VOLUME 81, NUMBER 26 PHYSICAL REVIEW LETTERS 28 BCEMBER 1998

Anisotropic Magnetoelastic Phenomena in Layered Manganite Crystals:
Implication of Change in Orbital State
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Magnetoelastic phenomena correlated with magnetoresistive ones have been investigated for bilayered
manganite crystals, La,,Sr+,,Mn,0; (0.3 = x = 0.45), by measurements of the striction parallel and
perpendicular to the MnOplane in magnetic fields. The magnetization process causes not only a large
negative magnetoresistance but also a gigantic lattice striction which is highly anisotropic with respect to
the crystal axes. The magnitude and the sign of the lattice striction systematically varies with the doping
level (x), which should reflect variation of the orbital-dependent occupancy in the two-dimensional
conduction band with temperature, magnetic field, and doping level. [S0031-9007(98)08032-6]

PACS numbers: 75.80.+q, 72.15.Gd, 75.30.—m

Doped perovskite manganites show a wide variety obf La,—,,Sr+,,Mn,0; crystals over a wide composition
magnetic-field induced phenomena, including colossatange, thatis a manifestation of the complex but unconven-
magnetoresistance (CMR). Recent extensive studies hatienal interplay among spin, charge, and orbital degrees of
revealed that the observed features can be attributed nfseedom.
only to the double-exchange (DE) interaction [1] but also Single crystals of La;,Sr+2,MN,0; (0.3 =x =
to other instabilities competitive with the DE interaction, 0.45) were grown by the floating zone method, as de-
such as the antiferromagnetic (AFM) superexchangescribed in detail elsewhere [9]. The grown crystals were
Jahn-Teller (JT), charge-orbital ordering interactions, etccharacterized by four-circle single-crystal x-ray diffraction
Some of these competing interactions strongly couple witffXRD) measurements which gave the bilayer structure
the lattice through the orbital degrees of freedom (or JT
effect) of thee, electrons on Mf" ions. Asiillustrated in (g
Fig. 1(a), since nearly degeneratg orbitals have lobes %
directed to the ligands (oxygen sites), thé&2p electron
hybridization, as well as its anisotropy, is strongly depen-

dent on the respective Mn-O bond lengths. The orbital MnOg octahedron
degeneracy, and its lifting in a deformable lattice, lead to a <1"2;V2 Er = o 3z L Ef
variety of electronic/lattice instabilities and modifications. = L 24 band __< T e
Thus, the study of magnetoelastic effects produced by the = “=H& X yz 2 - 7 Uk Coam
strong spin-charge-lattice coupling is expected to clarify £ =
the role of orbital degrees of freedom in charge-transport () T
and magnetic properties in the manganite system. _

Recently, intensive studies [2—6] have also been per- 0@)-g ,
formed for then = 2 member of the Ruddlesden-Popper P =3
series of manganites, ba, S +2,Mn,0;, which exhibit LT,;;/'
the CMR effect as well. One of the most distinct features oy \»
for the bilayered manganite is its anisotropic characteristics )"__b - o o 4
in charge-transport and magnetic properties. In the light "
of the aforementioned orbital degrees of freedom, the lay-""®“™" B Gl
ered structure should bias the crystal field and hence lift, 21[21] 2%268%2) 2?115;2) :;ﬁ;(:;)
more or less, the degeneracy of theorbital states, namely o1 4 198 1.95 4
the3d,.—,> and3ds,>—,» conduction bands [see Fig. 1(a)]. Mn-0@) A 2.06 2.00 1.97
However, the respective-orbital related bands should shovM+0@ A 193 194 194

different band dispersions along the inpldneector [7,8], FIG. 1. (a) Schematic electronic structure of Mnion in

as schematically depicted in Fig. 1(a). The occupancy imMnOs octahedron with JT distortion. The inplang band
the respective bands, which is primarily governed by thdn the layered manganite shows a different band dispersion
doping levelx (or the band filling) and the crystal field and bandwidth depending on the respective orbital states.

: . (b) Doping-level dependence of lattice distortion at room
(e.g., MnQ deformation), affects the total electronic en- yopoerature in La,, St .o Mn,O;. Thick arrows on the right

ergy and the magnetic interaction. In this Letter, we re-hand of respective crystal structures indicate the spin structures
port on a gigantic and anisotropic magnetoelastic effeciithin a bilayer unit at low temperatures.
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with thel4/mmm tetragonal unit cells{ = 2). The crys- ' ' . ' T T
tals were oriented using Laue XRD patterns, and cut into o &) L2280y xo g% LezoSnadnOy >
parallelepipeds along the main crystalline axes. Sample
dimensions for the resistivityp() and striction AL/L) -500-
measurements were typically-2 X ~2 X ~0.3 mn?,
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with the longest axes both parallel and perpendicular to — /_ﬂ;
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the MnQ, (ab) plane for the inplan€l|(ab) and interplane -
(Il ¢) measurements, respectively. Resistivity measure-
ments were made by a standard dc four-probe technique.
The electrodes on the sample were formed by heat treat- _
ment type silver paint. The striction was measured using
a uniaxial strain gauge with the length of 0.2 or 0.5 mm
which was attached to the widest face of the specimen.
We show in Fig. 1(b) the schematic lattice distortion, i
lattice parameters, and Mn-O bond lengthsxof 0.3,
0.4, and 0.45 crystals at room temperature, obtained by
four-circle single-crystal XRD measurements. The lattice §
parameter of the(b) axis slightly increases with increase ] L
of x, whereas that of the axis decreases more rapidly. 0 100 200 0 100 200
Variation of the lattice parameters is closely connected Temperature (K) Temperature (K)
with that of the Mn-O bond lengths. The Mn-O(3) bond FIG. 2. Temperature dependence of the striction along
length along thez(h) axis inconsiderably elongates with (&) the ab plane AL, (T)/L.»(200 K)] and (b) thec axis
increasingx, while the Mn-O(2) bond length along the  [AL(T)/L.(200 K)] in the absence of rlnagnﬁtlc fields for
axis steeply shrinks. The results are consistent with thoﬁg%;;z‘\jgr't\{'c'gﬁ o(f?.siet_b;/c o e(i;j f())oc(;y;tall Siszfifj‘}iifve
from powder neutron studies [10]. Since the decrease Qind —2000 x 1076 of AL./L, for clear comparison. Arrows
x corresponds to the,-electron doping, the systematic indicate the magnetic transition temperature.
change of the Mn-O bond lengths reflects the orbital-state
occupancy of the, electrons. A remarkable expansion lies in the striction at7.. In the x = 0.4 crystal, the
of the out-of-plane Mn-O(2) bond length with lower hole striction along theab plane drops sharplyXL., /L., ~
concentrationc (or higher electron concentration) implies —0.06%) toward lower temperatures &, = 120 K,
that the doped electrons prefer to occupy ff2é — >  while the striction along the axis shows steep increase
orbital-state [left panel in Fig. 1(a)]. (AL./L. ~ 0.05%). The results are in good agreement
Thick arrows on the right hand of the respectivewith the abrupt change in the lattice parameters around
schematic crystal structures in Fig. 1(b) illustrate a variaZ. which was observed by the neutron diffraction mea-
tion of the low-temperature spin structure within a bilayersurements £a/a ~ —0.08% and Ac/c ~ 0.07%) for
unit as a function of the doping level, which has been rean x = 0.4 sample [11]. The anomaly arounf. is
vealed by recent neutron diffraction studies [11-13]. Thesuppressed with increasingabove 0.4. By contrast, in
magnetic moments at the ground state always couple fethe lower-doped region(< 0.36), we observe a jump of
romagnetically within the constituestngle MnO, layer.  AL,,/L., and a drop oAL./L. aroundT,, i.e., opposite
However, the coupling between the respective Mitéy-  changes to the case of higher doping levals>( 0.36).
ers within a bilayer unit depends on the doping level. In arhe change inAL/L is enhanced with decreasing hole
low-doped region around = 0.3, the magnetic moments concentration. Thea = 0.36 crystal with the highest.
of respectivesingleMnO, layers couple ferromagnetically shows the ferromagnetic (FM) phase but neither expands
within a bilayer, and align along the axis. With in-  nor contracts aT., apparently positioning at the crossover
creasingx, however, the magnetic moments direct alongpoint between the opposite lattice structural changes.
theab plane and show canted antiferromagnetism beyond'hus, the spontaneous striction7atsystematically varies
x = 04. in magnitude, sign, and anisotropy with the doping level.
Temperature profiles of the striction along tlé Considering the crystalline data at room temperature
plane AL, (T)/L4 (200 K)] and thec axis [AL.(T)/  [Fig. 1(b)] and the difference in the bandwidth of the
L.(200 K)] for these crystals are given in Figs. 2(a) andrespective orbital states [Fig. 1(a)], the orbital-state occu-
2(b), respectively. The arrows indicate the magnetic tranpancy ofe,-like electrons is likely relevant to the observed
sition temperaturd.. The T, reaches the highest value lattice striction.
(=130 K) around x = 0.36 as a function ofx. The To verify the above idea, we have investigated the
suppression of’. toward higherx abovex = 0.36 may correlation between magnetoelastic phenomena and mag-
be correlated with the aforementioned evolution of AFMnetotransport properties. Figure 3 displays temperature
coupling between the constituent single Mn@yers. profiles of the resistivity and the striction along thé
The crystals with0.3 = x = 0.4 show distinct anoma- plane AL,,/L.,) and thec axis (AL./L.) in several
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in going away fromT.. However, the sign and magni-
tude of magnetostriction strongly depend on the doping
level. Incidentally, the magnitude of the magnetostric-
tion aroundT. is much smaller for an intermediate doped
region aroundx = 0.36, where a spontaneous striction
anomaly atT. is also small (Fig. 2). Thus, these mag-
netostriction results are closely related to the spontaneous
striction anomaly af’..

In the x = 0.45 crystal [Figs. 3(c) and 3(f)], botl s,
andp. show a semiconducting behavior down to the low-
est temperature in the absenceéf Two broad anomalies
in the resistivity can be observed around 90 and 150 K.
The 90 K anomaly is attributed to the onset of the spin-
canting. With increasing{, both thep,, and p. drasti-
cally decrease at low temperatures, and the field-induced
insulator-to-metal transition appears to take place. In ac-
cordance with the drop of the resistivity by application of
H, the lattice striction along theb plane shrinks and that
along thec axis expands, as in the= 0.4 crystal. The
temperature dependence of the anisotropic lattice striction
as well as that of resistivity shows a similar trace for the
x = 0.4 and x = 0.45 crystals at such a high magnetic
field as 70 kOe. The result implies that the field-induced
FM spin arrangement is accompanied by a similar lattice
striction in such a high-doped region.
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£ £ We display in Fig. 4 field profiles oAL,,(H)/L.5(0)

s X and AL.(H)/L.(0) measured withH || ab at selected
5 - g ool temperatures fox = 0.3 and 0.4 crystals. For compari-
%-1%@: iy f 3000} son, we show the corresponding MR curvesogf in the
Jsoo et J - lower panels of Fig. 4. As the temperature approadhes

the magnitudes of the magnetostriction alongdheplane
_and thec axis both sharply increase in accordance with

Tamparafune (K}

FIG. 3(color). Temperature dependence of [(@)—(c)] in
plane resistivity 6.,) and striction AL, (T)/L., (300 K)]
and [(d)—(f)] interplane resistivity g.) and striction
[AL.(T)/L.(300 K)] in several magnetic fields for the
La,—2,Sh+2,Mn,0; (x = 0.3, 0.4, and 0.45) crystals. The
measurements were performed once the magnetic fields ar
applied at 300 K.
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magnetic fields §) parallel to theab plane for the crys- i

tals withx = 0.3, 0.4, and 0.45. All the crystals show
gigantic magnetostriction which is closely correlated with 3
the large MR effect, as clearly seen in Fig. 3. A steep £ ™%
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-

drop in resistivity is observed af,. for x = 0.3 and 3 rzoaf.,
x = 0.4 crystals. For thex = 0.3 crystal which shows '
a positive change in spontaneous lattice striction along
the ab plane toward the spin-ordered state [Fig. 2(a)],
AL,,/L,, considerably increases by applyidf) above

T. [Fig. 3(a)], whereasAL./L. decreases [Fig. 3(d)].
[The large low-field @ < 10 kOe) MR in p. enough be-
low T. corresponds to the inter-bilayer tunneling MR, as ) .
previously argued [3,12].] On the other hand, in ihe- g P08 v s
0.4 crystal with negative spontaneous lattice strictionFIG 4colon). Inplane  magnetostriction AL, (H)/ L.y (0]
glong the ab planez AL“”/.L”” decreases, yeAL./Lc (upper), interplan(g magnetogtrictiom[,c(H)/Lca(bo)] (mifj}:jle),
increases by applyind/ [Figs. 3(b) and 3(e)]. In both 5 {"ihHiane MR ., (H)/ o (0)] (lower) as a function offf
thex = 0.3 andx = 0.4 crystals, the magnetostriction as (g || ab) at several temperatures for the,La Sf;4>.Mn,O,
well as the MR is enhanced aroufig, and becomes small [(a)—(c):x = 0.3, and (d)—(f):x = 0.4] crystals.
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enhancement of MR effect for both crystals. At tempera-charge-orbital ordering for the incommensurately doped
tures nearT., both AL, (H)/L.,(0) and AL.(H)/L.(0)  samples withx = 0.45 or 0.4, the negative spontaneous
tend to be saturated at higH. At all temperatures, lattice striction and magnetostriction along the plane
AL, (H)/L,;,(0) andAL.(H)/L.(0) show opposite signs are analogous to that for the= < perovskite manganite
in both crystals. The most striking difference betweenin the vicinity of the charge ordered state [16,17]. This
thex = 0.3 andx = 0.4 crystals is the sign of the mag- indicates, at least, the suppression of directional order of
netostriction. By applying?, the ab plane expands but e, orbitals within theab plane. Thus, the orbital state may
the ¢ axis shrinks forx = 0.3 crystal, and vice versa for crucially vary with magnetic field as well as doping level in
the x = 0.4 crystal. Another remarkable difference is the bilayered manganite, which causes the complex doping
that considerable magnetostriction can be observed evatependence of magnetostriction as observed.
enough belowr, only for thex = 0.3 crystal. The mag- In summary, we have performed magnetoelastic and
netostriction tends to be saturated at a relatively low fieldnagnetotransport measurements to investigate the effect of
(=10 kOe) and hence may be related to the rotation othe spin-charge-orbital coupling in the bilayered manganite
the spin direction from the axis to theab plane [14] crystals, La—,,Snh+2,Mn,O;. We have observed a large
[see also left panel of Fig. 1(b)]. Comparing the magnespontaneous crystal distortion Bt as well as a gigantic
tostriction with the MR for the respective cases, one mayield-induced striction showing the anisotropy with respect
notice a close interrelation between the magnetotranspotd the crystal axes. The magnetoelastic behaviors are
and magnetoelastic properties. found to systematically vary in sign and magnitude with
To understand the origin of the field-induced strictionthe doping level, and may be attributed to the field-induced
in the bilayered manganite, we should take account ofhange in the orbital-state occupancy &y, d3,>—,2,
the orbital degrees of freedom of tleg-like conduction andds,>—,2/d3,>—,» states as well as its feedback to the
electrons of MA™. Since the orbital character is strongly deformation of the Mn@ octahedron.
affected by a lattice form, the observed structural distortion We thank Y. Okimoto and R. Kumai for helpful
by changing temperature, magnetic field and doping levelliscussions. This work was supported in part by NEDO.
should reflect sensitively a change in the orbital state.
A neutron diffraction study on am = 0.4 sample [11]
revealed that the striction effect coupled to the magnetic
transition results from changes in individual Mn-O bond

lengths of the Mn@octahedron. In the case of the heavily *Present address: Cryogenic Center, University of Tokyo,

doped samples with = 0.4, the lattice distortion toward 2-11-16 Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan.
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