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Abstract
Magnetic properties of polycrystalline Sm0.1Ca0.9−ySryMnO3 (y = 0–0.3)
samples have been investigated in the temperature range 5–250 K, magnetic
fields up to 16 kOe and under hydrostatic pressures up to 11 kbar. The studies
involved sequential measurements of zero field cooled (ZFC) magnetization
and measurements of magnetization upon cooling in the same magnetic field
(FCC). The low-doped group (y = 0–0.1) exhibits magnetic phase separation
below TN ≈ TC ≈ 100–110 K, consisting of ferromagnetic (FM) clusters
embedded in an antiferromagnetic (AFM) G-type matrix. Magnetization and
ac-susceptibility measurements of this group of materials indicate features
reminiscent of a cluster glass-like state, below TC. It was found that the
volume fraction of the FM phase at 10 K decreases with increasing y from
28% for Sm0.1Ca0.9MnO3 to 18% for Sm0.1Ca0.8Sr0.1MnO3. It was found that
an applied pressure enhances TC with a pressure coefficient of dTC/dP ≈
0.4–0.5 K kbar−1. The low-temperature magnetization at this doping range
(y = 0–0.1) depends on pressure only slightly, except for the case of
Sm0.1Ca0.8Sr0.1MnO3, where an applied pressure enhances the FM phase
volume considerably. Samples with y = 0.2 and 0.3 exhibit a heterogeneous
spin configuration in their ground state, consisting of a C-AFM phase and a G-
AFM phase with a very weak FM moment. The temperature of transition from
the paramagnetic to the C-AFM state is almost insensitive to applied pressure,
whereas the lower transition temperature to the G-AFM state increases slightly
under pressure. It was found also that an applied pressure considerably reduces
the FM correlations in the paramagnetic phase as well as the FM component of
the G-AFM state.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

The manganese oxides with a general composition RE1−x AEx MnO3, where RE and AE are
rare- and alkaline-earth ions respectively, have been actively investigated over the past decade
because of the colossal magnetoresistance (CMR) effect observed for the compounds with
x ≈ 0.3. The attractive properties of these materials have been attributed to the electronic
complexity arising from the strong competition between charge, orbital, lattice, and magnetic
degrees of freedom [1, 2]. It is well accepted that the double exchange (DE) ferromagnetic
interaction occurs via the hopping of spin-polarized eg electrons, between Mn3+ and Mn4+ [1].
This interaction also accounts for the electronic phase separation (PS) and for the formation
of FM metallic (FMM) clusters in the antiferromagnetic (AFM) matrix. In most manganite
systems, the FMM phase occurs in the hole-doped regime xC < x < 0.5, where xC is a
percolation threshold. Electron-doped manganites (x > 0.5) are dominated by charge ordering
(CO) and do not show the pure FMM ground state at all.

The properties of phase-separated manganites are governed to a large extent by the
averaged radii of the A-site cations, rA, of the ABO3 perovskite structure and their disordered
distribution. As has been argued in recent theoretical and experimental studies [3–6], the
stability of the FM phase as well as the charge and orbital ordered phases are strongly affected
by the presence of cation disorder. Even small fluctuation of cation disorder may result in
a large shift of the transition temperature TC of the FM phase and may change the phase
diagram [6, 7]. As shown by Rodriguez-Martinez and Attfield [7], the magnitude of the cation
disorder arising from a solid solution of RE and AE can be evaluated by the variance of the ionic
radii, σ 2 = ∑

i (xir 2
i − r 2

A), where xi and ri are the fractional occupancies and the effective
ionic radii of the RE and AE cations, respectively.

It was found that manganites RE1−x Cax MnO3, where RE = Sm [8–10], La [11–15],
Pr [15, 16], Nd [16, 17], Dy [15], Gd [16, 17], Eu [16], Ho [16], and Y [17], exhibit in
the electron doping regime the largest FM fraction around xmax ∼ 0.9. At this doping, the
magnetization of the FM fraction is maximal and reaches a value of about ∼0.5–1 μB/f.u. at
low temperatures. Systematic studies of magnetic and transport properties of RE1−x CaxMnO3

(RE = La, Nd, Pr, Eu, Gd, Y) have shown that higher values of xmax are accompanied by
smaller values of rA [16, 17]. It was also confirmed [2, 16] that the PS in these manganites
increases significantly with increasing σ . Magnetic and neutron powder diffraction studies of
Sm0.1Ca0.9MnO3 [9] and La0.1Ca0.9MnO3 [12–14] have shown a coexistence of FM clusters
with an AFM G-type matrix.

In the case of Sm0.1Ca0.9MnO3, an orthorhombic unit cell of Pnma space group of a
perovskite structure was observed in a wide temperature range of 2–300 K [9]. The FM
and AFM phases emerge at about 110 K. At T = 10 K, m(G-AFM) = 2.1 μB/Mn and
m(FM) = 1.17 μB/Mn, where m symbolizes the magnetic moments of the AFM G-type phase
or the FM phase. Interestingly, the low-temperature magnetization M(H ) curve at T = 4.2 K
does not show any indication of saturation even in a very high magnetic field H of 350 kOe [18].

It should be noted that the effect of pressure (P) on the magnetic properties of hole-
doped samples of RE1−x Cax MnO3 manganites was the subject of a number of investigations
(see [19–26] and references cited therein), whereas studies of the effect of pressure on
magnetic properties in the low-electron-doped regime are quite scarce [27–29]. To the best
of our knowledge, there are barely any studies of charge ordered Sm0.2Ca0.8MnO3 [28] and
La0.2Ca0.8MnO3 [29] or Y1−x Cax MnO3 [27], Sm1−xCax MnO3 (0.85 � x � 0.95) [27]
and La0.1Ca0.9MnO3 [29] having competing FM and AFM phases. In the case of
Sm0.1Ca0.9MnO3 [27] and La0.1Ca0.9MnO3 [29], only a relatively weak pressure dependence of
TC (∼0.5–0.6 K kbar−1) was observed. On the other hand, the FM component of the G-AFM



Pressure effect on the magnetic properties of Sm0.1Ca0.9−ySryMnO3 (y = 0–0.3) 9203

Figure 1. Variation of rA and σ 2 with y in Sm0.1Ca0.9−ySryMnO3.

phase of La0.1Ca0.9MnO3 was found to be very sensitive to applied pressure, e.g. a pressure of
P ≈ 11 kbar doubles the spontaneous magnetization at T = 5 K.

In this work we report on the magnetic measurements of electron-doped Sm0.1Ca0.9−ySry

MnO3 (y = 0–0.3) manganites under pressure, keeping a constant carrier concentration of 0.1
electron per Mn ion and varying rA and σ [2]. The pressure effect on the magnetic transition
temperatures and magnetic interactions is discussed.

2. Experiment

Measurements of magnetization were carried out on polycrystalline samples, prepared by
a standard ceramic route in air, with intermediate crushing and heating [30]. The oxygen
stoichiometry was checked by iodometric titration. It was found from chemical titration
that the oxygen content is equal to 3.00 for all the samples within an experimental error of
±0.02. The purity of the samples has been checked by x-ray powder diffraction at room
temperature. Additionally, all of the samples were characterized by electron diffraction (ED)
and energy dispersive spectroscopy (EDS). Analyses confirm that the cationic compositions
are homogeneous and close to the nominal ones. The sample Sm0.1Ca0.6Sr0.3MnO3 was also
characterized by neutron diffraction. The x-ray data at room temperature were found to be
compatible with an orthorhombic unit cell of a Pnma space group of a perovskite structure
for all the samples with 0 � y � 0.3. The lattice parameters of Sm0.1Ca0.9MnO3 with
c < b

√
2 < a were found to be similar to those previously published [9]. Since the ionic

radius of Sr is greater than that of Ca (for twelve-fold oxygen coordination [26, 31] Ca2+
(1.34 Å) and Sr2+ (1.44 Å)), increasing doping of Sr results in a monotonic increase of the unit
cell volume. It appears that c increases more steeply than a and b, and for y = 0.2 the lattice
parameters are a ≈ b

√
2 ≈ c [30]. Both the averaged radii of the A-site cations, rA, and the

disorder parameter increase significantly with increasing Sr doping; see figure 1.
Cylinder-shaped samples having a diameter of 1 mm and height of 4.0 mm were used for

measurements of the magnetization under hydrostatic pressure. The measurements, using a
PAR (Model 4500) vibrating sample magnetometer, were performed in the temperature range
5–250 K and magnetic fields up to 16 kOe, applied perpendicularly to the rotation axis of the
samples. The experimental procedures of the magnetic measurements under high hydrostatic
pressure are described in detail elsewhere [23–25]. The measurements of ac susceptibility
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Figure 2. (a) Temperature dependence of zero field cooled MZFC and field cooled MFCC

magnetization of Sm0.1Ca0.9MnO3 at P = 0 kbar and at P = 10.1 kbar in a magnetic field
H = 100 Oe. The inset shows MZFC and MFCC at P = 0 kbar and at P = 10.1 kbar in a magnetic
field H = 15 kOe. (b) 1/M versus temperature curves for Sm0.1Ca0.9MnO3 at P = 0 kbar and at
P = 10.1 kbar. The solid lines are guides to the eye. (c) Field dependence of magnetization at 10
and 80 K under P = 0 kbar and at P = 10.1 kbar.

were performed using the magnetic option of the Physical Property Measurement System of
Quantum Design.

3. Results

Measurements of the temperature dependences of the magnetization of Sm0.1Ca0.9−ySryMnO3

samples were performed according to the following procedure: the samples were cooled at
zero magnetic field to T = 5 K, and the magnetization M was measured upon heating (ZFC
curve) and immediately thereafter upon cooling (FCC curve) under an applied magnetic field.
Figure 2(a) presents the results obtained for Sm0.1Ca0.9MnO3 in a magnetic field of H =
100 Oe. It is worth noting that FCC magnetization below the transition temperature increases
significantly under pressure, whereas ZFC magnetization remains practically unchanged under
an applied pressure. The inset in this figure shows the temperature dependences of the
magnetization for H = 15 kOe. In agreement with previous studies [9, 10], the magnetization
on cooling shows a sharp rise at a well-defined transition temperature of 110 K and two
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coexisting phases, ferromagnetic and antiferromagnetic, appear simultaneously. Therefore,
we describe the transition temperature by TC or by TN, where the abbreviations represent the
Curie and the Néel temperatures, respectively. It was found that the pressure coefficient of
Sm0.1Ca0.9MnO3 is dTC/dP ≈ 0.5 K kbar−1, similar to the results obtained recently from
measurements of magnetic susceptibility [27]. The gap between the ZFC and FCC curves
observed in H = 100 Oe and even in H = 15 kOe (the inset in figure 2(a)) is suppressed
at an applied pressure of 10.1 kbar and H = 15 kOe. The plot of 1/M versus T of the
FCC values in 15 kOe is given in figure 2(b). For T > TC, the curves obey the Curie–Weiss
relation 1/M = (T − �)/C H with the Curie–Weiss constant, C , decreasing with increasing
pressure, and the paramagnetic Curie temperature, �, changing from 79 K for P = 0 to 90 K
for P = 10.1 kbar. This means that the effective FM interactions are enhanced under pressure.
Figure 2(c) shows the magnetization of Sm0.1Ca0.9MnO3 versus magnetic fields at 10 and 80 K,
under P = 0 and 10.1 kbar. Interestingly, the spontaneous magnetization obtained by a linear
extrapolation of the high-field magnetization to H = 0 (M0 ≈ 0.86 μB/f.u. at P = 0 and
T = 10 K) decreases slightly with increasing pressure to a value of M0 ≈ 0.81 μB/f.u. at
P = 10.1 kbar and T = 10 K, in contrast to the behaviour for La0.1Ca0.9MnO3 [29]. The
coercive field, HC, is very small for both temperatures 10 and 80 K, and does not change with
pressure; see figure 2(c). Low Sr doping of y = 0.02 affects the magnetic characteristics
very slightly. It lowers slightly the Curie and Néel temperatures and the pressure coefficient
dTC/dP ≈ 0.4 K kbar−1, while the paramagnetic Curie temperature, �(P = 0) ≈ 79 K, and
the spontaneous magnetization (M0 ≈ 0.87 μB/f.u. at P = 0 and T = 10 K) remain almost
unchanged.

The sample with y = 0.06 exhibits various metastable magnetic states upon cooling [32],
therefore only measurements at ambient pressure were performed. The ZFC and FCC curves
at P = 0, shown in figure 3(a), are in general very similar to those of Sm0.1Ca0.9MnO3, though
its magnetic transition temperature (TN ≈ TC ≈ 103 K) and the spontaneous magnetization
(M0 ≈ 0.77 μB/f.u. at P = 0 and T = 10 K) are lower; see figure 3(a) and the inset to this
figure. The ac susceptibility of this sample also resembles that of Sm0.1Ca0.9MnO3 [10], namely
χ ′ exhibits a pronounced peak in the vicinity of TC and a large bump at Tm < TC, which shifts
to higher temperature with increasing frequency; see figure 3(b). Such a frequency-dependent
temperature shift is reminiscent of spin-glass-like behaviour, can be attributed to relaxation
phenomena in the spin system and can be characterized by the factor K = �Tm/Tm�(log ω),
where Tm refers to the temperature of the maximum of χ ′ and �Tm is the temperature shift at
a given frequency difference. The calculated K factor for the y = 0.06 sample is 0.016, falling
in the range of values typical for spin glasses [33]. The curves χ ′ recorded at different ac fields
clearly demonstrate nonlinear features, characteristic for spin glasses (figure 3(c)).

Figure 4(a) shows the results obtained for MZFC and MFCC of Sm0.1Ca0.8Sr0.1MnO3 versus
temperature at P = 0 and 9.4 kbar in a magnetic field of H = 100 Oe. Similarly to the results
obtained for Sm0.1Ca0.9MnO3 ([8–10] and figure 2), one may conclude that the sharp rise in
the magnetization at about 100 K, recorded on cooling, is attributed to the critical temperature
TC ≈ 100 K [9, 10]. Note that both MZFC(T ) and MFCC(T ) at P = 0 display a local minimum
at around T ≈ 80 K that disappears at P = 9.4 kbar. The magnetic transition temperature
TC increases under pressure with a pressure coefficient of dTC/dP ≈ 0.5 K kbar−1; see the
inset of figure 4(a). The magnetization MZFC(T ) of Sm0.1Ca0.8Sr0.1MnO3 displays a smooth
anomaly at around T ≈ 80 K and a pronounced gap between MZFC(T ) and MFCC(T ) at ambient
pressure in a magnetic field of 15 kOe (figure 4(b)). The above features practically disappear
at P = 9.4 kbar; see figure 4(b). A plot of 1/M versus T of the FCC curves at 15 kOe is
given in the inset of figure 4(b). Using the Curie–Weiss relation 1/M = (T − �)/C H at
120 K < T < 240 K, one obtains � ≈ 67 K for P = 0 and � ≈ 77 K for P = 9.4 kbar.
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(a)

(b)

(c)

Figure 3. (a) Temperature dependence of zero field cooled MZFC and field cooled MFCC
magnetization of Sm0.1Ca0.84Sr0.06MnO3 at P = 0. The inset shows the field dependence of
magnetization at 10 and 80 K under P = 0. (b) Temperature dependence of ac susceptibility χ ′ of
Sm0.1Ca0.84Sr0.06MnO3 measured at different frequencies 100, 1000 and 10 000 Hz and a magnetic
field of 10 Oe; (c) χ ′(T ) curves for Sm0.1Ca0.84Sr0.06MnO3 registered at 100 Hz for different
excitation fields. The curves corresponding to Hac = 0.01 and 0.1 Oe are superimposed.

This means that the effective FM interactions increase under pressure, similarly to that in the
case of Sm0.1Ca0.9MnO3; see figure 2(b). One should note that M(H ) shows some hysteretic
effects, which are suppressed under an applied pressure of 9.4 kbar; see figures 5(a) and (b).
The spontaneous magnetization M0 ≈ 0.58 μB/f.u. at P = 0 shown in figure 5(a) at T = 10 K
is attributed to the FM phase. Figure 5(c) shows curves of M(H ) at T = 10 K under various
pressures. It appears that the spontaneous magnetization M0 increases significantly under small
pressures and then approaches a saturation value M0 ≈ 0.74 μB/f.u. at P ≈ 5 kbar; see inset
of figure 5(c).

For the y = 0.2 and 0.3 samples, the amount of FM phase is apparently small, thus
measurements of both MZFC(T ) and MFCC(T ) were performed under a relatively high field
of H = 15 kOe; see figure 6. The behaviour of MZFC(T ) and MFCC(T ) for both samples
appears to be quite similar. Both exhibit a pronounced maximum upon cooling (at 125 and
152 K for y = 0.2 and 0.3, respectively) accompanied by a sudden drop in magnetization.
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Figure 4. (a) Temperature dependence of zero field cooled MZFC and field cooled MFCC

magnetization of Sm0.1Ca0.8Sr0.1MnO3 at P = 0 kbar and at P = 9.4 kbar in a magnetic field of
H = 100 Oe. The inset shows the pressure dependence of TC for y = 0, 0.02 and 0.1 samples; (b)
MZFC and MFCC curves for Sm0.1Ca0.8Sr0.1MnO3 at P = 0 kbar and at P = 9.4 kbar in a magnetic
field of H = 15 kOe. The inset shows 1/M versus temperature curves for Sm0.1Ca0.8Sr0.1MnO3 at
P = 0 kbar and P = 9.4 kbar. The solid lines are guides to the eye.

These maxima in M(T ) are reminiscent of the magnetization peaks found in charge/orbital
ordered systems such as Sm1−x Cax MnO3 (x = 0.8; 0.85) [8], La0.2Ca0.8MnO3 [13, 19], half-
doped Nd0.5Ca0.5MnO3, and Sm0.5Ca0.5MnO3 [34]. Upon further cooling, slight increase in the
magnetization at about 70 K was observed for both samples; see figure 6. According to neutron
diffraction (ND) data [30] for Sm0.1Ca0.6Sr0.3MnO3, the maximum in MZFC(T ) and MFCC(T )

dependences at 152 K (figure 6(b)) is attributed to a magnetic transition from paramagnetic
to a C-type AFM state, while the kink at around 70 K corresponds to the formation of a
G-type AFM phase. Comparing the behaviour of MZFC(T ) and MFCC(T ) dependences for
both y = 0.2 and 0.3 samples (figures 6(a) and (b)), we may suggest that, in the y = 0.2
sample, the magnetic transitions to C-type AFM and G-type AFM states occur at 125 and
70 K, respectively. The following features are also noticeable: (i) M(H ) does not show a
spontaneous moment at T > 70 K; (ii) both samples exhibit a very small spontaneous magnetic
moment M0 (M0 ≈ 0.008 and M0 ≈ 0.006 μB/f.u. for y = 0.2 and 0.3, respectively) and
similar coercive fields of about 1.8 kOe at T = 10 K; (iii) an applied pressure suppresses
the magnetization in the temperature range 10–250 K. It was found that the position of high-
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(a) (b)

(c)

Figure 5. (a) Field dependence of magnetization of Sm0.1Ca0.8Sr0.1MnO3 at various temperatures
below TC under P = 0; (b) field dependence of magnetization at various temperatures below TC

under P = 9.4 kbar; (c) field dependence of magnetization at T = 10 K and various pressures. The
inset shows the pressure dependence of spontaneous magnetization at T = 10 K.

temperature peaks does not change under pressure, while a rough estimation shows that the
low-temperature magnetic transition shifts under pressure towards higher temperatures with a
pressure coefficient of ∼0.4 K kbar−1. A comparison of M(H ) recorded at 10 K at ambient
pressure and at P = 10.6 kbar shows that, while M0 decreases only slightly under an applied
pressure, the values of dM/dH are significantly affected by pressure; see inset to figure 6(a).

4. Discussion

Although the spontaneous magnetization M0 was obtained by a linear extrapolation of the high-
field magnetization to H = 0 and may give only an estimation of the relative amount of the
FM phase, such an evaluation may be very useful in the follow-up for the changes in the FM
fraction with Sr doping. On the other hand, we notice that the value of M0 ≈ 0.86 μB/f.u.
at T = 10 K for Sm0.1Ca0.9MnO3 (figure 2(c)) correlates well with the average magnetic
moment at 10 K refined for the FM component from the analysis of the high-resolution ND
patters [9] (≈0.9 μB/f.u.). Although all samples under investigation have the same carrier
concentration of 0.1 electron per Mn ion, they can be divided into two groups, depending
on the level of Sr doping. Members of the first group (0 � y � 0.1) exhibit large enough
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Figure 6. (a) Temperature dependence of MZFC and MFCC of Sm0.1Ca0.7Sr0.2MnO3 at P = 0 kbar
and 10.6 kbar in a magnetic field of H = 15 kOe. The inset shows the field dependence of
magnetization at T = 10 K under P = 0 kbar and at P = 10.6 kbar. (b) Temperature dependence
of MZFC and MFCC of Sm0.1Ca0.6Sr0.3MnO3 at P = 0 kbar and at P = 9.4 kbar in a magnetic field
of H = 15 kOe. (c) Field dependence of magnetization of Sm0.1Ca0.6Sr0.3MnO3 at P = 0 kbar for
various temperatures.

spontaneous magnetic moment M0 > 0.5 μB/f.u. at low temperatures; see figure 7. Since the
theoretical spin value for all samples is 3.1 μB/Mn site, we may conclude by a rough estimation
that the volume of the FM phase at 10 K, which approximately corresponds to the M0 value,
varies from about 28% for Sm0.1Ca0.9MnO3 and Sm0.1Ca0.88Sr0.02O3 samples to about 18% in
Sm0.1Ca0.8Sr0.1O3. On the other hand, the relative volume of the FM phase for the samples of
the second group is very small (<0.3% for y = 0.2 and 0.3 samples). The Curie temperature
TC and the paramagnetic Curie–Weiss temperature � decrease slightly for y > 0.02, pointing
out that not only the volume of the FM phase diminishes with increasing y but also the DE
interaction decreases with increasing Sr doping as well; see figures 2–4. Chmaissem et al [35]
have revealed that the behaviour of the Néel temperature TN in the Ca1−x Srx MnO3 system
can be described satisfactory as a function TN ∼ 〈cos2 φ〉, where angle φ characterizes a
bending of the (180◦ − φ) Mn–O–Mn bond angle. Zhou and Goodenough [36] have also
studied the variation of the Néel temperature with pressure for the orbitally ordered Mn(III)O3

array in the family of single-valent RMnO3 (R = La, Pr, Sm) and for the Mn(IV)O3 array
in Ca1−x Srx MnO3. They have suggested that the above empirical relationship for the Néel
temperature found for the orthorhombic structure provides evidence for the dominance of the
semicovalent-exchange term over the superexchange term. It appears that a possible reason for
the decrease in TN with Sr doping for orthorhombic Sm0.1Ca0.9−ySryMnO3 (0 < y < 0.1) may
also stem from a decrease in the bending angle. On the other hand, the above relationship does
not hold for LaTiO3, in which TN decreases as the bending angle increases [36].

As already noted, the temperature dependences of the magnetization for Sm0.1Ca0.9−ySry

MnO3 (0 � y � 0.1) show a large difference between MZFC and MFCC curves below TC

(figures 2–4), similar to that observed previously for La0.1Ca0.9MnO3 [19]. Generally, the
difference between the MFCC and MZFC in manganites is caused by a ‘freezing’ of the magnetic
moments in directions energetically favoured by their local anisotropy or by the external field
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Figure 7. Variation of spontaneous magnetization with Sr doping and fraction of the FM phase at
T = 10 K in the Sm0.1Ca0.9−ySryMnO3 system.

and may be a manifestation of FM cluster glass behaviour [1, 2, 10]. It appears that, at a high
enough density of FM clusters in Sm0.1Ca0.9−ySryMnO3 (0 � y � 0.1), samples below TC

exhibit the features typical of an FM cluster glass, namely a gap between the FCC and ZFC
magnetization curves and a frequency shift of the ac susceptibility [10, 28]; see figures 2–4.

The results of detailed combined neutron powder diffraction and magnetization
studies [13, 14] of electron-doped Ca1−x Lax MnO3 (0 � x � 0.2) suggest that La doping
in CaMnO3 leads to the formation of nanometric-scale FM clusters which are isolated for
sufficiently low doping (x < 0.05). For intermediate doping (x ∼ 0.1), a canting of a G-AFM
spin matrix, where FM clusters are embedded, takes place. The density of the FM clusters of
∼1 nm in size, as well as the FM component of the canted state, increases with the doping
level and, at some level of doping overall, the FM moment becomes dominant over the G-AFM
spin component [14]. Although, on substitution of Ca by Sr, the carrier concentration remains
constant, the variation in the bending angle of the Mn–O–Mn bond with Sr doping may affect
the canted state of the G-AFM structure and the decrease in the canting angle with y may also
be responsible for the progressive diminution of the FM component with increasing doping;
see figures 2–4.

One should note that the hysteresis loops for samples of both groups are also significantly
different at low temperatures; see figures 2, 3, 5, 6. It has been concluded previously [16, 37]
that there are two possible contributions to the magnetization: polarization of FM clusters and
spin canting of the AFM spin structure, while the coercivity occurs due to an exchange-type
coupling between the FM clusters and an AFM matrix. Hysteresis loops (see figures 2, 3, 5
and 6) show that a considerable coercive field of HC ≈ 1.8 kOe occurs only for the samples
with a low volume of the FM phase (y = 0.2 and 0.3—figure 6). In this case, the interfacial
spins between the FM and AFM regions tend to rotate with the FM clusters, but experience an
increased rotational drag due to the AFM matrix, leading to a broadening of the hysteresis loops
(figure 6) [17]. For samples of the first group, the sizes of the FM clusters increase significantly,
thus reducing the dragging and the coercive force considerably; see figures 2, 3 and 5.

Maignan et al [16] have shown that, in electron-doped RE1−x Cax MnO3 (RE = Pr, Nd,
Gd, Eu, Ho), the value of xmax, at which the amount of FM phase maximizes, shows a sharp
maximum that depends on rA and the cation size disorder. It was found [17] that an increase
in rA and σ 2 from Y3+ (1.19 Å) to La3+ (1.29 Å) results in a shift of xmax from 0.85 to 0.93.
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In hole-doped manganites, an increase in the volume of the FM phase and TC is accompanied
in general by increasing rA [1, 2]. For electron-doped Sm0.1Ca0.9−ySryMnO3, an increase in
Sr doping followed by an increase in rA and σ 2 (figure 1) results in almost full suppression
of ferromagnetism at y � 0.2; see figures 6 and 7. A similar suppression of ferromagnetism
with increasing Sr doping has been observed previously for La0.1Ca0.9−ySryMnO3, in which
Sr doping of y = 0.1 reduces the saturation moment MS to 0.1 of the MS value observed
for y = 0; see [14]. Following this study and results obtained in recent ND studies for
Sm0.1Ca0.6Sr0.3MnO3 [30], the high-temperature peaks of the magnetization (figures 6(a),
(b)) may be associated with the orbital ordering (OO) transition. The ND studies [30] of
Sm0.1Ca0.6Sr0.3MnO3 have indicated few significant features. (i) At T ≈ 150 K, a structural
phase transition to a monoclinic unit cell occurs. The above structural transition occurs
concurrently with the appearance of a C-type AFM magnetic structure at TN(C); its ordered
magnetic moment, m(C), reaches a value of about 2 μB per Mn ion at T < 20 K. (ii) At lower
temperature, a transition to a G-AFM structure occurs at TN(G) ≈ 70 K, and m(G) reaches a
value of about 1.1 μB/Mn at T < 5 K. One can conclude from figure 6(c) that the weak FM
component is superimposed on the G-AFM structure. Thus, the results presented in figure 6,
combined with ND data [30], indicate a coexistence of C-AFM regions with no FM moment
and regions with coupled G-AFM + FM moments for Sm0.1Ca0.9−ySryMnO3 (y = 0.2, 0.3).

The marked minimum seen around 85 K in the ZFC and FCC curves at ambient
pressure (figure 4(a)) and the pronounced hysteresis of the M(H ) curves in the case of
Sm0.1Ca0.8Sr0.1MnO3 (figure 5(a)) resemble the behaviour of La0.1Ca0.9MnO3 [29]. It was
suggested in the case of La0.1Ca0.9MnO3 that such effects may arise due to strong competition
between different magnetic and crystallographic structures, because La0.1Ca0.9MnO3 exhibits
a structural phase transition followed by two magnetic transitions at TN (C-AFM) ≈
TN(G-AFM) ≈ 108 K. The results of magnetic measurements obtained for La0.1Ca0.9MnO3

may indicate that the source of the hysteretic effects is related to a field-induced change in
the ratio between C-AFM-P21/m and G-AFM + FM-Pnma phases, certainly favouring the
G-AFM + FM-Pnma phase at the expense of the C-AFM-P21/m phase [38]. This effect
was found to be relatively small at low temperatures (T 	 TN) and increases with increasing
temperature (T < TN), where competing phases have comparable energies [29]. A remarkable
magnetic hysteresis was observed for Sm0.1Ca0.8Sr0.1MnO3 at 80 and 50 K (figure 5(a)), but
it is absent at 10 K, and is similar to the magnetic behaviour of La0.1Ca0.9MnO3 [29]. It is
worth noting that an applied pressure of 9.4 kbar affects the temperature and field dependences
of magnetization (figures 4 and 5) in the following way: it suppresses the marked minimum
observed at H = 100 Oe in both the ZFC and FCC curves (figure 4(a)) and diminishes the
hysteretic effect in M(H ) loops (figure 5(b)). The application of pressure also results in
an increase in M0 (see figure 5(c) and the inset to figure 5(c)) at T = 10 K. One should
note that this effect is more pronounced at a relatively low applied pressure of P < 3 kbar,
while for P > 5 kbar, M0 practically does not depend any more on pressure. As mentioned
previously [20], two mechanisms may play significant roles here: (i) an increase in the volume
of the FM droplets, inside the G-AFM matrix and; (ii) an increase in the canting angle of the
G-AFM moments.

It is worth noting that samples of the first group with y = 0, 0.02 and 0.06 do not
exhibit a minimum in ZFC and FCC and do not show hysteretic behaviour in the M(H )

dependences. This fact may also be understood in the frame of phase competition. As already
pointed out, Sm0.1Ca0.9MnO3 preserves its Pnma regular structure and exhibits only a G-AFM
magnetic structure with a relative large FM component, almost maximal in the Sm1−x CaxMnO3

system [8]. The magnetic interactions (characterized by TC, �; see figures 2–4) and the volume
of the FM phase (characterized by M0—figure 7) maintain almost the same values for y = 0,
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0.02 and 0.06, possibly due to preserving a unique G-AFM+ FM-Pnma phase. For these
samples, the effect of applied pressure on the FM phase is very small (see figure 2). An
additional doping (y = 0.1 case) may yield a competing C-AFM-P21/m phase, developed
with increasing Sr doping and becoming predominant for y � 0.2. Possibly, this is the main
reason for diminution of the magnetic interactions and for a decrease in the volume of the
FM phase in this doped manganite. Additional extensive studies of the crystallographic and
magnetic structure of the y = 0.1 sample over a wide temperature range, from low temperature
up to room temperature, are entirely needed for an understanding of the variation of magnetic
and structural phases with Sr doping,

The effect of applied pressure on the magnetic transition temperature shows that the
pressure coefficient dTC/dP ≈ 0.4–0.5 K kbar−1 observed for all samples with 0 � y � 0.1 is
similar to that found previously for electron-doped La1−x CaxMnO3 [20], Y1−x Cax MnO3 [19]
and Sm1−x CaxMnO3 [19] (x ∼ 0.9) with competing FM and AFM phases. It has been well
established that magnetic and transport properties of manganites are essentially determined
by the bandwidth W , described by the expression [39]: W ∼ cos ω/(dMn–O)3.5, where ω

is the tilt angle in the plane of the bond and dMn–O is the Mn–O bond length. In the case
of a strong Hund’s coupling effective for manganites, JH 
 W and TC ∝ W [40]. In the
absence of Jahn–Teller distortion of the MnO6 octahedron (in Sm0.1Ca0.9−ySryMnO3 samples,
only 10% of Mn ions are Jahn–Teller active Mn3+), the bandwidth W is determined by the
hopping integral t of eg electrons. Using the results obtained by Sacchetti et al [41], one may
express the variation of the hopping integral in the range of modest pressure by an empirical
expression: t (P) = t (0)[1 + 0.001P(kbar)]. Taking into account the proportionality between
t and TC at P = 0, one may conclude that the increase in the hopping integral due to variation
of structural parameters alone corresponds to values dTC/dP ≈ 0.2 K kbar−1 [1, 2, 18–21].
It is known [1, 2, 19–26] that the hole-doped manganites with an FM metallic ground state in
general exhibit a pressure coefficient of dTC/dP ≈ (1.5–2) K kbar−1. Nevertheless, the above
value of 0.2 K kbar−1 is comparable with the values observed for electron-doped manganites.
Moreover, the reduction of electron–phonon coupling under pressure may also be essential,
especially in the low-pressure regime [41].

Samples with y = 0.2 and 0.3 exhibit quite different magnetic characteristics under
pressure. For these samples, an applied pressure does not practically affect the magnetic
transition temperatures TN(C) and increases slightly only TN(G) (see figure 6), but strongly
suppresses the magnetization at all temperatures. Recently, we observed a reduction in the
magnetization in electron-doped La0.2Ca0.8MnO3 in the paramagnetic region (at temperatures
greater than both the temperature of orbital ordering and the temperature of AFM ordering
at TN < TOO ≈ 215 K) [29]. Pissas et al [11] have suggested that the broad magnetization
peak in the vicinity of the orbital ordering transition in La0.2Ca0.8MnO3 may be attributed
to the hopping of the eg electrons, which brings the FM correlations through the DE
mechanism. At lower temperatures, the eg electrons ‘freeze’ and the FM fluctuations are
replaced by a superexchange-driven AFM spin configuration. The reduction in the spontaneous
magnetization M0, the decrease in slope of M(H ), and the shift of the TN(G-AFM) towards
higher temperatures under an applied pressure (figure 6) are indicative of an enhancement of
the AFM interactions in y = 0.2 and 0.3 samples at the expense of the FM interactions.

5. Conclusions

In conclusion, we have found that low-Sr-doped Sm0.1Ca0.9−ySryMnO3 (y = 0–0.1) samples
exhibit magnetic phase separation below TC ≈ 100–110 K, consisting of ferromagnetic clusters
embedded in an antiferromagnetic G-AFM type matrix. The volume of the FM phase at 10 K



Pressure effect on the magnetic properties of Sm0.1Ca0.9−ySryMnO3 (y = 0–0.3) 9213

decreases progressively with increasing Sr doping from 28% (y = 0) to 18% (y = 0.1).
It was found that, for all samples with y = 0–0.1, an applied pressure enhances TC with
a pressure coefficient of dTC/dP ≈ 0.4–0.5 K kbar−1. Hysteretic effects in the M(H )

dependences of Sm0.1Ca0.8Sr0.1MnO3 manifest significant competition between the FM and
the AFM components in the G-type AFM structure. An applied pressure increases the volume
of the FM phase significantly for the y = 0.1 sample. The behaviour of the y = 0.2 and
0.3 Sr-doped manganites is quite different; they exhibit a heterogeneous spin configuration
in their ground state C-AFM (at ≈125 K and ≈152 K for y = 0.2 and 0.3, respectively)
and a G-AFM phase with a very weak FM moment (at ≈70 K for both samples) associated
with two magnetic transitions in their ordered magnetic structures. For these compounds, the
temperature TN(C) of the transition from a paramagnetic to a C-AFM magnetic structure is
practically insensitive to an applied pressure, while TN(G) slightly increases under pressure.
It was also found that, for both samples, an applied pressure decreases significantly the FM
correlations in the paramagnetic state (at T > TN(C)) as well as the FM component at low
temperatures.
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[30] Martin C, Maignan A, Hébert S, André G, Kurbakov A, Broto J M and Rakoto H 2006 in progress
[31] Shannon R D 1976 Acta Crystallogr. A 32 751
[32] Markovich V, Fita I, Puzniak R, Martin C, Kikoin K, Wisniewski A, Maignan A and Gorodetsky G 2006 Phys.

Rev. B submitted
[33] Mydosh J A 1993 Spin Glasses (London: Taylor and Francis)
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