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Ferromagnetism-induced reentrant structural transition and phase diagram
of the lightly doped insulator La;_,Sr,MnO5 (x<0.17)
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The crystal structure of the lightly doped insulating system L&r,MnO; with x<0.17 has been studied
in detail using neutron diffraction. It has been established that this system has two orthorhombic phases. One
is theO'’ phase withb/2< c<a and with static Jahn-TellgdT) distortions, while the other is a pseudocubic
phase withb/\2~a~c, which we call the O* phase. In particular, thex=0.125 sample exhibits
O* —0’'—O* reentrant structural transitions. For 018<0.17 a ferromagnetic ordering strongly suppresses
lattice distortions at and below the ferromagnetic transition temperature. These results demonstrate a strong
coupling between structural distortion, ferromagnetic ordering, and transport properties in the insulating
La;_,Sr,MnO4 system[S0163-182606)50922-1

Recent discoveries of a colossal magnetoresistance in disers k;=2.67 A~! (GPTAS, 2.58 A" (HQR), and 1.55 A
torted perovskite manganités® a lattice structure switching ~! (HER). A variety of collimator combinations were uti-
by a magnetic field in the Lgg:Sro1Mn0O3,° and a charge lized as required by the measurements. The samples were
ordered state controlled by a magnetic field inplaced in aluminum cellsin a closed cycle helium gas refrig-
Prq,Sr,MnO3 (Ref. 10 and in Pr_,Ca,MnO; (Refs. 11—  erator. The sample temperature ranging from 7 to 350 K was
14) distinctly indicate that spin and lattice freedoms are in-controlled within accuracy of 0.1°.
timately connected to transport properties in the doped man- To accurately determine the structure of the
ganate systems. These findings have renewed the interestlia; ,Sr,MnO; samples and to avoid complications in the
this family of manganites. One of the parent materials ofanalysis due to the domain distribution and twinning, our
these systems, LaMngis a Mott insulator. The substitution measurements were performed on powder samples prepared
of a trivalent La ion by a divalent alkaline-earth ion leads toby powdering melt-grown crystals. The method of sample
a ferromagnetic metallic state, which has been long knowmreparation has been described in detail in Ref. 23. X-ray
as a phenomenon mediated by a double exchangeowder diffraction confirmed that all samples were single
mechanisnt®~2° Another important feature of the mangan- phase. In this paper, we labeled all samples by their nominal
ites is that a MA™ ion is a Jahn-TellefJT) ion. It has been  Sr concentrations.
recently pointed out that the influence of the JT effects has to First, we show the magnetic and structural phase dia-
be taken into account to understand the magnetic as well agams of the lightly doped La ,Sr,MnO4 system in Fig. 1.
transport properties in the lightly doped manganesdn both panels, the filled symbols denote the data points de-
systen?122 termined by our group in this and previous wofR$>while

Despite recent intense research activities in this fieldthe open symbols are taken from Ref. 8. The solid and dotted
there has been very little neutron diffraction work on thecurves are guides to the eye.

La;_,Sr,MnO; and La_,Ca,MnO; systems since the The magnetic phase diagram is shown in the left panel;
early work of Wollan and Koehler on La,Ca,MnO;.1®  there are three magnetic phases, a paramag(ie, a fer-
Thus, motivated by the lack of detailed information on theromagnetic (FM), and a canted antiferromagnetiCAF)
magnetic and lattice structure of many of these manganitegphase which are color-coded by blue, pink, and orange, re-
we have carried out a systematic neutron diffraction study ofpectively. We note that the low temperature phase for
the La;_,Sr,MnO; system in the insulating region with 0.10sx=<0.15 was identified as a ferromagnetic insulator
x<0.17. In this paper we report the structural and magnetighase in Ref. 8. Our neutron diffraction experimeiit,
phase diagrams of this system. The detailed magnetic behakiowever, have established that the samples with
ior of the system has already been repofied. x=0.10,0.125 show two transitions, marking the onset of

The neutron diffraction measurements were performedM long-range ordering &l (filled squaresand AF order-
using the triple axis spectrometers GPTAS, HER, and HQRnNg at T, (filled circles. Examining the temperature depen-
installed at the JRR-3M reactor at JAERI, Tokai. The specdence of the resistivity measurements reported in Ref. 8, we
trometers were operated in the double axis mode, anfind that the resistivity of these samples is metallic for
the (002 reflection of pyrolytic graphite composite mono- Tca<T=<T,., exhibits a sharp upturn &t;,, and then be-
chromators was utilized to obtain incident neutron wave veceomes of semiconducting character. Therefore, we suggest
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Lay -xSrXMnO3

Sr concentration x

that the intermediate phase fopA<T=<T, is a FM metallic

indicated in the left panel of Fig. 1.

rhombic O’ phaset® while we label the other as the*

0.125sx=<0.17.

To examine the difference between ti@’

and O*

are summarized in Table?f. In the O’ phase, the Mn@

the lattice constants satisfy the relatibhy2<c<a. The

O*

-
~
Rhomibo-1
hedral
— 300 : "R | |
X FIG. 1. Left panel: magnetic phase diagram of
\q-; the insulating La_,Sr,MnOj; system with
5 O MO T x=<0.17. Right panel: structural phase diagram.
© LISH P The squares and circles denote the onset of the
5 200 = *0Ts | 4 ferromagnetic(FM) and antiferromagneti¢AF)
o components, respectively, while diamonds denote
£ rhombohedral-to-orthorhombic phase transition
|2 temperatures. The triangles indicate the structural
] phase transitions observed in the=0.125
100; S ] - sample. For explanation of the orthorhomia¢
CAF } and O* phases, see text.
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distortion. One of the characteristic features of the distorted
state, while the low-temperature phase is a CAF insulator agerovskite GdFe@orthorhombic structure is the buckling of
the MnQg octahedra along thie axis, where these tilt alter-

The central results of the present study are summarized inately closely towards thg01] direction. According to our
the structural phase diagram shown in the right panel ofnalysis, both th®’ and O* phases show a clear buckling
Fig. 1. As described below, there are two orthorhombicof the MnOg octahedra, indicating that both phases belong to
phases. One is the well-known distorted-perovskite orthothe orthorhombi®®bnmsymmetry. Nonetheless, the change-
over between the two phases is accompanied with a clear
phase, which appears in the larger Sr concentration witiphase transition as exemplified by the results of the
x=0.125 sample.

Surprisingly, thex=0.125 sample show®* -0’ and
phases, the powder patterns were analyzed with use of @ —O* structural phase transitions with decreasing tem-
standard Rietvelt refinement progréiand part of the results perature(triangle symbols Furthermore, distinct lattice dis-
tortions are observed for all FM-component-dominated
octahedra are largely distorted due to the static JT effect, anshmples with 0.1€x=<0.17 in the temperature range indi-
cated by the purple-colored region right beldy. In addi-

phase, on the other hand, is pseudocubic withion, there exists a rhombohedréR) phase in the much

b/\2~a~c, and the Mn-O bond lengths are almost equal,higher doped region witlx>0.17. In contrast to the ortho-
indicating that theD* phase seems to lack a clear static JTrhombic phase, the results of our analysis show that there is

TABLE I. Lattice parameters and Mn-O bond lengths for the insulating L&r,MnO5; samples in the
Pnmasetting.O, andO, denote bond lengths within the ac plane, wifiigdenotes those towards theaxis.

X T (K) a(A) b/y2 (A) c(A) ox®) 0o, 0, (A)

o’ 0.0 200 5.727)  5.4331) 55291)  1.9%3) 1.971)  2.182)
0.04 200 5.607M)  5.4511) 55471  1.91%2) 1971  2.162)

0.075 200 5.611)  5.45X1) 553§2)  1.905 1971  2.124)

0.10 200 5.586)  5.4551) 55401  1.9%5  1.971)  2.094)

0.125 210 5.56@)  5.4891) 5.5562) 2.01) 1992  2.001)

o* 0.125 30 5.53%4)  5.5273) 5.5363) 202 2013  2.002)
300 5.5373)  5.5303) 5.5452) 202 2023 2002

0.15 209 5.47@)  5.5112) 5.5172) 1.91)  2.022) 2.0

0.17 150 5.47@)  5.4902) 5.5242)  1.968) 1.992)  1.968)

R 0.17 210 5.5201) 13.3473)  1.971)  1.971)  1.971)
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O’ phase. This drastic change of profiles is due to the suc-

I-3'0.8753"0.125Mno3 cessive structural phase transitio@* —0O’—0O*). The

e K middle panel shows the shift of peak positions as a function
:;(1)8}( of temperature. Th&=0.125 sample undergoes a structural
phase transition from theD* phase to O’ phase at
T,=260 K. Then, with decreasing temperature, the single
peak splits into two peaks a; and their splitting gradually
increases. This means that the decrease of temperature favors
larger JT distortions, and stabilizes tBe phase. With fur-
ther decreasing temperature, however, the two peaks start to
approach each other below200 K, and suddenly recover
the single peak structure &t =160 K. To examine the ori-
) _ - gin of these changes, the temperature dependences of the
Q == L1 integrated intensity of th€101) and (020) peaks and that of
156 1.5 1.6 ,]162 164  1.66 background scattering were measured and the results are de-
Q(A™) picted at the bottom panel of Fig. 2. The=0.125 sample
1.63 T T T T T T T T T exhibits FM ordering belowl .=200 K. By comparing it
TL (020 TH | with the middle panel, it is clear that the decrease of the

] splitting of two peaks coincides with the onset of the FM

long-range order. The FM component drastically suppresses
! ! ] the static JT distortion and even leads %e0.125 sample to
a reentrant structural transition.

One can clearly see similar anomalies in all the FM-
component-dominated samples, although the behavior is less
) . dramatic. The behavior of th&=0.10, 0.15, and 0.17

] samples is shown in Fig. 3. The left column in this figure
shows the temperature dependence of the peak positions of
the (101) and(020) reflections, while the right column gives
the temperature dependence of the integrated intensity and
that of background scattering. The magnetic ordering tem-
peratures of the three samples are indicated by arrows. As
seen in the right column, all three samples show a sharp
60 increase of the integrated intensity and a decrease of back-

ground scattering beloW.. On the other hand, from the left
40 column, it is evident that three samples exhibit anomalous
i shifts of peak positions in a limited temperature range just
600: below T.. For thex=0.17 sample we also show the tem-
5001 20 perature dependence of ti£02 and (201) nuclear Bragg
‘ reflections which are allowed only in the orthorhombic struc-
4000t it v 1 Q ture. Thex=0.17 sample undergoes R:to-O* structural
0 50 100 150 200 250 300 phase transition al;~195 K, although this transition has
Temperature (K) little effect on the temperature dependence of peak shift.
Note that the correct index of the reflection in the rhombo-
hedral phase €102 instead of(101) and (020 for the
orthorhombic phase.
It is also interesting to point out that the peak siifp is
gest in thex=0.125 sample, and as the concentration de-
viates fromx=0.125, the shiftAQ diminishes rapidly as
seen in Figs. 2 and 3. It should be noted th&t0.125 is a
commensurate value which should be expected to favor a
no buckling in theR phase, and the three Mn-O bonds particular type of charge ordering as in the compounds with
lengths become identical. x=1/3,1/2. The facts thakQ is maximum atx=0.125 and

We now describe the behavior of each concentration irthat the sample shows a first-order phase transitiofi at
detail. The most striking and interesting behavior was seen istrongly suggest the existence of such a particular type of
thex=0.125 sample, and the results are shown in Fig. 2. Theharge ordering. It is well known that one of the high-
top panel shows the profiles of t{@01) and (020 reflec- layered cuprates, La,A,CuQ,, shows successive struc-
tions measured at 300, 210, and 100 K, respectively. Th&ural phase transitions, and a 1/8 charge-ordered phase at
profiles at 300 and 100 K are single peaks, reflecting that the=0.125 suppresses superconductidityt is evident that a
x=0.125 sample is in th®* phase, while the profile at 210 1/8 charge order also plays a crucial role in the present sys-
K clearly splits into two peaks, indicating a transition to the tem.
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FIG. 2. Results of the Lgg;s5r 1.9MNO5 sample. Top panel:
Temperature dependence of the profiles of (tt@&l) and (020) re-
flections. Middle panel: Temperature dependence of the peak posliér
tions of the(101) and (020 reflections. Bottom panel: Temperature
dependence of the integrated intensities of (th@l) and (020) re-
flections and the background scattering.
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Lay.,SrMnO; drastic drop of resistivity, and causes a release of lattice dis-
1.63 e RS tortions. Such behavior can be interpreted as follows. The
f (@)x=0.10 j 140 (b) x =0.10 71400 FM component activates the double exchange mechanism,
162 1120 11200 giving rise to a metallic temperature dependence of the re-
1610 ] ] sistivity. In the FM phase, a strong electron-phonon coupling
: 1100 11000 in the system favors a gain of kinetic energyegfelectrons
1.60F  (101) | 1 ] against an energy gain associated with a JT distortion. There-
150 f""""\”“_' 8°_ _BOO fore, the system releas_es JT distortion, increasing the Mn-O
TP oo 1 6oL Js00 bond angle, and resulting in larger matrix elements of elec-
I T T T Lvitei] tron hopping between Mn sites.
15 5°| | 1°°| ‘ 15°| 20 _ 50 100 150 200 § We believe that the upturn of resistivity corresponds to
b () x=0.15 ] ] F the onset of the AF componeft:,. Specifically for the
1614 L . 12000 = x=0.125 sample, this upturn also coincides with the lower
1613 ] ] “; structural transition temperatu?l’e_g . _U_nfortunately, the tem-
o 1600 = perature dependence of the resistivity of x#7€0.125 sample
< 1612 ] 7 was not reported in Refs. 7 and 8. Nevertheless, we can have
c g {1200 < a reasonable prediction based on the present observations.
1611} : 1 8 The resistivity should show a small increase of slope at the
1.610::4:4I:t::llat::l::: otH;:;;:;:l:::::::TBOO - O’ to O* transition atTy, a rapid decrease at and below
5(9)":0'171 ] (101)  (fx =017 11000 5— T., and a sharp first-order-like upturn B¢, .
1613 L1024 250F  (020) Loz 1= We finally point out that an insulator-metal phase bound-
16125 (1o1) e TlC 200 {800 ary for the La_,Sr,MnO3 system is actually Iocateq at
" Pz 1 150f0 ] x~0.10, but the AF component suppresses the metallic state
1611 [ Ts 1. Prozy 1800 below Tc, for the samples with 0.59x<0.15 as shown in
b I ] 100:‘(201) ] the phase diagram of Fig. 1.
16101 ! R :'400 In summary, we have carried out neutron diffraction ex-
R T LA RS SO i periments on the lightly doped insulating system
0 100 200 300 0 100 200 300 La;_,Sr,MnO5 with x<0.17, and have established its cor-

Temperature (K) rect phase diagram. There are two orthorhombic phases, an

FIG. 3. Left column: Temperature dependence of the peak poQ’ phase with a static JT distortion and @# phase with no
sitions of the(101) and (020 reflections for thex=0.10, 0.15, and  static JT distortion. All FM-component-dominated samples
0.17 samples. Right column: Temperature dependence of the int&how anomalous peak shifts in a limited temperature range
grated intensities of thel01) and (020 reflections. The open sym- right belowT,,. These results are clear manifestations of the
bols in the top and middle panel give the temperature dependenc@oup“ng among the lattice, magnetism, and transport phe-
of background intensity, while those in the bottom panel depict thenomena in the insulating La ,Sr,MnO system. A study of

temperature dependence of the superlattice reflectip0g8 and a possible charge ordering in the=0.125 sample is now in
(209) in the orthorhombid* phase in thex=0.17 sample. progress '
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