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Thermodynamic and magnetic studies on high-quality single crystals are used to investigate the magnetic
phase diagram and magnetostructural coupling in the mixed-spin system Nig5Mng75TiO3. Clear anomalies in
the thermal expansion at the spin ordering and spin reorientation temperatures,y and T, evidence pronounced
magnetoelastic effects. The magnetic entropy is released mainly above 7y implying considerable short range
magnetic order up to about 4 x Ty. This is associated with a large regime of negative thermal expansion of the
¢ axis. Both Ty and Ty exhibit the same sign of uniaxial pressure dependence, which is positive (negative) for
pressure applied along the b (c) axis. The magnetic phase diagrams are constructed and the uniaxial pressure
dependencies of the ordering phenomena are determined. For magnetic fields B || b axis, a sign change and
splitting of anomalies implies further magnetic phases. In addition to short-range magnetic order well above
Ty, competing anisotropies yield a glasslike behavior as evidenced by a maximum in AC-y (Tsg ~ 3.7 K) and
quasilinear temperature dependence of c,. High-field magnetization up to 50 T demonstrates that in addition to
antiferromagnetically ordered spins there are also only weakly coupled moments at 2 K with a sizable amount
of about 15% of all Mn?* spins present in the material. The observed changes in the pressure dependence and
the magnetostrictive effects shed light on the recently observed flop of electric polarization from P || cto P || a
[Phys. Rev. B 90, 144429 (2014)], in particular, suggesting that the magnetoelectric effect is not directly related

to magnetostriction.
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I. INTRODUCTION

Mixed antiferromagnetic (AFM) systems with competing
magnetic anisotropies have been extensively studied with re-
gard to their underlying physics and as a platform to realize
spin-glass states [1-5]. In such mixed AFM systems where,
e.g., a magnetic ion (M) is partly substituted by another one
(N), i.e., forming M| _,N,, long-range magnetic order appears
in the vicinity of x = 0 and x = 1, whereas, it is suppressed
at intermediate doping levels. The spin arrangement in the
AFM long-range-ordered state is basically that of the parent
compounds but with two different AFM sublattices resulting
from the induced modulation around the magnetic ions [6,7]
and the difference in their ionic radii [8,9]. A typical example
is mixed ilmenite-structured titanates, A,Mn;_,TiO3 (A = Fe,
Co, and Ni), where the substituent A is randomly distributed
in the structure. Although, at intermediate x, spin-glass-like
phases are observed, AFM long-range order evolves near the
end sides of the phase diagrams and is suppressed in the doped
systems [10—-18]. The parent compounds ATiOz (A = Mn, Fe,
Co, Ni) crystallize in a hexagonal lattice with space-group
R3 [19]. MnTiO3 exhibits G-type AFM order with the crys-
tallographic direction ¢ as the magnetically easy axis [20].
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In contrast, FeTiO3, NiTiO3, and CoTiO3 show A-type AFM
order with an easy-plane-like anisotropy perpendicular to the
¢ axis [20-23]. This implies not only different exchange inter-
actions, but also competing anisotropies in the mixed systems
AMn,_, TiO;.

Experimental studies on Ni,Mn;_,TiO; started three
decades ago by Ito er al. [13] and Yoshizawa et al. [14]
to address theoretical predictions [1,6] on the mixed AFM
compounds and revived after the discovery of linear magne-
toelectric effect (ME) in MnTiO; [24]. The general trends in
Ni,Mn;_, TiO; upon increasing the Ni-content x are as the
following [13,15]: Initially, G-type AFM order is suppressed,
and a spin-reoriented phase appears around x ~ 0.2. Specifi-
cally, at x = 0.33, G-type AFM order evolves at Ty = 27.6 K
and spin reorientation at 7x = 17.5 K. The latter is accompa-
nied by a flop in the electric polarization [18]. At intermediate
concentrations, 0.38 < x < 0.45, a spin-glass phase emerges
[15-17,25]. Within this glassy phase and particularly at x =
0.42, Ni,Mn;_,TiO3 exhibits a linear ME [15,16]. Further
increasing the Ni content to x > 0.48 results in an A-type
AFM long-range-ordered phase, which does not show ME
[18].

Here, we report detailed thermodynamic and magnetic
studies on Nigp 2sMn 75TiO3 single crystals grown by the opti-
cal floating-zone technique. Our dilatometric studies provide
quantitative information on magnetoelastic coupling in the
mixed AFM system. These investigations have been moti-
vated by recent studies on the parent compounds MnTiO3
and NiTiO3, which display pronounced thermal expansion

©2023 American Physical Society
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FIG. 1. (a) Picture of the Nip»5Mng75TiO3 boule grown under
a 5-bar argon atmosphere. (b) Rietveld refinement fit (black line)
of the room temperature XRD pattern (red markers) of a powdered
Nig25Mng 75 TiO5 single crystal. The difference between the observed
and the calculated pattern is shown in blue. Vertical ticks in green
denote the allowed Bragg positions of the ilmenite phase.

and magnetostriction anomalies associated with magnetic
ordering and spin reorientation [26—28]. The present ther-
modynamic data elucidate magnetoelastic coupling in the
G-type AFM-ordered phase and in the spin reoriented phase
of NigsMng75TiO3. Sharp anomalies in the thermal expan-
sion and magnetostriction coefficients enable us to construct
the magnetic phase diagrams and to identify an additional
magnetic phase, thereby illustrating the interplay of spin and
structure in the mixed anisotropic system under study. We also
find that short-range correlations persist up to about 4 x Ty.

II. SINGLE-CRYSTAL GROWTH AND
EXPERIMENTAL METHODS

Macroscopic single-crystals of Nig,sMng75TiO; were
grown by the floating-zone technique in a high-pressure op-
tical furnace [29,30] (HKZ, Scidre). Figure 1(a) shows a
representative NigosMng 75TiO3 boule grown in Ar atmo-
sphere at 5-bar pressure (Ar flow of 0.3 1/min) and at a
growth rate of 12 mm/h with counterrotating rods at 10—
25 rpm. The employed polycrystalline feed rods were made
from stoichiometric amounts of NiO, MnO;, and TiO, pre-
cursors similar to the procedure described in Ref. [26]. The
single-crystal growth parameters were optimized in a series
of growth experiments at various Ar:0, atmosphere mix-
tures, pressures, growth rates, and rotation speeds [31]. The
phase purity of the grown crystals was confirmed by powder
XRD (pXRD) studies of pulverized single crystals using a
Bruker D8 Advance ECO diffractometer with Cu K« radiation
[Fig. 1(b)]. The simulation of the pXRD data was performed

TABLE I. Fractional atomic coordinates, Wyckhoff positions,
and site occupation of Nig5Mng 75TiO3 as obtained from the refine-
ment of powder XRD measurements at 300 K. The overall factor
is set as B,y = 2.278 55 and the isotropic Debye-Waller factor
Bis, is fixed to zero. [Space-group: R-3 (148),a = b = 5.113259 A,
c=14.147032 A (x2 =2.82), = B = 90°, y = 120°.]

Atom Site X y z Occ

Ni 6¢ 0 0 0.35474 0.07999
Mn 6¢ 0 0 0.35474 0.25333
Ti 6¢ 0 0 0.14201 0.33333
(0) 18f 0.33329 0.04030 0.23906 1.00000

by means of Rietveld refinements using the FULLPROF suite
2.0 [32] [see Fig. 1(b) and Table I). The composition was
investigated by energy dispersive x-ray spectroscopy (EDX)
using a JEOL JSM-7610F scanning electron microscope with
a Thermo Scientific UltraDry silicon drift x-ray detector. The
analysis yields a Ni:Mn ratio of 0.235(5):0.765(5), whereas,
the ratio (Ni+-Mn):Ti agrees to 1 within the error bars. Fi-
nally, from the grown boule, millimeter-sized grains were
obtained, oriented for measurements along the [010], [210],
and [001] crystallographic axes and cut to cuboids. Their
crystallinity was confirmed by Laue diffraction in backscat-
tering geometry. The crystal structure was studied by means
of single-crystal XRD at 100 K with Mo K« radiation (A =
0.71073 A) using an Agilent Technologies Supernova-E CCD
four-circle diffractometer. The structural refinements confirm
the R3 space group and improve the accuracy of the crys-
tallographic parameters. The obtained lattice parameters and
relevant crystallographic information are listed in Table II.

The obtained lattice parameters are in between the val-
ues for the parent compounds MnTiO3 (a = 5.13393(6) A,
¢ = 14.26879(15) A [31]) and NiTiO3 (a = 5.0304 A, ¢ =
13.7862 A [26]) and are slightly larger than the values found
for x = 0.33 (5.12 and 14.15 A) [18]. The reduced unit-cell
volume upon increasing the Ni>* concentration can be at-
tributed to negative chemical pressure due to the different
jonic radii of Mn?>* (0.83 A) and Ni** (0.69 A) [33]. By
means of the lattice parameters of the end members, Veg-
ard’s law can be used to further confirm the doping level of
x >~ 0.25.

TABLE II. Selected crystallographic parameters from the EDX
studies and from refinement of single-crystal XRD data obtained at
100 K.

Composition from EDX (Ni:Mn) 0.235(5):0.765(5)

Molar mass 151.69 g/mol

Crystal system, space group Trigonal, R3 (no. 148)
Unit cell:

a 5.10799(4) A

c 14.12863(11) A
Calculated density 4.739 g/cm?

Reflections collinear/independent 14886/1066 (R, = 0.023)
Goodness-of-fit on F? 1.172
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The magnetization was studied by means of the Magnetic
Properties Measurement System (superconducting quantum
interference device, Quantum Design) and the Physical Prop-
erties Measurement System (PPMS-vibrating-sample magne-
tometer, Quantum Design) on an oriented single crystal of
Nig25sMng 75TiO3 in the temperature range of 2 to 300 K and
in magnetic fields up to 7 and 14 T, respectively. At low
applied magnetic fields, both field-cooled (FC) and zero-field-
cooled (ZFC) protocols were applied where the sample was
cooled either in the external measurement field or the field
was applied after cooling to the lowest temperature. The AC
magnetization was measured in the temperature range from
2 to 40 K with 9-Oe AC excitation field, up to 3-T DC
magnetic fields and frequencies ranging from 2 to 10 kHz,
using the ACSMII option of the PPMS. Pulsed-magnetic-field
magnetization was measured up to 50 T at Helmholtz Zentrum
Dresden-Rossendorf by an induction method using a coaxial
pick-up coil system [34]. The pulse raising time was 7 ms.
The pulsed-field magnetization data were calibrated using
static magnetic-field magnetization data obtained by means
of PPMS. The specific-heat capacity was measured in the
temperature range of 1.8-300 K using the heat-capacity op-
tion of the PPMS. High-resolution dilatometry measurements
were performed by means of a three-terminal high-resolution
capacitance dilatometer in a home-built setup placed inside
a Variable Temperature Insert of an Oxford magnet system
[35,36]. With this dilatometer, the relative length changes
dL;/L; along the crystallographic b and ¢ directions, respec-
tively, were measured on an oriented cuboid-shaped single
crystal of dimensions 2.400(2) x 2.128(2) x 0.559(2) mm?>.
Measurements were performed in the temperature range of
2-300 K and in magnetic fields up to 15 T, applied along the
direction of the measured length changes. The linear thermal
expansion coefficients «; = 1/L;dL;(T)/dT were obtained.
In addition, the field-induced length changes, dL;(B;), were
measured at different fixed temperatures between 2 and 40 K
and in magnetic fields up to 15 T. The longitudinal magne-
tostriction coefficients, A; = 1/L;dL;(B;)/dB;, were derived.

III. EVOLUTION OF MAGNETIC ORDERAT B =0T

In zero magnetic field, Nig 2sMng 75 TiO5 exhibits two mag-
netic phase transitions as evidenced by the static magnetic
susceptibility and the specific heat in Fig. 2. Specifically,
there is a jumplike feature in the specific-heat ¢, /T at Ty =
34.8(6) K and a rather symmetric hump at T ~ 14.8(4) K
[see Fig. 2(c)]. The jump at Ty amounts to Ac, ~ 0.54(11)
J/(mol K). The magnetic nature of both transitions is evident
from associated anomalies in the static magnetic susceptibility
and its derivative as shown in Figs. 2(a) and 2(b), respectively.
At high temperatures, the magnetic susceptibility x; along the
different crystallographic axes i obey a Curie-Weiss-like be-
havior (see Fig. 1 in the Supplemental Material (SM) [37]). At
Twv, x. displays a clear kink whereas only very small anoma-
lies are observed for the other directions, thereby confirming
the easy magnetic ¢ axis in the long-range -ordered phase
below Ty. This is particularly evident when Fisher’s specific-
heat d(xT)/0T is considered, which is proportional to the
magnetic specific heat [38]. It displays a A-shaped behavior
only for the B || ¢ axis [Fig. 2(b)]. Upon further cooling, the
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FIG. 2. (a) Static magnetic susceptibility x = M/B, of
Nip25Mng7sTiO; as a function of temperature measured along
three different crystallographic directions at applied magnetic-field
B =0.05 T. The data have been normalized to the c-axis g factor
as fitted to the high-temperature behavior. (b) Corresponding
derivatives d(xT)/dT. (c) Specific-heat capacity, represented by
¢,/T, measured both at zero magnetic field and at B |=14 T.
The inset shows the zero-field specific-heat data over an extended
temperature range, including an estimated representation of the
phononic background (see the text). The vertical dashed lines mark
the onset of the long-range magnetic ordering at 7y and the spin
reorientation at Tp.

jumplike features, visible in the magnetic susceptibility x; at
Tk, suggest rotation of the spins into the ab plane. We note the
discontinuous nature of the anomaly at Tk.

Fitting x. between 175 and 300 K by means of an extended
Curie-Weiss law including a temperature-independent term,
X0, yields the Curie constant C = 3.5(2) erg K mol™!' G2, the
Weiss temperature ® = —112(6) K, and xo = 8.05 x 10~
erg mol~! G~2. Differences in the static magnetic suscepti-
bilities x; at high temperatures can be explained by the ratio
£010°8270:8001 == 2:1.94:1.8 of the corresponding g factors (g;)
(see Fig. 2 in the SM). The large negative value of the Weiss
temperature indicates the presence of dominant antiferro-
magnetic exchange interactions, aligning with the previously
recorded neutron-scattering results on Nig 33Mng ¢;TiO3 [18].
The effective moment pepr = 5.2(1)up is derived from the
Curie constant. It agrees well with the expected value calcu-
lated using the g-factors gy, and gy; of the parent compounds
[26,39].
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FIG. 3. (a) Real part of AC magnetic susceptibility of
Nig5Mng 75 TiO3 measured along the crystallographic b and ¢ axes at
f = 10 kHz. The inset: Magnetic specific heat at low temperatures.
The (blue) line represents a fit to the data (see the text). (b) Static
magnetic susceptibility measured along the crystallographic b and ¢
axes at B = 0.05 T, highlighting the differences between FC and ZFC
measurements.

AC magnetic susceptibility studies confirm the anomalies
at Ty and Ty, but do not indicate any frequency dependence
in the regime of 2.5 < f < 10 kHz (see Fig. 3 in the SM).
We also do not observe any finite dissipative signal x”. In
X,;, apart from the anomalies observed at Ty and Ty, we
observe an additional broad maximum at 7* ~ 3.7 K as de-
picted in Fig. 3(a) T* corresponds to the beginning of a
thermal hysteresis region seen in y, between the ZFC and
the FC data as shown in Fig. 3(b). In contrast, no thermal
hysteresis is observed in x. and x/. In the same temperature
regime, the magnetic specific heat shows no anomaly but
follows a ¢,(T') oc T" behavior with n ~ 1.3(1) [see the inset
of Fig. 3(a)]. We note that the observed exponent n does
not correspond to the expectations c,(T) o T3 describing the
low-temperature magnon excitations in a long-range-ordered
three-dimensional (3D) antiferromagnet [40].

The onset of long-range magnetic order at Ty and spin
reorientation at Ty are associated with distinct lattice changes
as demonstrated by clear anomalies in the thermal expansion
(see Fig. 4). In addition, the thermal expansion exhibits an
anisotropic behavior up to the highest measured temperatures.
The evolution of magnetic order is signaled by kinks in the
relative length changes dL;/L; at Ty and by slightly A-shaped
anomalies in its corresponding thermal expansion coefficients
«;. Although there is a positive thermal expansion of the b axis
in the whole temperature regime under study, the ¢ axis ini-
tially shrinks upon heating and expands only above 7' = 60 K.
Opposite trends for the different axes are also observed for
the actual anomalies in «; at Ty, which show opposite signs.
Qualitatively, the anomalies in ¢; imply a positive uniaxial
pressure dependence (07w z/0pp > 0) of Ty and T, whereas,
both are suppressed by uniaxial pressure applied along the ¢
axis.

A. Magnetic phase diagram

Applying magnetic fields up to 15 T hardly changes the
long-range-ordering temperature Ty but significantly affects

(b) ba)fis.

volume/3 1
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FIG. 4. (a) Relative length changes dL;/L; (i = b and c), of
Nig25Mng 75TiO3 measured along the crystallographic i axis in zero
applied magnetic field; light gray markers represent the relative
volume changes. (b) Corresponding uniaxial thermal expansion co-
efficients «;. The dashed lines mark 7y and Tk.

the spin-reoriented phase and the associated transition tem-
perature Tg. This is clearly visible in the specific-heat data
shown in Fig. 2(c). At B = 14 T, whereas, the anomaly at Ty
is completely suppressed, the one at Ty is only very slightly
shifted to lower temperatures. Due to pronounced magne-
toelastic coupling in Nig,5Mng75TiO3, which is evidenced
in Fig. 4, the magnetic-field effects on the phase boundaries
can be very well traced by thermal expansion and magne-
tostriction measurements. As displayed in Fig. 5, applying
a field of B =1 T yields a significant decrease (increase) of
Tk when applied along the b axis (¢ axis). Notably, for the
B || b axis, the anomaly at Ty changes its sign from positive
to negative for B > 1 and up to B =14 T [see Fig. 5(a)].
At low magnetic fields, the phase transition is also detected
in the static magnetic susceptibility y;, which displays a no-
ticeable jumplike feature at Tx and a corresponding peak in
d(xT)/oT. However, these anomalies become weaker as the

T T T T T T T T T T T T T ! T

4;(3) b axis e 7% caxis (b) 0
<3 I % -
o \‘\; 15T 4
<\:—> 2_ e :!I.\ ,r‘;! -2
bl K b
31 1 0TS | g

| It } ¥ .3
1T

0 Bllb 11 Bl|c

0 10 20 30 40 0 10 20 30 40
T (K) T (K)
FIG. 5. Temperature dependence of the thermal expansion coef-

ficient o; (i = b and c¢), measured at different applied magnetic fields
along (a) the b axis, and (b) the ¢ axis.
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FIG. 6. Thermal expansion coefficient «,,/T at different mag-
netic fields B || b axis. Triangles mark two features as discussed in
the text; the dashed line displays 7x(B = 0 T).

magnetic field gradually increases and completely vanish at
magnetic-fields B || b > 0.8 T (see Fig. 4 in the SM). The
data, hence, imply that the sign change in «;, at T is accom-
panied by the disappearance of the anomalies observed in ¥p.

The evolution of the anomaly observed at Ty in a3, B ||
b > 1T, is shown in Fig. 6. After the anomaly changed sign
as evidenced by the data obtained at B = 1 T, an additional
feature appears, which is only faint at 1 T but increases for
larger fields, yielding two clearly separated features split by
more than 1 K at 7 T. Both the emerged (marked by filled
triangles) and the initial (marked by open triangles) features
shift to lower temperatures with increasing the applied mag-
netic field, which indicates their antiferromagnetic nature. In
addition, the emerged feature becomes more pronounced for
higher fields, whereas, the initial one decreases until it is not
detectable anymore above 11 T (see Fig. 6). In contrast, the
thermal expansion and magnetization data signal a significant
shift of 7y to higher temperatures when applying the B||c axis
so that the phase boundary merges into Ty slightly above 2 T
(see Fig. 9, and Figs. 5 and 9 in the SM).

The G-type AFM phase appearing at zero magnetic field
in the temperature regime Tz < T < Ty (i.e., AF1 in Fig. 9)
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FIG. 7. (a) Isothermal magnetization, measured at 16 K, for the
B || ¢ axis and corresponding magnetic susceptibility dM/dB. The
dashed line linearly extrapolates the high-field behavior to zero field.
(b) Magnetostriction dL./L., at T =16 K as a function of the
magnetic-field B || ¢ axis. (c) Magnetic susceptibility for the B || ¢
axis in the temperature regime of 16 K < 7 < 50 K. Peaks are
associated with the spin-flip transition at B,,.

is further investigated by magnetization and magnetostriction
studies presented in Fig. 7. At T = 16 K, when the spins
are predominately parallel to the ¢ axis [18], magnetic fields
|lc yield a spin-flop-like transition at Bsgp = 0.62(8) T [see
Fig. 7(a)]. The critical field Bgsp associated with this transition
into the spin-reoriented phase (AF2 in Fig. 9) is signaled by
the peaks in dM/dB. Upon heating, it shifts towards higher

18 T I T l T l T I T I T l T
o H*ZK T T T i
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= —e— 125K & i
= 18 K s ]
l: B _l'Q
o
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=
[
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FIG. 8. Magnetic susceptibility 0M/0B in the temperature
regime of 2 K < 7 < 18 K for B || b axis. The peaks signal B, (see
the text). Open squares show dM /0B at 2 K with the B || ¢ axis. The
inset: Magnetostriction dL;,/L,(B || b) at T = 2.3 K.
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FIG. 9. Magnetic phase diagram of Nip,5Mng75TiO3 derived
from magnetization M(T, B), thermal expansion, and magnetostric-
tion L(T, B), x.c, and specific-heat data for the (a) B || band (b) B || ¢
axes. The insert in (a) shows the enlarged region around 15 K.
The colors distinguish paramagnetic (PM), G-type AF (AF1), spin-
reoriented AF (AF2), and field-induced AF phases (AF3/AF3’). Ty,
Tk, Bsr, and B, are the associated phase boundaries described in the
text.

fields and disappears above Ty [see Fig. 7(c)]. The metamag-
netic transition is also characterized by a sharp increase of the
¢ axis length amounting to AL./L. = 2.6 x 10~ [Fig. 7(b)].
Below Tk, B||c does not drive a spin-flop transition [Fig. 7(c)],
which agrees to the suggested spin rotation. In contrast, for
B||b a metamagnetic transition appears only below Ty at a
critical field of B¢y ~ 0.4 T, which barely depends on the tem-
perature (Fig. 8). The high-field phase for B || bis labeled AF3
in Fig. 9). Again, the metamagnetic transition is associated
with anomalous length changes (Fig. 8, the inset), amounting
to AL,/Ly, =39 x 10%atT =23 K.

The observed clear features in magnetization, thermal ex-
pansion, magnetostriction, and specific heat enable us to
construct the magnetic phase diagrams for both B||b and B|c
as shown in Fig. 9. For B||c, the G-type antiferromagnetic
phase with spins || ¢ evolving in zero field at 7y (AF1 phase)
forms a distinct dome bounded by 7x(B) and Bsp(T') towards
the spin-reoriented AF2 phase [see Fig. 9(b)]. The transition
AF1 to AF2 is associated with significant lattice changes.
In the field region of the dome, Ty is visibly suppressed by
B || ¢, but it increases for higher fields (B || ¢ > 2T), which
implies the relevance of critical fluctuations around the tricrit-
ical point. A field-driven magneto-structural transition is also

20

M (ug/f.u.)

0.5

Static field (T=2 K)
« Pulsed field (T=1.4 K)
*  Pulsed field (T=1.5 K)

0 10 20 30 40 50

B (T)

FIG. 10. Magnetization of NiTiO; (from Ref. [26]) and
Nig,5sMng75TiO3 up to 50 T. Open circles show the averaged static
field magnetization of Nig5Mng75TiO3 single crystals measured
up to 14 T. Pulsed-field data are from up sweeps. The data of
NigosMng 75TiO3 are well described by the sum of a modified Bril-
louin function and a linear term xoB (see the text). The dashed line
shows the nonlinear magnetization M,y = M — xoB.

0.0

observed for B||b where the low-field AF2 phase is separated
by a rather field-independent phase boundary B, (T) from the
AF3 phase. Note, AF2 and AF3 phases feature uniaxial pres-
sure dependencies of opposite sign. In contrast to 7y, which
only very weakly depends on B || b, AF3 is considerably
suppressed and we extrapolate the upper critical field BA"3 ~
17(2) T. Notably, starting from B, an intermediate phase
AF3’ appears. The thermal-expansion anomaly size associated
with the phase boundary between AF3 and AF3’ continuously
decreases when increasing B || b and cannot be detected above
11 T in our dilatometric data. This behavior suggests the
decrease in the pressure dependence or negligible associated
specific-heat changes. Since the boundary AF3/AF3’ is not
associated with a clear anomaly in the magnetization, we
neither can trace it by magnetic measurements in this regime
of the phase diagram.

Lastly, our data reveal the presence of weakly coupled
magnetic moments at low temperatures. In contrast to NiTiO3
which magnetization increases linearly up to the satura-
tion field as expected for an long-range-ordered AFM [26],
magnetization of Nig 5 Mng 75 TiO3 exhibits pronounced right-
bending behavior (see Fig. 10). Note, that the pulsed-field
powder magnetization data perfectly agree with the single-
crystal studies up to 14 T. The data can be described by the
sum of a modified Brillouin function Bg and a linear term,
i.e., Mg Bs(x) + xoB; x = gupSB/[kp(T + ©*)] with Mg, as
the saturation magnetization of the right-bending term, spin
S, field-independent susceptibility xo, Boltzmann constant kg,
Bohr magneton pp, and the g factor. ®* is a parameter to
account for magnetic interactions between the weakly cou-
pled moments. The linear term mainly reflects the response
of the long-ranged AF-ordered phase. The nonlinear term
My, (B) = M(B) — xoB implies the presence of rather weakly
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coupled spins saturating already at intermediate fields. My is
the fully saturated moment of the weakly coupled spins. Phe-
nomenologically, using g = 1.99 and § = 5/2 of the Mn>*
spins, the data are described by ©®* = 15.5 K, Mg = 0.75
up/fu., and xo = 0.023 up/(T f.u.). The value of Mg, may
be read from the data without fitting, and it clearly exceeds the
fully saturated moment of all NiZt spins in Nig 2sMng 75TiO3
S=1, g=2.14, MY ~0.53 pp/fu.) [41] so that My (B)
cannot be attributed only to the Ni** subsystem. Attributing
M, (B) to only Mn** spins would imply that about 15% of
them are only weakly coupled. As will be pointed out below,
this value might further increase at higher temperatures. In
general, the observation of weakly coupled moments is in
accordance with the observed low-temperature behavior of the
static magnetic susceptibility displayed in Fig. 2(a) where for
B || ¢ a Curie-like increase is observed in the AFM-ordered
phase. Concomitantly, both xjo10; and xj»jg) increase upon
cooling below Ty, too, which behavior differs from what is
expected in conventional antiferromagnets as it shows much
larger magnetization with respect to the paramagnetic phase.

IV. DISCUSSION

Our data imply the evolution of long-range antiferromag-
netic order at Ty ~ 35 K and reorientation of the spin direction
at T ~ 15 K. This agrees to the sequence of phase transitions
reported in the established phase diagram of Ni,Mn;_,TiO3
[13,15]. As compared to the mother compound MnTiOs3,
which shows Ty =~ 64 K, the tendency for long-range mag-
netic order is significantly reduced by Ni doping. Although
our results fit the expected phase boundary Ty(x), we find T
in between the two temperatures proposed as the start and the
end temperatures of the spin rotation in Ref. [13]. The onset
of long-range magnetic order in Nig,5Mng75TiO3 at Ty is
signaled by clear anomalies in xp|, ¢,, and thermal expansion
(Figs. 2 and 4), which confirms the easy magnetic ¢ axis and,
in particular, shows significant magnetoelastic coupling. The
negative thermal expansion along the c¢ axis as well as strong
magnetic-field effects on the specific heat well above Ty sug-
gest the presence of short-range-ordering phenomena in the
paramagnetic phase. The presence of short-range magnetic
correlations above Ty results in associated magnetic entropy
changes, which can be estimated by comparison with the bare
lattice contribution. The latter may be obtained by fitting the
specific heat well above Ty by an appropriate phononic model.
This results in very similar phonon specific heat as found in
MnTiOs. Since, in the following, we will compare the entropy
changes in Nig5Mng75TiO3 and MnTiOs3, for the following
entropy analysis, we employ the phonon specific heat from
Ref. [28] and account for the different atomic masses by
multiplying with 1.015 [see Fig. 11(a)].

Subtracting the lattice contribution from the measured
specific heat gives the magnetic specific heat c,"®. Inte-
grating ¢, /T yields the magnetic entropy changes ASy,, =
12.3(7) J/(mol K), which is close to the full expected mag-
netic entropy of 0.75R In 6 4- 0.25R In 3 = 13.4 J/(mol K).
Notably, our analysis implies magnetic entropy changes up
to about 130 K, i.e., persistence of short-range magnetic
order up to about ~47y. The presence of considerable short-
range magnetic order is further confirmed by the fact that the
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FIG. 11. (a) Temperature dependence of the specific-heat ¢,/T
of Ni,Mn,_, TiO; with x =0, i.e., MnTiO; (from Ref. [28]), and
x = 0.25 measured at B = 0 T. The Nij»5Mn( 75 TiO3 data are multi-
plied by 1.015 to account for the atomic mass difference. The red line
presents the lattice contribution cf,h of MnTiOs. (b) Corresponding
entropy changes (left ordinate) derived from integrating ¢, /T . Spn(T')
(red line) and S,—g,5(7T") (blue circles) are shifted to match S,_y(T")
above 120 K (see the text). Right ordinate: Changes in the magnetic
entropy for both doping levels with respect to its value at 150 K.

observed anomaly Ac,, at Ty, is rather small as it only
amounts to a few percent of the value predicted by mean-field
theory. Quantitatively, the specific-heat jump at 7y amounts
to Ac, = 0.54(11) J/(mol K), which is only a very small
fraction (R3%) of the expected mean-field value Ac, =

RIS ~ 18.9 J/(mol K) [42]. Note, that the actual jump
size associated with the measured anomaly can be even
smaller as it may be superimposed by critical fluctuations.
Such a small specific-heat anomaly implies significant short-
range spin order above 7y and/or considerable spin disorder
below Ty.

Our experimental data show short-range magnetic order
well above Ty as well as weakly coupled moments and a
glasslike behavior at low temperatures. In Fig. 11(b), we il-
lustrate how magnetic entropy is consumed upon cooling by
comparing the specific heat and entropy changes appearing
in Nig,5Mng75TiO3 and MnTiO3 [28] alongside the lattice
contributions. In MnTiOs;, the specific-heat data illustrate a
typical example of evolution of 3D long-range magnetic order.
In Nig»5Mng75TiO3, at high temperatures, the specific-heat
data are similar to those of MnTiOs, which we attribute to the
lattice. The main effects of 25% Ni doping are as follows: (1)
Suppression of Ty and of the anomaly size as discussed above.
(2) Upon cooling below Ty, in Nig25Mng 75TiO3, the entropy
is consumed in a quasilinear manner, which qualitatively
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differs from the behavior in MnTiOs. This is particularly
visible in Fig. 11(b), where in addition to the measured to-
tal entropy changes, the relative changes in the magnetic
entropy with respect to the value at high temperature are
shown. The figure illustrates how different magnetic order
evolves in Nig»sMng75TiO3 as compared to MnTiOs. (3) In
NigsMng 75TiO3, the low-temperature behavior exhibits a
quasilinear behavior for T < 4 K where we find ¢, ~ T!-* as
shown in the inset of Fig. 3(a). This contrasts a T3 behav-
ior expected for a 3D AFM, which is observed in MnTiOs;.
Quasilinear behavior of ¢, at low temperatures was previously
reported for the spin-glass state of Nig 4 Mng sgTiO3 [15] and
for canonical spin-glass systems, such as CuMn [43] and
ScGd [44].

The presence of considerable magnetic disorder evidenced
by our analysis of the entropy changes qualitatively agrees
with the observation of weakly coupled magnetic moments
and a glassylike feature in the AC magnetic susceptibility
(Tsg >~ 3.7 K). For Nip4MngTiO3, Solanki et al. observe a
similar feature at 9.1 K and report an XY -like spin-glass state
with quasi-two-dimensional antiferromagnetic order [17]. By
inelastic neutron scattering studies, they conclude the pres-
ence of short-range-ordered antiferromagnetic clusters with
short-lived spin correlations in the XY -like SG state. The latter
observation may be associated with the presence of weakly
antiferromagnetically coupled moments in Nigp25Mng75TiO3
as demonstrated by in the high-field magnetization data in
Fig. 10. Our findings also raise the question of the origin of
the glasslike behavior. One may speculate about a dynamic
process, which involves partial freezing of weakly coupled
moments at low temperatures resulting in the (at 1.4 K) ex-
perimentally observed number of weakly coupled moments.
This scenario implies that the number of weakly coupled
moments increases upon heating. However, our M vs B data
do not enable us to distinguish the response of weakly coupled
moments from the entire magnetic response at higher temper-
atures. The observed number of about 15% of all Mn?* spins
present in the material at 1.4 K may, hence, increase at higher
temperatures.

Magnetoelastic coupling is further analyzed by quantifying
and comparing the thermal expansion and the heat-capacity
anomalies in «; and c,. The ratio of these quantities
yields the uniaxial and hydrostatic pressure dependencies
of the associated ordering phenomena by exploiting the
Clausius-Clapeyron relation for discontinuous phase transi-
tions and the Ehrenfest relation for continuous ones [45,46]. In
Nig25Mng 75TiO3, we consider the anomaly at 7y a continuous
phase transition, and its size has been determined by means
of a same area construction [47]. At Ty(B = 0 T) this yields
A, =0.5(1) x 107% (1/K) and Aa, = —0.80(15) x 107°
(1/K) (see Figs. 7 and 10 in the SM [37]). Using these values
as well as Ac, = 0.54(11) J/(mol K) and the molar volume
V,, = 3.215 x 107> m?/mol, the Ehrenfest relation,

aTN AO[,'

opr | = WV ey
L B )4

yields 0Ty /dp, = 1.1(3) and 3Ty /9 p. = —1.7(5) K/GPa for

uniaxial pressure applied along the b and the ¢ axes, respec-

tively. Furthermore, Ty depicts a small positive hydrostatic
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FIG. 12. Magnetic-field dependence of electric polarization
(x = 0.33, data from Ref. [18] (upper panel; open/filled mark-
ers show P,/P.) and magnetostriction (lower panel; x = 0.25) in
Ni,Mn,_,TiO;. In order to compare the results, the data are shown
for same values of reduced temperature 7' /T, using Tx(x = 0.33) =
17.5 K [18] and Tz (x = 0.25) = 14.8 K.

pressure dependence of d7y/dp = 0.4(5) K/GPa as qualita-
tively shown by the anomaly in the volume thermal-expansion
coefficient at Ty .

The uniaxial pressure dependencies of Tp are derived
from the corresponding jumps AL,/L, = —2.0(2) x 1076,
AL./L. =3.1(2) x 107%, and AS = —0.027(3) J/(mol K).
Using the Clausius-Clapeyron relation for a discontinuous
phase transition [45],

aT; AL;/L;
r| _y, AL/ @)
op; B

AS

yields the uniaxial pressure dependencies d7g/dp, = 2.3(4)
and 0Tz /dp. = —3.7(5) K/GPa. Following the phase bound-
ary Tr(B) [AF1 — AF2/AF in Fig. 9(a)], the signs of the
thermal expansion anomalies change at B~ 1 T implying
opposite uniaxial pressure dependencies for AF1 — AF2 and
AF1 — AF3'. The observed changes in pressure dependence
and, in particular, the magnetostrictive effects shed light on
the recently observed flop of electric polarization from P || ¢
to P || a in Nig33Mng ¢7TiO3 [18]. Chi ez al. [18] associate the
linear ME response with rotation of the collinear spins away
from the c axis for T < Tg. Comparison of polarization and
magnetostriction data at the same reduced temperatures 7' /T
yields the following observations (see Fig. 12): For B L ¢, (1)
the jump in length at the transition AF2— AF3 indicates the
onset of finite ME effect. (2) Although magnetostriction is in-
discernible in AF3 and AF1, a finite field-induced polarization
appears only in AF3, whereas, it is negligible in AF1. (3) For
B||c, both AF1 and AF2 show the ME effect and P, peaks at
1 to 2 T. However, whereas, for T > Tr there are anomalies
both in P. and L, for T < Tg, the peak in P, is not associated
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with a jump in L(B). From (1)—(3), we conclude that magne-
toelastic coupling is prominent and yields distinct structural
anomalies at the phase boundaries as well as differences in
the magnetostrictive response of the different magnetic phases
and, correspondingly, the different ME regimes. However,
observation (2) suggests that the ME effect in Ni,Mn;_,TiO3
may not be directly related to magnetostriction.

V. CONCLUSIONS

To conclude, we report detailed dilatometric, specific
heat, and magnetic studies on macroscopic single crystals of
Nig 25sMng 75 TiO3grown by means of the optical floating-zone
method. Our data imply the evolution of long-range magnetic
order at 7y ~ 35 K and a spin reorientation at Tz >~ 15 K.
The latter is of discontinuous nature and attributed to com-
peting magnetic anisotropies of Mn>* and Ni** magnetic
moments. We find clear anomalies in the length changes at
the phase boundaries, indicating pronounced magnetoelastic
coupling and sizable pressure dependencies of the associated
ordering phenomena, respectively, energy scales. Quantita-
tively, our analysis yields 07y/dp, = 1.1(3), 9Tn/0p. =
—1.7(5), 0Tg/0pp = 2.3(4),and dTg/dp. = —3.7(5) K/GPa.
Applying magnetic-fields B || b axis yields a sign change
in the uniaxial pressure dependence signaling different low-
temperature phases. Splitting of the anomalies implies the
presence of an intermediate phase AF3’. In addition, our ex-

perimental data show short-range magnetic order well above
Ty as well as at low-temperatures, weakly coupled mo-
ments, and a glass- behavior (Tgg =~ 3.7 K). The number of
weakly coupled moments is sizable and might be attributed
to about 15% of all Mn*" spins present in the material.
Glasslike behavior is seen in AC-y and is further evidenced
by quasilinear 7" dependence of ¢, at low temperatures. The
observed changes in pressure dependence and, in particular,
the magnetostrictive effects shed light on the recently ob-
served flop of electric polarization from P || ¢ to P || a [18],
suggesting that the ME effect in Ni,Mn,_, TiO3 appearing at
intermediate-doping x does not have a direct magnetostrictive
origin.
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