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For Sm,_,Sr,MnO; (0.3 <x<0.6) single crystals, the x-dependent magnetic as well as transport properties,
including the field-induced insulator-to-metal transition, have been studied. The ferromagnetic metal at x
< 0.5 changes to the layered (A-type) antiferromagnetic nonmetal at x>0.5. At x~0.5 furthermore, where
both Tc and Ty become comparable, the charge or orbital ordering appears. At x=0.50, the crystal first
undergoes the transition to the layered-antiferromagnetic state at ~130 K and subsequently to the CE-type
antiferromagnetic charge or orbital-ordered state at ~80 K as temperature decreases. The coexisting correla-
tions of the charge or orbital ordering, ferromagnetic and layered-antiferromagnetic orderings are observed to
evolve toward the tricritical point from high temperature around x=0.5. The magnetic-field induced metal-
insulator phenomena have also been studied for the x=0.49, 0.50, and 0.51 crystals, and we have demonstrated
on the temperature versus magnetic-field plane the competing features among the charge or orbital-ordered
insulator, the layered (A-type) antiferromagnetic nonmetal, and the ferromagnetic metal.
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I. INTRODUCTION

For recent years, the manganese oxides with perovskite or
layered-perovskite structure have extensively been studied,
since the materials show a lot of intriguing phenomena such
as colossal magnetoresistance (CMR) and insulator-metal
transitions induced by various external stimuli.! In
RE,_AEMnO; (RE and AE being rare-earth and alkaline-
earth elements, respectively), a decrease in the averaged
ionic radius of the RE®* and AE>* cations [rpy=(1-x)rggs.
+Xxrapa.] leads to an increase in the tilting of MnOg octahe-
dra in terms of the lattice distortion of the perovskite struc-
ture, and thus a decrease in the effective one-electron band-
width of the e, band (W).2 In the narrowed W case, the
competing interactions against the double exchange (DE)*~
interaction become important, e.g., the collective Jahn-Teller
distortion, the antiferromagnetic interaction between local 7,,
spins, the charge or orbital ordering (CO/O0), and so forth.
In RE,_,Sr,MnOj3, the ferromagnetic metal (FM) due to DE
is most stabilized for RE=La, and the 7 becomes as high as
370 K at x~0.35.%7 For RE=Nd, the W of which is reduced,
the FM appears at 0.3<x<0.5 with the optimal T
~280 K at x=0.4, and the CO/OO appears in the vicinity of
x=0.5 (0.48 <x<0.52).3-19 Subsequently, the A-type (lay-
ered) and the C-type (chainlike) antiferromagnetic states ap-
pear at 0.5<x<0.6 and x> 0.6, respectively. The variation
of the ground state with x3-19 is in good agreement with the
theoretical calculation.'!?

As a further step to the reduction of W, the phase dia-
grams for RE=Sm have been reported on the
polycrystalline'® and single crystal.'*!> The optimal T is
further decreased to about 130 K, which is at x~ 0.45.13-15
According to Ref. 13, the ground states are the FM at 0.3
<x=0.52, and the antiferromagnetic insulating phase for x
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>0.52, respectively. For 0.4<x=0.6, the charge ordering
occurs and the critical temperature (7o) increases from
~140 to 205 K with an increase in x, which was confirmed
by the electron diffraction measurement.!> The CMR is seen
for 0.3<x<0.52.1 In Refs. 14 and 15 it has been indicated
that a sharp boundary between a ferromagnetic and an anti-
ferromagnetic phase exists at x~ 0.5, and that a local charge-
ordering phase appears for 0.5 <x<<0.575. Besides the stud-
ies on the x-dependent phase diagrams, structural
investigations on the '*Sm,SrysMnO; (Ref. 17) and a
change of the ground state near x=0.5 upon the oxygen iso-
tope substitution'®2! have been reported. In the light of the
possible phase separation,””% an increased quenched disor-
der arising from the substitution of RE with AE should also
be taken into account for such a narrowed W system as RE
=Sm.?-?° Here, the magnitude of quenched disorder can be
quantified by the variance of the ionic radii, (J'Z:Z(xri2
—-r Az), where x; and r; are the fractional occupancies and the
effective ionic radii of cations of RE and AE,
respectively.?’?® In this paper, we describe the critically
x-dependent properties of Sm;_Sr,MnO; (0.3<x<0.6)
single crystals as the representative materials for the multi-
critical phase competition. In the vicinity of x=0.5, a change
in x by one percent dramatically modifies the ground state,
and the three different phases are clearly identified as a func-
tion of x, a ferromagnetic metal (x<0.48), a charge or
orbital-ordered insulator (CO/OOI) (x=0.49 and 0.5), and an
A-type (layered) antiferromagnetic nonmetal (x=0.51). As a
result, the CO/OOI appears only at x=0.49 and 0.5, and the
coexistence of two phases is only seen at x=0.49 (FM and
CO/OO0I). Furthermore, it is found from the measurement of
an x-ray diffuse scattering that for x=0.48 and 0.51 a short-
range CO/OO exists (disappears) above (below) T and Ty,
respectively. In Sm;_, Sr,MnOj single crystals, therefore, the
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competition among the FM, CO/OO and the A-type antifer-
romagnetic nonmetal becomes prevailing in the vicinity of
x=0.5, and the tricritical feature is revealed in the
x-dependent electronic phase diagram. As for the format of
this paper, in Sec. II we first describe experimental proce-
dures. Subsequently in Sec. III, we present an overview of
the electronic phase diagram (III A), and an insulator-to-
metal transition in magnetic fields (IIT B). The summary is
given in Sec. IV.

II. EXPERIMENTAL PROCEDURES

Single crystals of Sm;_,.Sr,MnO; (0.3 <x<0.6) were pre-
pared by the floating zone method. The mixed powders of
Sm, 03, SrCO;, and Mn3;0, with a prescribed ratio were first
calcined at 1050-1100 °C for 12-24 hours in air. The
specimens were pulverized and again sintered in the same
condition. Then, the powders were pressed into a rod with
~4 mm in diameter and ~50 mm in length. The rod was
fired at 1300—1400 °C for 12—24 hours in air. The crystal
growth was performed in an oxygen atmosphere with rotat-
ing feed and seed rods in opposite directions. The growth
rate was set at 10-20 mm/h. Rietveld refinement of the
powder x-ray diffraction pattern indicated that the obtained
crystal is of a single phase, and that the crystal structure is
orthorhombic Pbnm (ay~ by~ co/ N2 ~ \2a,, where a, is the
lattice parameter of the pseudocubic lattice). The cation ratio
of the obtained crystals was also checked by the inductively
coupled plasma (ICP) spectroscopy. The analyzed cation ra-
tio, the lattice parameters, and the transition temperatures for
several crystals of Sm;_,Sr,MnQOj are listed in Table I. Mag-
netization was measured by a SQUID magnetometer
(MPMS, Quantum Design Inc.). Resistivity in magnetic
fields was measured in a cryostat equipped with a supercon-
ducting magnet up to 9 T. The electrodes for the resistivity
measurement were made by gold or silver paste.

For several crystals, a single crystal x-ray diffraction was
performed, using an imaging plate system monochromated
with Mo K« radiation. A crystal was mounted on a goniom-
eter with a (0 0 1) plane of the pseudocubic setting almost
perpendicular to a beam axis. The temperature was changed
down to ~50 K with the use of a closed cycle helium refrig-
erator. In addition, the experimental detail about the inelastic
neutron scattering study on the ]54Sm0'558r0.45MnO3 crystal
has been described in Ref. 30.

III. RESULTS AND DISCUSSION
A. An overview of the electronic phase diagram

Figure 1 shows the electronic phase diagram for
Sm,;_,Sr,MnO; (0.3<x<0.6) crystals. For x<<0.5, the fer-
romagnetic metal dominates, and the 7 becomes maximal
(~135 K) at x~0.45, which is in agreement with the results
in Refs. 13-15. For x>0.5, similarly to the systems of
RE,_Sr,MnO; with RE=La, Pr, and Nd, the antiferromag-
netic state [perhaps A-type with the ordering of (x?—y?) or-
bital] becomes prevailing, and the Ty increases with an in-
crease in x. At x~0.5, where both 7 and Ty become
comparable, the CO/OOI appears, but in spite of that T is

PHYSICAL REVIEW B 74, 104420 (2006)

TABLE 1. The analyzed cation ratio, lattice parameters, and
transition temperatures of Sm;_,Sr,MnO; prepared by the floating
zone method (0.4 <x<0.55).

X X Lattice parameters,  Tc,? Tcq,S and
(Nominal) Sr/(Sm+Sr)*  ag, by, and ¢ [A] Ty [K]
0.40 0.398 ap=5.4412, by=5.4334, 122.9
co=7.6836
0.45 0.451 ay=5.4404, by=5.4297, b134.8
cy=7.6593
0.48 0.480 ay=5.4431,by=5.4210, 129.0
co=7.6442
0.49 0.493 ay=5.4449, by=5.4202, 9116.5, °118.3
co=7.6411
0.50 0.502 ay=5.4453, by=5.4184, ©99.7, 4128.0
co=7.6339
0.51 0.510 ap=5.4463, by=5.4171, 41425
co=7.6285
0.55 0.548 ap=5.4651, by=5.42717, 4178.5
cy=7.6167

2The cation ratio has been determined by the ICP spectroscopy.
"The averaged value determined from the resistivity in the cooling
and warming runs.

“The averaged value determined from the resistivity in the cooling
and warming runs.

dThe averaged value determined from the resistivity in the cooling
and warming runs.

decreased to about 100 K. In Fig. 1, therefore, the point of
(x~0.5,T~120 K) is considered as the multicritical point,
near which the three phases, FM, CO/OOI, and the A-type
antiferromagnetic state, are competing with each other.

In Fig. 2 are shown the temperature profiles of magneti-
zation [(a), ()], the resistivity [(b), (f)], the lattice param-
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FIG. 1. (Color online) The electronic phase diagram of
Sm,_,Sr,MnOj3 (0.3 <x<0.6). The ferromagnetic metal, the A-type
antiferromagnetic state and the charge/orbital-ordered insulator are
denoted as FM, AF (A-type) and CO/OOI, respectively. The transi-
tion temperatures from (to) the FM, AF, and CO/OOI are denoted as
open (closed) squares, triangles, and circles, respectively.
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FIG. 2. (Color online) The temperature profiles of magnetization
[(a) and (e)], resistivity [(b) and (f)], lattice parameters [(c) and (g)],
and the intensity of x-ray diffuse scattering around (0 2 0) [(d) and
(h)] for the x=0.48 (a)—(d) and 0.51 (e)—(h) crystals, respectively. In
Fig. 2(d), the temperature profiles of the antiferromagnetic neutron
diffuse scattering, (0.5 0.06 0.06) for the 154Sm|_XerMnO3 (x
=0.45) single crystal are also shown (cited from Ref. 30. Insets
show the x-ray diffuse scatterings at 120 K, 140 K for x=0.48 (d),
and 100 K, 160 K for x=0.51 (h), respectively. The reflections are
indexed in the pseudocubic setting. The reflections at both the left
and right sides of (0 2 0) are due to the twinning of the crystal.

eters [(c), (g)], and the intensity of x-ray diffuse scattering
around (0 2 0) diffraction in the pseudocubic indices [(d),
(h)P! for the x=0.48 (left) and 0.51 (right) crystals, respec-
tively. In Figs. 2(d) and 2(h), the intensity of the diffuse
scattering at (—0.15 1.85 0) was estimated by fitting the pro-
file of (=0.15+ 6 1.85+6 0) (=0.25 < §=<0.25) with a Gauss-
ian form, and normalized by an intensity of (1 1 0) diffrac-
tion. [This estimation in the pseudocubic indices corresponds
to that of the intensity of the diffuse scattering around (2 2 0)
by fitting the profile of (1.7 2+Ah 0) (-0.5<Ah<0.5) in
the orthorhombic Pbnm (ay~by~cy/2) indices.]’! The
charge or orbital correlation in a short range is well quanti-
fied by an intensity of the diffuse scattering.’>3

As shown in Figs. 2(a) and 2(b), the x=0.48 crystal un-
dergoes the transition to the FM at ~130 K. The transition is
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accompanied by the slight elongation of c(, as well as con-
tractions of a, and b, as shown in Fig. 2(c). In accord with
this, the intensity of the x-ray diffuse scattering marked with
closed circles is distinctly suppressed below ~130 K [Fig.
2(d)]. These changes of the structural properties indicate that
for the x=0.48 crystal the CO/OO correlation is enhanced,
while remaining short range as the temperature approaches
T, but it is suddenly removed at T¢.3!

In Fig. 2(d) with the right ordinate we show the tempera-
ture evolution of the antiferromagnetic neutron diffuse scat-
tering at (0.5 0.06 0.06) for the 154Sm1_xerMnO3 (x=0.45)
single crystal (T-=134.8 K),** by which the magnitude of
the A-type antiferromagnetic correlation in a short range may
be well quantified. Since the temperature evolutions of the
physical quantities (magnetization, resistivity, lattice param-
eters, and x-ray diffuse scattering) for the x=0.48 crystal as
shown in Figs. 2(a)-2(c) are almost identical with those for
the x=0.45 crystal, the A-type antiferromagnetic interac-
tion is likely to be present with a comparable magnitude also
in the x=0.48 crystal. Although the A-type antiferromagnetic
state does not appear as the ground state for x<<0.5, Fig. 2
(left) indicates that even for x<<0.5 the A-type antiferromag-
netic correlation in a short range may exist at 7> T in ad-
dition to the CO/OOQ correlation in a short range. The obser-
vation of both the CO/OO correlation with staggered (3x°
—r?)/(3y*~r?) orbital states and the orbital or spin fluctua-
tion with (x?—y?) orbital and A-type spin correlation indi-
cates the presence of the multicritical point around x=0.5
and 120 K (see Fig. 1).

As shown in Figs. 2(e) and 2(f), both the magnetization
and resistivity show decreasing at ~140 K, indicating that
the x=0.51 crystal undergoes the transition to the (A-type)
antiferromagnetic and nonmetallic state at ~140 K. In Fig.
2(g), the contraction of ¢, and the elongations of a, and b,
are seen at the same temperature. Upon the transition to the
A-type antiferromagnetic state, such a structural change is
expected due to the ordering of the (x*>—y?) orbital within the
ab plane of the orthorhombic Pbnm crystal lattice.** In Fig.
2(h), the intensity of x-ray diffuse scattering, i.e., the CO/OO
in a short range is observed to be weakened below ~140 K.
Thus, the ground state of the x=0.51 crystal is the A-type
antiferromagnetic nonmetallic state.

Next, we further blow up the x-dependent properties in
the Sm;_,Sr,MnOs;. In Fig. 3 are shown temperature profiles
of the magnetization [(a), (e)], the resistivity [(b), (f)], the
lattice parameters [(c), (g)], and the intensity of x-ray diffuse
scattering [(d), (h)] for the x=0.49 and 0.50 crystals, respec-
tively. For x=0.50, as shown in Figs. 3(e) and 3(f), the mag-
netization and resistivity show a decrease around 130 K,
which is similar to the transition at ~140 K for the x=0.51
crystal [Figs. 2(e) and 2(f)]. With a further decrease in tem-
perature, however, another transition is seen around 80 K in
the cooling process, accompanied by a decrease in magneti-
zation and an increase in resistivity. The transition in the
warming process occurs around 120 K, showing an appre-
ciable thermal hysteresis. In Fig. 3(g), the contraction of ¢,
as well as the elongations of a, and b, are seen at ~120 K.
In Fig. 3(h), the magnitude of the diffuse scattering around (0
2 0) as a CO/OO correlation in a short range increases as the
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FIG. 3. (Color online) The temperature profiles of magnetization
[(a) and (e)], resistivity [(b) and (f)], lattice parameters [(c) and (g)],
and the intensity of x-ray diffuse scattering around (0 2 0), as well
as the peak intensity of the superlattice diffraction of (x0.25 1.75 0)
[(d) and (h)] for the x=0.49 (a)—(d) and 0.50 (e)—(h) crystals, re-
spectively. In Figs. 3(d) and 3(h), the estimation of the intensity of
the diffuse scattering is the same as that in Figs. 2(d) and 2(h).
Insets show the diffuse scatterings at 100 K, 120 K for x=0.49 (d),
and 80 K, 120 K for x=0.50 (h), respectively. The reflections are
indexed in the pseudocubic setting. The reflections at both the left
and right sides of (0 2 0) are due to the twinning of the crystal.

temperature decreases from 300 to 160 K. Below 80 K,
however, the diffuse scattering disappears but the distinct
superlattice diffraction of (1/4 7/4 0) is observed as the in-
dication of CO/OO in a long range. Thus, with a lowering
temperature, the x=0.5 crystal first undergoes the transition
to the A-type antiferromagnetic state and successively to the
CE-type antiferromagnetic CO/OO state.

In the case of x=0.49, as shown in Fig. 3(a), a transition
to the ferromagnetic state seems to take place at ~110 K. In
Fig. 3(b), in contradiction with the ferromagnetic transition,
the resistivity shows a steep increase (decrease) at ~110 K
(~125 K) in the cooling (warming) run, which rather sug-
gests the first-order transition to (from) the CO/O0O. The tem-
perature profiles of powder x-ray diffraction pattern in Fig.
3(c) indicate that the two phases are coexisting below
~120 K. For one phase (open squares, circles, and tri-
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FIG. 4. (Color online) The temperature profiles of resistivity in
magnetic fields for the Sm;_ Sr,MnOjs crystals with x=0.49 (a), 0.5
(b), 0.51 (c), and 0.52 (d), respectively. The cooling and warming
runs are denoted as dotted and solid lines, respectively.

angles), the a, and b, contract while ¢, elongates upon the
transition, which is similar to the case of the x=0.48 crystal.
For another phase (closed squares, circles, and triangles),
they are vice versa. In Fig. 3(d), the magnitude of the diffuse
scattering around (0 2 0) increases as the temperature de-
creases from 300 to 140 K. Below 100 K, however, the dif-
fuse scattering disappears but the superlattice diffraction of
(=1/4 7/4 0) is discerned. Thus, for the x=0.49 crystal the
FM and CO/OOI are coexisting below ~110 K.!7 The resis-
tivity of the x=0.49 crystal still keeps insulating at low tem-
perature as shown in Fig. 3(b), however, the ratio of the FM
in the crystal is considered to be less than the percolation
limit. According to the observed magnetization value
(0.05u5/Mn site at 100 Oe) compared with the ideal satura-
tion value (3.5u/Mn site), the volume fraction of the FM of
the crystal is estimated to be less than 1.5%. The important
feature to be noticed here is that the transition temperatures
(~110 K) to the ferromagnetic state and to the CO/OO state,
which coexist in the x=0.49 crystal, are almost identical.
This is a hallmark of the multicritical phase competition.

B. An insulator to metal transition in magnetic fields

To argue the phase stability against magnetic field we
show in Figs. 4(a)—4(d) the temperature profiles of resistivity
in magnetic fields for the crystals of x=0.49-0.52, respec-
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FIG. 5. (Color online) The magnetization (a)—(c) and resistivity (d)—(f) isotherms for the Sm;_,Sr,MnOj; crystals with x=0.49 [(a) and

(d)], 0.5 [(b) and (e)], and 0.51 [(c) and (f)], respectively.

tively. In Figs. 4(a) and 4(b), the CO/OOI as the ground state
changes to the FM at ygH=1T for x=0.49 and at uyH
=3 T for x=0.5, respectively. For x=0.51, as shown in Fig.
4(c), the A-type antiferromagnetic state remains up to 3 T,
while it turns into a FM at 7 T. At 5 T, a metallic state is
seen between ~130 and ~110 K in the cooling run, but it
changes to an A-type antiferromagnetic state (perhaps with
canting) below ~100 K. In the warming run, the canting
remains up to ~150 K. For x=0.52, as shown in Fig. 4(d),
the A-type antiferromagnetic state is more stabilized and sub-
sists to 5 T although a negative magnetoresistance is seen
above Ty due to the field-enhanced ferromagnetic correla-
tion. At 7 T, however, a metallic state is induced between
~170 and ~140 K (~160 and 170 K), but it is replaced
with the A-type antiferromagnetic state below ~130 K
(~150 K) in the cooling (warming) run. In the case of x
=0.52, the A-type antiferromagnetic state survives at low
temperatures even at 7 T.

Figure 5 shows the magnetization (a)—(c) and resistivity
(d)—(f) isotherms for the x=0.49, 0.5, and 0.51 crystals, re-
spectively. All the crystals show the metamagnetic transitions
at some critical magnetic fields, which are accompanied by
the steep changes in resistivity. For x=0.49, as an example,
the magnetization at 50 K shows the metamagnetic transition
at ~5.5 and ~1 T in the field-increasing and -decreasing
runs, respectively. Accordingly, the resistivity at the same
temperature shows the steep decrease and increase in the
corresponding magnetic fields. It is noted in Fig. 5(a), how-
ever, that a magnetization by ~0.8ug/Mn site is already
seen at low fields (uoH <1 T), which is ascribed to the co-
existence of the FM with the CO/OOI for x=0.49 as indi-
cated in Figs. 3(a)-3(d).

Figure 6 shows the phase diagrams plotted on the tem-
perature versus the magnetic-field plane which are composed
of the CO/OO]I, the A-type antiferromagnetic nonmetal, and
the FM for the x=0.49, 50, and 0.51 crystals. In the case of
x=0.49, the CO/OO0I changes to the FM by application of an
external magnetic field, although a small amount of FM al-
ready exists in the CO/OOL. In the case of x=0.50, as indi-
cated in Fig. 3, the transition above ~80 K is considered
between the A-type antiferromagnetic nonmetal and the FM,
while that below ~80 K is between the CO/OOI and FM.
Finally, in the case of x=0.51, the transition is between the
A-type antiferromagnetic nonmetal and the FM. It is noted in
Fig. 6 that the widths of the hystereses at low temperatures in
the phase diagrams for x=0.49 and 0.5, which is related to
the transition between the CO/OOI and the FM, are rather
pronounced as compared with those for x=0.51 between the
A-type antiferromagnetic nonmetal and the FM.

The present phase diagrams reveal the two routes to the
magnetic-field-induced nonmetal-to-metal transition, that is
via the competition between the A-type antiferromagnetic
state and the FM, in addition to the already well-addressed
one between the CO/OOI and the FM, near such a multicriti-
cal region.

IV. SUMMARY

We have studied the x-dependent properties of the
Sm;_,Sr,MnO; (0.3 <x<0.6) single crystals. The ferromag-
netic metal at x<<0.5 changes to the A-type antiferromag-
netic state at x>0.5. At x~ 0.5, where both the 7 and Ty
become comparable, the charge or orbital ordering appears.
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- x=0.51
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J FIG. 6. (Color online) The phase dia-
. grams among the CO/OOI, the A-type an-
1 tiferromagnetic nonmetal and the FM for
n the Sm;_,Sr,MnO5 with x=0.49, 50, and
0.51 crystals, which are plotted on the tem-
perature versus the magnetic field plane.
i The transitions from (to) the CO/OOI are
- denoted as open (solid) squares, and those
E from (to) the A-type antiferromagnetic
nonmetal are open (solid) squares, respec-
tively. The temperatures for the metal-
insulator transitions defined in the tem-
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50

0 2 4 6 8 10
Magnetic Field [T]

At x=0.5, the crystal first undergoes the transition to the
A-type antiferromagnetic state at ~130 K and subsequently
to the CE-type antiferromagnetic charge or orbital-ordered
state at ~80 K as temperature decreases. The point of (x
~0.5, T~ 120 K) on the electronic phase diagram (the criti-
cal temperatures versus the x plane) is thus considered as a
multicritical point. As the compound approaches this multi-
critical point from the higher temperature side, the fluctua-
tions, or the short-range correlations of the A-type antiferro-
magnetism and the charge or orbital ordering are both
observed in x-ray and/or neutron scattering as the competi-
tors with the ferromagnetic state.

We have also studied the field-induced phenomena for the
crystals around x=0.5. At x=0.49, the ferromagnetic metal

perature profiles of resistivity are denoted
as open (cooling runs) and closed (warm-
ing) circles, respectively. The hystereses
are hatched.

and the charge or orbital-ordered insulator coexist. The
charge or orbital-ordered insulator as the ground state at x
=0.5 changes to the A-type antiferromagnetic nonmetal at x
=0.51. For the x=0.49, 0.50, and 0.51 crystals, we have
demonstrated also on the temperature versus magnetic-field
plane the multicritical phase competition among the charge
or orbital-ordered insulator, the A-type antiferromagnetic
nonmetal, and the ferromagnetic metal.
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