freedom in the correspond-
ing high-symmetry cubic phases (as in FeCr,O4 possessing
Jahn-Teller (JT) active Fe?t(3d®) ion [21-23]; MnTiyO4
with JT-active Ti*T(3d') ion [24,25]), JT distortion driven
symmetry-lowering structural transition helps in distorting the
frustrated pyrochlore lattice and this enables one to stabilize
a long-range magnetic ordering. Interesting physics emerge
in AB,O4 spinels possessing JT-inactive A- and B-site ions
(such as ZnCr,04, which contains diamagnetic Zn**t(3d°%)
and magnetic Cr3+(3d3) ions [26,27]), where, in the absence
of orbital degeneracy, pure spin-driven structural changes
(referred to as the spin-JT effect) can become effective to
reduce the GMF and enable long-range magnetic ordering.
The extent of such spin-induced structural modifications (i.e.,
the spin-JT effect) or the spin-lattice coupling vary strongly
among the ACr,0O4 spinels containing JT-inactive ions; it is
found to be strong in those involving nonmagnetic A-site
ions [like Zn?*(3d%) and Cd**(4d°) ions] [26-29] and weak
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FIG. 1. Qualitative representation of the expected evolution
of different exchange integrals and frustration indexes in the
Mn,_,Cd,Cr, 0y series. The right-hand inset shows a corner-shared
tetrahedra unit with Cr atoms. This kind of geometry causes huge
GMEF, when spins try to interact antiferromagnetically. The left-hand
inset highlights the different interactions that arise in AB, O, spinels.
While Jgp(-) and Jpop(+) denote antiferromagnetic direct-exchange
and ferromagnetic superexchange interactions between Cr** ions,
Jap denotes the antiferromagnetic superexchange interaction be-
tween Cr** and Mn?* ions.

in those involving magnetic A-site ions [like Mn>*(34°) and
Co?*(3d") ions] [30]. In order to investigate whether it is
possible to controllably increase the strength of the spin-JT
effect and demonstrate its explicit dependency on GMF, we
investigate the Mn;_,Cd,Cr,0y series. The weak spin-JT ef-
fect in the x = 0 member, i.e., MnCr,O4 [30], which involves
weak structural changes around the high-temperature spin-
glass transition, is likely driven by its corresponding weak
GMF [31]. In MnCr;Q4, the net alignment of the pyrochlore-
lattice Cr spins is mainly governed by the much larger A-site
Mn’* (5 up) spin moments. Among the multiple exchange
pathways involving the Cr ions (illustrated in Fig. 1), the
antiferromagnetic Mn-O-Cr intersite superexchange interac-
tion (Jyp) dominates over the net antiferromagnetic Cr-Cr
interaction [32]. The net Cr-Cr magnetic interaction comes
out to be antiferromagnetic since the Cr-Cr antiferromagnetic
direct-exchange (Jpp) supersedes the ferromagnetic Cr-O-Cr
superexchange interaction (Jppp) owing to the smaller Cr-Cr
distance in MnCr, Q4. However, due to the dominant Mn-O-Cr
superexchange interaction, the net spin alignment between
the Cr spins is nearly ferromagnetic (albeit along with small
transverse Cr spin components [30,31,33]), which helps in
significantly reducing the GMF in MnCr,O4. Progressive
doping by a larger and nonmagnetic Cd** ion in place of
the smaller and magnetic Mn>* ion in Mn;_,Cd,Cr,0y is
attempted with the expectations (illustrated in Fig. 1) that
with increasing x (i) the Cr-Cr bond distance and the Cr-O-Cr
bond angle will gradually increase, causing a weakening of
Jpp direct-exchange and Jgpp superexchange interactions; (ii)

the magnitude of J4p will likely linearly reduce due to the
magnetic dilution of the A-site; (iii) around the x value where
Jap (that drives ferromagnetic alignment between Cr ions)
just becomes smaller than Jgg 4+ Jpop (Which tends to drive
antiferromagnetic alignment between Cr spins), the frustra-
tion due to competing interactions (FCE) will peak due to
comparable opposing magnetic interactions; and (iv) since the
net Cr-Cr interaction becomes antiferromagnetic beyond this
x, the higher x compounds will be associated with a large GMF
and possibly a large spin-JT effect. The obtained results are in-
deed in accordance with the above expectations and do exhibit
the emergence of spin-driven global structural transitions for
higher x members in the Mn;_,Cd,Cr,0Oy4 series.

II. METHODOLOGY

Polycrystalline Mn;_,Cd,Cr,04 (0 < x < 1) samples
were synthesized using a solid state reaction: the well-
grounded stoichiometric mixtures of Cr,O3, MnO, and CdO
were sintered inside evacuated quartz tubes at 1150°C for
24 h. Temperature-dependent phase formations, chemical ho-
mogeneity, and compositions were investigated using x-ray
diffraction (XRD) with a Cu-Ka source and energy-dispersive
analyses of x rays (EDAX), respectively. All samples were
found to be nearly phase pure (as shown in the wide-angle
XRD spectra in Fig. S2 of Ref. [16]) with trace quantities
of the Cr,O3 impurity phase. The room-temperature cubic
(Fd-3m) lattice parameters and the Cr,O3 impurity percent-
ages (~1%), determined from Rietveld refinement analyses
(a representative refinement of the XRD spectrum for x = 0.4
is shown in Fig. S3 of Ref. [16]) of the XRD spectra using
FullProf software [34], are included in Table I of Ref. [16].
The synthesized samples were found to be chemically homo-
geneous and the obtained atomic percentages (as determined
from EDAX experiments) were very close to the correspond-
ing nominal percentages, as shown in Table II of Ref. [16].
Temperature-dependent dc and ac magnetic properties were
investigated using a superconducting quantum interference
device (SQUID) magnetometer from Quantum Design. Di-
electric measurements were carried out with the help of an
LCR meter and an impedance analyzer.

III. RESULTS AND DISCUSSIONS

In consistency with the larger size of the doped Cd*" ion
(ionic radius ~0.78 A) in place of the smaller Mn>* ion
(ionic radius ~0.66 ;\) in Mn;_,Cd,Cr,Q0y, a systematic shift
in the (311) main XRD peak’s position to lower angles is
observed with increasing x [as shown in Fig. 2(a)]. This results
in a monotonic increase of the cubic lattice parameter with
increasing x [shown in Fig. 2(b)], in accordance with Vegard’s
law. Also, this leads to the predicted systematic increase in
the corresponding Cr-Cr bond distance and Cr-O-Cr (away
from 90°) bond angle (which causes a resultant decrease in
the Cr-O-Mn bond angle below 120°) with increasing x, as
obtained from structural refinements and shown in Figs. 2(c)
and 2(d).

To investigate the role of these structural modifications and
progressive magnetic dilution on the magnetic properties of
Mn_,Cd,Cr,04, temperature- and magnetic-field-dependent
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FIG. 2. (a) Evolution of the (311) cubic Bragg peak with x.
Variation of (b) the lattice parameter, (c) the Cr-Cr distance and
the Cr-O-Cr angle, and (d) the Cr-O-Mn angle with x at room
temperature. The inset of panel (c) shows a pair of edge-shared
CrOg octahedra in the cubic phase (Fd-3m) of Mn;_,Cd,Cr,04
(0 < x < 1). A schematic of the corner-shared CrOg octehedra and
the MnO, tetrahedra connected by oxygen is highlighted in the inset
of panel (d).

dc magnetization (M) and ac magnetic susceptibility measure-
ments were carried out. As seen in the dc magnetization as
a function of temperature plot in Fig. 3(a) (the magnetiza-
tion plot for x = 0.7 is shown in Fig. S4 of Ref. [16]), the
x =0 member (i.e., MnCr,04) undergoes three successive
magnetic transitions (in accordance with earlier magnetiza-
tion results [30,31,35]), which are a ferrimagnetic transi-
tion at Ty; ~ 43 K followed by lower-temperature glassy
magnetic transitions at Ty, ~ 18 K (short-range spiral order-
ing) and Ty3 ~ 10 K (lock-in transition). The corresponding
ac magnetic susceptibility data help in elucidating an addi-
tional higher-temperature magnetic ordering at Tgp (higher
than Ty) for x = 0, as shown in Fig. 3(c), which is not visible
in the corresponding dc magnetization data due to the large
background signal [30]. Nevertheless, 0 < x < 0.6, and the
evolution of all the three magnetic transitions, i.e., at Tsp, Ty,
and Ty», can be traced through corresponding peak positions
in the temperature derivative of the dc magnetization data
(shown in Fig. S5 of Ref. [16]) and peaks in the corresponding
ac susceptibilty plots in Fig. 3(c) (the lowest-temperature tran-
sition at Ty3 cannot be detected for higher-x members). The
expected monotonic decrease in the ordering temperatures
Tsp, Tn1, and Ty, with increasing x (due to the magnetic
dilution effect and from the changes as illustrated in Fig. 1)
are clearly discernible, as indicated by the arrow marks in
Figs. 3(a) and 3(c).

Similar to x = 0, the ferrimagnetic transition at Ty; for
0 < x < 0.6 continues to be of a long-range nature. The
long-range nature of the transition is confirmed through the
dispersionless nature of the corresponding peak positions of

the real (x/) and imaginary (x//) parts of the ac magnetic
susceptibility between various magnetic-field frequencies [as
shown in Figs. 4(a)—4(e) and Fig. S6 of Ref. [16] for the com-
pounds with 0 < x < 0.6]. Also, in accordance with x =0
[30], the higher-temperature transition at 7sp and the lower-
temperature transition at Ty, for 0 < x < 0.6 are found to be
glassy in nature. The glassy nature becomes evident from the
susceptibility plots, as the corresponding x/ and x// peaks
disperse strongly on varying the magnetic-field frequencies
[the frequency dispersive nature of the magnetic transitions
at Tgp is highlighted in the insets of Figs. 4(a)—4(d) and the
same at Ty, is highlighted in Fig. 4(e) (for x = 0.2) and
Fig. S6 of Ref. [16]; the Ty, peak likely falls close to our
lowest measurement temperature for x = 0.6]. The glassy
nature of the magnetic transitions at Tgp and Ty, are also
confirmed by the presence of associated memory and ag-
ing effects as determined by employing dc memory effects
(detailed methodology and results included in Sec. IX and
Fig. S7 of Ref. [16], respectively). Importantly, the observa-
tion of a higher-temperature glassy magnetic transition at 7gp
followed by a long-range ferrimagnetic ordering at 7y, also
suggests the presence of weak spin-JT-effect-driven structural
modifications at intermediate temperatures for 0 < x < 0.6 as
observed in x = 0 [30]. Such structural modifications have
been demonstrated to become crucial to reducing the GMF
and enabling long-range magnetic ordering at Ty; [30]. To
probe the nature of the glassy magnetic transitions at Tsp and
T2, a critical slowing-down analysis of the dependence of
the relaxation time (7) on the freezing temperature (7g) (us-
ing the power-law model 7 = r(,(g — 1)7%¥ [36], the detailed
discussion is given in Sec. XI of Ref. [16]) was employed.
To further verify, the empirical Mydosh parameter (K) [37]
analysis [K = TAFTA”I(;";, where ATy is the difference between
the x/ peak temperatures (7r) corresponding to the lowest
and highest magnetic-field angular frequencies (w)] was per-
formed. The extracted parameter values from the best fits to
the critical slowing-down model [shown for x = 0.2 (associ-
ated with the magnetic transition at Ty;) in Fig. 4(f) and in
Figs. S8 and S9 of Ref. [16] for other x members] and the ob-
tained Mydosh parameters are listed in Table III of Ref. [16].
The values of these parameters clearly suggest Ty, to be a
cluster-glass [37—-41] transition for 0 < x < 0.6. In regards
to the higher-temperature glass transition at Tgp, the obtained
7, value continues to increase between x = 0 to x = 0.6 (as
shown in Table III of Ref. [16]). Notably, the extracted 7,
values clearly suggest Tsp to be a spin-glass transition [37,42—
46] for x = 0 and 0.2 and a cluster-glass transition for x = 0.4
and 0.6. Interestingly, the evolution of 7sp from a spin-glass to
a cluster-glass transition [which later is associated with large
relaxation times (t,)] with increasing x suggests the presence
of a larger magnetic frustration in the later compositions that
causes the associated spin dynamics to become more sluggish
and lead to larger spin-relaxation times.

Qualitatively different magnetic properties are observed for
x > 0.6, which exhibit a single long-range antiferromagnetic
(which is confirmed through corresponding dispersionless x/
peaks for x = 0.8 and 1, as shown in Figs. 5(a) and 5(b),
respectively) transition at 7y instead of multiple magnetic
transitions as seen for the lower-x members [see Figs. 3(a)
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FIG. 3. (a) Temperature dependence of dc magnetization (M) of Mn,_,Cd,Cr,O4 (0 < x < 1), studied both after zero-field cooling (ZFC)
and field cooling (FC) with an applied magnetic field (H) of 100 Oe. (b) Isothermal M-H curves at 2 and 300 K. (c) Temperature dependence
of the real (in-phase) part of ac susceptibility () /), measured at a static magnetic field of 4 Oe and a driving ac field of 1 Oe. The magnified
views of the weak magnetic transition near Tgp for x = 0, 0.2, and 0.4 are highlighted in the insets. The red, navy, green, sky blue, and purple
arrows refer to the high-temperature glassy magnetic transition at Tsp, the ferrimagnetic transition at Ty, the short-range spiral transition at
Th2, the lock-in transition at Ty, and the antiferromagnetic transition at 7y, respectively.

and 3(c)]. The qualitative change in magnetic properties
across x = 0.6 also becomes apparent from the shapes of
the corresponding low-temperature M vs magnetic field (H)
curves, as seen in Figs. 3(b) and the corresponding high-
field Mst values, as discussed in the following. A crossover
from ferrimagnetic for 0 < x < 0.6 to antiferromagneticlike
coupling between the Cr spins for x > 0.6 becomes clearly
discernible. While x = 0 exhibits soft ferrimagnetic (FIM)
loop (i.e., nearly saturated high-field magnetization, negative
intercept of inverse magnetic susceptibility data, as shown in
Fig. S10(a) of Ref. [16] and finite, though, small magnetic
coercivity), the magnetic coercivity gets more pronounced
with increasing x up to x = 0.4. Beyond x = 0.4, the M-H
loop starts to shrink and becomes almost linear for x = 0.8

and 1, characteristic of an antiferromagnet. The enhancement
of coercive field in the ferrimagnetic phase for intermediate
compositions around x = 0.5 is likely caused by an enhanced
cationic disorder from doping and the pinning effects due
to the presence of comparable FM and AFM interactions
[47]. The experimentally determined high-field magnetization
value (Mst) corresponding to H = 5 T for 0 < x < 0.6 can be
reasonably understood by employing a ferrimagnetic model
(as in x = 0) that considers (i) a near-ferromagnetic align-
ment (albeit with certain canting involved) of the Cr (B-site)
spins and antiferromagnetically coupled to the Mn (A-site)
spins and (ii) a monotonic reduction of the A-site magnetic
moment due to progressive nonmagnetic Cd>*-ion doping, as
illustrated in Fig. 5(c). M5t values for x > 0.6 deviate from
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FIG. 4. Temperature dependence of the real (in-phase) part of ac
susceptibility (x/) with multiple frequencies for (a) x =0, (b) x =
0.2, (¢) x = 0.4, and (d) x = 0.6. The corresponding frequency dis-
persive nature of the magnetic transition at Tgsp is highlighted in the
insets. (e) Temperature dependence of the imaginary (out-of-phase)
part of ac susceptibility (x//) with multiple frequencies for x = 0.2.
The inset depicts the magnified view of the frequency dispersive
nature of the magnetic transition near Ty,. (f) Variation of relaxation
time (7) with freezing temperature 75 associated with the frequency
dispersive region near Ty, for x = 0.2. Blue spheres represent the
experimental data, whereas the black solid line indicates the fitted
curve.

this linear x dependency in the ferrimagnetic state and are
closer to that obtained for x = 1 (CdCr;04), in which Cr spins
are arranged in an incommensurate antiferromagnetic spiral
configuration [48].

In order to have an qualitative estimation of the mag-
netic frustration arising from competing magnetic interactions
(FCE) with increasing x, we have investigated the evolution
of the frustration index (f = % a system is considered to
be moderately frustrated when 1 < f < 10 and strongly frus-
trated when f > 10.) [9,49-53] with x, determined from a
Curie-Weiss analysis of inverse susceptibility data, as rep-
resented for x = 0.8 in Fig. 5(d) and for other x members

in Sec. XII of Ref. [16]. Indeed, the estimated f values ex-
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FIG. 5. Temperature dependence of the real (in-phase) part of
ac susceptibility (x/) with multiple frequencies for (a) x = 0.8
and (b) x = 1. (c¢) Variation of magnetization at 5 T (Msr) with
x. Deviation from linear ferrimagnetic dependency is indicated by
the fitted green line. The left- and right-hand insets highlight the
low-temperature spin configurations of MnCr,0, and CdCr,Oy, re-
spectively. Panel (d) illustrates the fitting of the 1/x vs T plot for
x = 0.8 using the Curie-Weiss law. The inset highlights the variation
of frustration index (f) with x.

hibit a nonmonotonic dependency on x [as listed in Table
IV of Ref. [16] and plotted in the inset to Fig. 5(d)] with
a maximum value between x = 0.6 and 0.7. The observed
nonmonotonic trend of f surprisingly agrees well with the
anticipated dependency of FCE on x only (as shown in Fig. 1).
Also, the observed dependence of f on x does not reflect the
expected emergence of a large GMF for x > 0.6. This ob-
servation is significant as it suggests an alternate mechanism
(like spin-induced structural phase transitions) that becomes
effective in releasing the large GMF in the absence of any
higher-temperature magnetic transition to enable long-range
antiferromagnetic transition in the x = 0.6 members.

The presence of strong spin-lattice coupling is also evi-
dent from the dielectric constant (¢,) peak at Ty for x = 1
[54-57], while such a feature is absent across 7y, for the
x = 0 sample, as seen in Fig. 6(a) and its inset. Interestingly,
the ¢, peak at Ty for x = 1 does not disperse with varying field
frequencies [as seen in Fig. 6(a)], which is suggestive of an ac-
companying structural transition. Anomalies at the magnetic
transition temperatures are also visible in the specific heat data
for x = 0.2 and x = 0.8 [as shown in Fig. 6(b)], where the
transition at Ty for x = 0.8 appears sharper than that at 7y, for
x = 0.2. To investigate any GMF-triggered emergent struc-
tural phase transition arising from large spin-lattice coupling
for x 2 0.6, temperature-dependent XRD experiments were
carried out on some representative x members from the two
qualitatively different batches, namely, ferrimagnetic x = 0.2
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FIG. 6. (a) Dielectric constant vs temperature plots of x = 1. The
same for x = 0 is shown in the inset. (b) Temperature variation of
specific heat of x = 0.2 and 0.8. The inset depicts the absence of
symmetry lowering for x = 0.2, as the (733) reflection does not split
at 4 K. (c) Lowering of the crystal symmetry for x = 0.8 is evident
by the splitting of the (733) cubic reflection into tetragonal (523)
and (307) reflections at T = 4 K. The two distinct large peaks that
correspond to the (733) reflection at 26 values of ~94.9° and ~95.2°
arise due to Cu-Ko'1 and Cu-Ka2, respectively. The evolution of the
(555) reflection at 300 and 4 K for x = 0.8 is shown in the inset
of panel (c). (d) Obtained magnetostructural phase diagram of the
Mn;_,Cd,Cr, 0y series.

and antiferromagnetic x = 0.7 and 0.8. XRD measurements
were performed at two temperatures, one below (at T = 4 K)
and another above (at 7 = 300 K) the magnetic transition
temperatures. While no temperature-dependent peak-shape
change is detected for any of the XRD peaks for x = 0.2 [as
seen in the inset of Fig. 6(b)], a clear peak splitting of the
(733) XRD peak for x = 0.8 [as shown in Fig. 6(c)] and a
peak broadening of the (842) peak for x = 0.7 (as shown in
Fig. S11 of Ref. [16]) are observed only below Ty, which
is indicative of a symmetry-lowering structural phase tran-
sition in the latter [58,59]. Notably, such a peak splitting,

however, cannot be observed for the (555) XRD peak below
Ty for x = 0.8 [as shown in the inset of Fig. 6(c)]. Since the
(555) XRD peak does not exhibit any splitting within a cubic
or a tetragonal phase, but splits in an orthorhombic phase,
the above observation clearly elucidates the emergence of a
low-temperature tetragonal space group for x 2 0.6 below
the corresponding 7y. The obtained results are summarized
into a rich magnetostructural phase diagram, as shown in
Fig. 6(d). For 0 < x < 0.6, although multiple magnetic tran-
sitions are observed, the structure remains globally cubic
down to the lowest temperature. In this x window, structural
modifications (within an overall cubic structure) accompany
the higher-temperature glassy magnetic transition at Tgp (as
shown for x = 0) to reduce the already weakened GMF (as
explained earlier). Instead, magneto-structural transitions are
realized for x 2 0.6, where a spin-driven structural transition
from a cubic to a tetragonal phase has been engineered to
accompany the long-range antiferromagnetic transition. Un-
like the continuous tuning of the magnetic frustration index
(which varies gradually and goes through a maximum for
intermediate-x compositions), GMF is not gradually tunable
in Mn_,Cd,Cr,0,. The associated GMF takes either a small
value, i.e., weak GMF in the x range 0 < x < 0.6, or a large
value, i.e., strong GMF for x > 0.6, as illustrated in the phase
diagram [Fig. 6(d)] of Mn;_,Cd,Cr,04.

IV. CONCLUSIONS

In summary, through doping of nonmagnetic and larger
Cd>* ions in place of magnetic and smaller Mn>* ions in
Mn;_,Cd,Cr,04 (0 < x < 1), tunings of various exchange
interactions involving the Cr ions that lie on a geometrically
frustrated pyrochlore lattice have been successfully achieved.
This facile tuning leads to nonmonotonic variation of the
magnetic frustration with x and an emergence of a large
GMEF, which is associated with the onset of magnetostructural
transitions, for higher-x members. The obtained results, thus,
demonstrate a direct link between enhanced GMF and a strong
spin-Jahn-Teller effect (or enhanced spin-lattice coupling) in
this series.
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