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Currently there is a great deal of interest in the investigation of substituted manga-
nites R; _,A,MnO;, where R is a rare earth and A =Ca,Sr, ... This is due to the dis-
covery of colossal magnetoresistance' as well as diverse magnetic and structural phase
transformations>> in these materials. These compounds all have the property that on
doping with divalent Ca and Sr ions their magnetic structure changes from antiferromag-
netic (with weak ferromagnetism) at x=0 to ferromagnetic at x=0.2+0.3, and their
resistance decreases strongly.” Their crystal structure also undergoes a number of trans-
formations. For example, as the Sr content in La, _,Sr,MnO; increases, the crystal sym-
metry changes from orthorhombic to rhombohedral, and in the intermediate Sr concen-
tration range x = (0.1+0.15) an unusual polaron-ordered state is observed, which neutron
diffraction data® show to be due to an ordered arrangement of heterovalent ions
Mn®*/Mn** in alternating (001) planes and to the formation of a corresponding super-
structure.

T+x diagrams which, to a certain extent, take into account the observed phase
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transformations in La;_,Sr,MnO; have been proposed in a number of works.**” How-
ever, these investigations were performed for a small set of compositions and in a limited
temperature interval, so that the phase diagrams are mainly of a schematic character, and
in some places they even contradict one another (see, for example, Refs. 4, 5, and 7).

In the present work complete investigations were performed of the magnetic and
structural phase transitions in La; _,Sr,MnOj; in a wide interval of temperatures (up to
1050 K) and concentrations (0<x<0.45) on the basis of measurements of their static
(magnetization, susceptibility, resistance, magnetoresistance) and submillimeter dynamic
properties (permittivity, conductivity). Speci®cally, the permittivity was observed to in-
crease strongly at phase transitions to a polaron-ordering state, and for lightly doped
compositions two structural phase transformations were observed at high temperatures.
As a result, the complete 7+x phase diagram of the system was constructed.

We investigated La; _,Sr,MnO; (0<x=<0.45) single crystals grown by the ~oating-
zone method with radiation heating. The resistivity p(7) was measured by a four-probe
method in the temperature interval 4.2< 7<= 1050 K. The magnetic susceptibility x,.(7)
was measured by an induction method at frequencies ranging from 4 Hz up to 2.5 kHz at
T=4.2-300 K. The amplitude of the ac ®eld ranged from fractions of an oersted to
several kOe. The measurements of the magnetization M(H) were performed on a
vibrating-coil magnetometer in ®elds up to 14 kOe at temperatures 7=4.2+300 K.

The dynamic properties were investigated by submillimeter quasioptic backward-
wave-tube (BWT) spectroscopy® in the frequency range »=35+20 cm | at
T=5+300K. The transmission 7(v) and phase ¢(v) spectra of plane-parallel samples
with transverse dimensions of 8+10 mm and thickness 0.1+1 mm were measured, and the
results were used to determine the complex permittivity spectrum e=¢'+i€e” or the
dynamic conductivity spectrum =o' +io” using the well-known formulas for the
transmission of a plane-parallel slab.

The results of the measurements of the temperature dependences of the magnetic
susceptibility and resistance for different concentrations are presented in Figs. 1 and 2,
while Fig. 3 illustrates the temperature behavior of the submillimeter permittivity and
dynamic conductivity for x=0.125 together with the static conductivity, magnetic sus-
ceptibility, and magnetization. One can see that the temperature dependences of these
quantities exhibit a number of anomalies, which are designated in the ®gures by different
symbols and which we identi®ed with different magnetic and structural phase transitions.
The temperatures of the corresponding phase transformations depend strongly on the
composition and are represented in the form of the 7+x phase diagram in Fig. 4.

The sharp peak in the susceptibility x,.(7) (Fig. 1), observed for pure LaMnOs, is
due to the antiferromagnetic ordering of Mn>" ions at the Néel point 7y= 140 K. Below
Ty spontaneous and remanent magnetization appear, attesting to the fact that the mag-
netic structure is not purely antiferromagnetic but rather weakly ferromagnetic. A similar
behavior of yx,.(7) and the magnetization also occurs for lightly doped compositions
(x=0.05 and 0.075), the only difference being that the spontaneous magnetization in this
case increases considerably: from ~4 G-cm®/g for x=0 up to ~17 and ~25G-cm®/g,
respectively, for x=0.05 and 0.075 at T=4.2 K. This indicates a strong increase in the
degree of noncollinearity of the magnetic structure as x increases. The behavior of the
antiferromagnetic resonance (AFMR) which we observed in pure and lightly doped
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FIG. 1. Temperature dependences of the magnetic susceptibility of La, _,Sr,MnOj; single crystals. The arrows
mark the Curie temperatures; the symbols A mark the temperatures of transitions between the rhombohedral R
and orthorhombic O* phases; the symbols A mark the temperatures of the transition to the polaron-ordering
phase P.

LaMnO;’ D the AFMT frequencies decrease appreciably as the Sr content increases
(19 em™! and 6 cm™! for x=0 and 0.05, respectively), while AFMR vanishes for
x=0.1 D also indicates suppression of antiferromagnetic order as the doping level in-
creases.

At high doping levels (x=0.15) the x,.(T) curves have a sharp anomaly (marked
by the arrow), associated with the appearance of ferromagnetic order at T=T,. As x
decreases and T decreases (Fig. 4), the ordered state apparently becomes magnetically
nonuniform, as is indicated by the smeared character of the transition on the y,.(7)
curves as 7— T for x=0.1 and 0.125. In addition, the maximum susceptibility x,. is
less than the value 1/N corresponding to the maximum susceptibility at the Curie point of
a homogeneous ferromagnet with demagnetizing factor N. We arrive at the same conclu-
sion also from an analysis of the ®eld dependences of the magnetization: The initial slope
of the curves M(H) at temperatures 7<<T is less than that for compositions with x
=0.175, and saturation is not reached in ®elds up to 13 kOe. The nonuniformity of the
magnetic state is apparently greatest in the hatched region of concentrations 0.8+0.9 in
the phase diagram, where the lines T-(x) and T(x) come together, and here the details
of the diagram require additional investigation.

As one can see from Fig. 2, as the Sr content increases, the resistivity at low
temperatures decreases from values >10% () - cm (the instrumental measurement limit) to
~4.7+107° Q-cm for the compound with x=0.3. The form of the p(T) curves on the
whole corresponds to the results of Ref. 2, which were also obtained for single crystals
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FIG. 2. Temperature dependences of the resistivity p of La;_,Sr,MnO; single crystals. The arrows mark the
Curie temperatures; the symbols A mark the temperatures of the transition between the R and O* phases; ¥
mark the temperatures of the transition between the two orthorhombic phases O’ and O*; and, A mark the
temperatures of the transition to the polaron-ordering phase P. Inset: Behavior of p(7) accompanying a
structural phase transition O* —R in pure LaMnOj;.

but at temperatures 7<<500 K. For compounds with x=0.15 the value of 7 determined
from the anomalies on the y,.(7) curves, and the maxima of the magnetoresistance
approximately corresponds to the maximum of the derivative dp/dT. The resistivity
minimum, marked by the open triangles, below T and the change in the behavior of
p(T) from metallic to semiconductor behavior, which are observed for compositions with
0.1=x=0.15, attest to strong charge-carrier localization at low temperatures and, as
neutron-diffraction investigations show,* a transition to a polaron-ordering phase P at
T=T,. We note that additional anomalies, marked by open triangles, are also observed
at this transition on the x,.(7) curves for x=0.1, 0.125, and 0.15 (Fig. 1).

Here what is meant by a polaron is a hole in the e, orbitals of the Mn®* ion (ie.,
actually a Mn*" ion), surrounded by a corresponding local distortion of the lattice. Since
the Mn*" ion, in contrast to the Jahn+Teller Mn®>* ion, does not give rise to strong local
distortion of oxygen octahedra, the lattice symmetry increases near such a polaron. Ac-
cording to Ref. 4, the polaron phase P is an ordered arrangement of Mn>* and Mn** ions
for which one of the two alternating atomic layers in the (001) plane contains only Mn>*
ions, as in pure LaMnO5, while the other layer contains both Mn** and Mn** ions, i.e.,
holes. For the optimal concentration x=0.125, the holes in this layer occupy 1/4 of the
positions of manganese and form a quadrupled (2 X2) square lattice with the respect to
the initial perovskite cubic cell. As a result, a superstructure with wave vector (1/2, 1/2,
1/4) is formed. This structure apparently remains even in the presence of a small devia-
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FIG. 3. Temperature dependences of the permittivity €’(13.3 cm™!) (a), dynamic conductivity ¢’ (13.3 cm™!)
and static conductivity o, (b), magnetic susceptibility x,. (c) and magnetization M (d) of La; _,Sr,MnOs. The
labels 1 and 2 for €’ and o’ correspond to different polarizations of the radiation. The vertical arrows mark the
temperatures of the polaron (7,) and magnetic (T¢) orderings and the structural transition O'— O* (T, .

tion of the Sr concentration from the optimal value 0.125 (within the range from 0.1 to
0.15).

Besides the anomalies associated with polaron ordering, other anomalies are also
observed in the temperature dependences p(7) in samples with x<0.2. We attribute the
most pronounced ones, which are marked by the symbols ¥, to a phase transition from
a strongly distorted Jahn+Teller orthorhombic phase O’ with Pnma symmetry (b/ 2
<c<a) to a weakly distorted orthorhombic (pseudocubic) structure O* (b/\2~a~c)
at T, relying in so doing on the neutron diffraction data given in Ref. 5 for the compo-
sition x =0.125, where the same transition is observed at 7, ~250 K. The temperature of
this transition increases rapidly as the concentration x decreases and reaches 750 K at
x=0, while in the process the resistance changes abruptly by almost an order of magni-
tude. A similar behavior of p at a Jahn+Teller transition in pure LaMnO; was also
observed in Ref. 10.

In addition, we observed in the temperature dependences p(7') at higher tempera-
tures a second transition accompanied by a weaker jump in the resistivity and marked by
the symbol A in Fig. 2 (see inset for x=0). As x increases, the temperature 7, of this
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FIG. 4. Structural and magnetic T+x phase diagram of La,_,Sr,MnO;. R P rhombohedral phase; O* D
weakly distorted orthorhombic phase; O’ D strongly distorted (Jahn+Teller) orthorhombic phase; P D
polaron-ordering phase; Para D paramagnetic state; F P ferromagnetic state; CAF D noncollinear phase; T
and Ty D Curie and Nekel temperatures; T, and 7, D temperatures of the transitions O*—R and O’ —O%*,
respectively; and, T, D temperature of the transition to the polaron-ordering phase.

transition decreases appreciably, and for x=0.14 the transition temperatures agree well
with published data for a structural transition between orthorhombic O* and rhombohe-
dral R phases.>® This gives us a basis for identifying the observed transitions as
O*—R right down to x=0. In the region of magnetic ordering, for x=0.175 and 0.2,
these transitions also manifest themselves in the form of a sharp change in the suscepti-
bility (Fig. 1) and magnetization. Therefore two high-temperature structural phase tran-
sitions O' —O* and O* — R, corresponding to the lines 7. (x) and T,(x) on the phase
diagram in Fig. 4, occur in La; _,Sr,MnO;. The structures of the rhombohedral R and
orthorhombic O* phases are determined by distortions of the initial perovskite cubic
structure which are associated with a rotation of the oxygen octahedra around axes of the
type [111] and [110], respectively, while the structure of the orthorhombic phase O’ is
associated with the additional distortion of the O* phase in the presence of static coop-
erative Jahn+Teller ordering of the deformed oxygen octahedra.

Let us now turn to the results of submillimeter measurements of the permittivity
€'(T) and dynamic conductivity o'(T), whose temperature dependences for x=0.125
are presented in Fig. 3 for the frequency »=13.3 cm™!. The curves 1 and 2 refer to
different polarizations of the radiation, which correspond to minimum and maximum
transmission. This is evidently associated with the anisotropy of the crystal. It is evident
see that appreciable anomalies are observed in the curves o’ (T) and €’ (T). They corre-
spond well with the features appearing in the curves of the static conductivity o,;.(T),
magnetic susceptibility x,.(7), and magnetization M(H) (Fig. 3¢ and 3d) as a result of
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phase transitions at 7, T, and T, . The appreciable increase in €’ (7)) after ferromag-
netic ordering and a transition to the polaron phase P (T<<T),) attests to a substantial
transformation of the crystal lattice and apparently a restructuring of the electronic spec-
trum of the crystal. The latter was observed recently in the optical conductivity spectra
o’ for a roughly similar composition (x=0.1) and was manifested as the appearance of
a maximum of ¢’ at the frequency ~0.5eV (4000 cm™ ') for 7<<T,'! attributed to
electronic transitions between the states of the spin-polarized e, band of Mn®* split by
the Jahn+Teller interaction. The strong growth of €’ (7) which we observed at tempera-
tures T<<T' is apparently due to the presence of strong Jahn+Teller spintlattice cou-
pling and a transition to a polaron-ordered state. We also observed a similar behavior of
€'(T) for compositions x=0.1 and 0.15, where €' increased at a transition to the
polaron-ordered phase P by the amounts A€’ ~ 10 and 50, respectively. At the same time,
for the lightly doped compositions x=0, 0.05, and 0.075 €'(7) did not exhibit any
anomalies and decreased continuously by 5+15% as the temperature decreased. There-
fore the growth (jump) in €’ is a characteristic feature of the transition to the polaron
phase P, and its boundary with the Jahn+Teller phase O’ falls in the concentration range
between 0.075 and 0.1.

In summary, it has been shown in this work that the magnetic, dielectric, and
conducting properties of La; _ ,Sr,MnO; are closely related, the relationship being most
clearly manifested at phase transformations, and the complete 7+x phase diagram of this
system was constructed.
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