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Pressure-induced insulator-metal transition in a bilayer manganite:
Pressure control of orbital stability
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Pressure effects on transport as well as structural properties have been investigated for a bilayer manganite,
La,_5,Sh 4 2xMn,0; (x=0.48), near the phase boundary between the ferromagnetic metallic aAetype
antiferromagnetic states. An insulator-metd\1) transition is found to be induced by applying pressure of
~0.7 GPa. On the basis of the synchrotron radiation x-ray structural analysis under high pressures, we have
ascribed the IM transition to the variation of the stability of theorbitals.

In perovskite-type transition-metal oxides, structuralthe bilayej. With this magnetic structure, theg carriers are
modification through the hydrostatic pressure and chemicatonfined into the respective MpGsheet due to the double
substitution of the isovalent iorishemicalpressurghas sig-  exchange mechanism, which causes an upturn of the resis-
nificant effects on the magnetic and transport propettigs. tivity at lower temperaturé® Kubotaet al® have systemati-
These two pressure effects are mediated by the variation @fally investigated the distortion of the Mg@ctahedra, and
the structural parameters, which is usually regarded as corrave found a close correlation between the Jahn-T&lEr
trol of the one-electron bandwid of the narrowd band  type distortion and magnetic structure. On the other hand,
through variation of thev-O-M bond angle ¥ is a transi-  Akimoto et al*® have quantitatively investigated the stability
tion meta). This simple picture has successfully explainedof the ds,2_,2 (or dy2_y2) orbital by means of Madelung
effects of the hydrostatic as well as chemical pressures ipotential calculatiohbased on the structural parameters of
RNiO; (Ref. 1) and R,A)Mn0O;,>>® whereR and A are  (La,_,Nd,); Sr,—,Ca)1gMn,0; at a fixed hole concentra-
rare-earth and alkaline-earth metals, respectively. Nevertheion (x=0.4). They have found a strong interrelation be-
less, we should recall that the pressure alters not onlfthe tween the orbital stability and the magnetic structure: with
value, but also other physical quantities through variation ofncrease of the stability of thd;,2_,2 orbital, the magnetic
the structural parameters. In particular, in doped manganitestructure changes fromi-type antiferromagnetic to ferro-
with bilayer structure, L& ,,Sr.,,Mn,0;," several magnetic ones.
researchefs'have proposed that the orbital stability of the  In this paper, we have investigated pressure effects on the
degeneratee, states governs the magnetic and electroniaransport as well as structural properties for a bilayer man-
properties. Then, effects of hydrostatic pressure in this sysganite, La_,,Sh . ,Mn,0; (x=0.48), which shows the
tem have different aspects from those RNiO; and  A-type spin ordering belowy=200 K. Application of pres-
(R,A)MnO,. sures is found to induce an insulator-metiéll) transition.

The bilayer manganite La,,Sr;.,,Mn,0; exhibits a To comprehend the pressure-induced IM transition, we fur-
planar ferromagnetic structure in the range 8:32<0.38 at  ther have estimated the orbital stability through difference in
low temperatures, and does a canting between the neighbahe Madelung potentiaAV between theds,2_,2 andd,z_y2
ing ferromagnetic Mn@ sheets abovex~0.3913-% The  orbitals. We have found a close correlation between the re-
magnetic structure becomes antiferromagnefictype) for  sistivity behaviors and the\V values. Our high-pressure
x=0.48. In theA-type bilayer manganites, the ferromagnetic data indicate that the transport properties of bilayer manga-
MnO, sheet alternates along thexis*~®Such a magnetic nites are governed by the orbital stability even under hydro-
structure is well understood in terms of thgz_,2 orbital  static pressures.
state!® which causes the ferromagnetic double exchange Single crystals of La ,,Sr . ,,Mn,0; (x=0.48) were
interactiod® within the MnO, sheet and antiferromagnetic grown by the floating-zone method at a feeding speed of
superexchange coupling between the adjacent slwétsn 10—-20 mm/h. Stoichiometric mixture of commercial,0g,
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ordering in the respective MnCsheets A-type structurg
With further decrease of temperature, however, ghe-T
curve shows an upturn below 120 K, due to the two-
dimensional confinement of theg carriers. These resistivity
behaviors are prototypical for A-type bilayer manganite,
and similar upturns of resistivity are observed in the other
A-type bilayer = manganites, (ka,Nd,) Sr,Mn,0O,
(x=0.5)1° Application of pressures significantly affects the
resistivity behaviors, especially in the low-temperature re-
gion. At 1.44 GPa(1.08 GPg, the p,,— T curve shows a
sharp drop below~130 K (~120 K) and then monoto-
nously decreases. Thg,— T curve atP=0.7 GPa is remi-
niscent of that of ferromagnetic metallic(FM)
Lag 1,91 gMn,0; (x=0.4)" For comparision, we show in
Fig. 1(b) magnetic field effects op,y, of Lay 0.Sr ogMN,05.
~ at40K Magnetic field was applied parallel to tlad plane. Under a
field of 9 T, in which the low-temperature phase is nearly
ferromagnetic[the in-plane componeril,, of magnetiza-
tion is ~2.2ug at 40 K; see inset of Fig.(h)], the p,,— T
curve shows a metallic behavior below160 K?2! These
suggest that the low-temperature phas®atP.~0.7 GPa
is FM.
Y T S — To determine the variation of structural parameters under
200 300 . .
pressures, we have performed high-pressure x-ray experi-
Temperature (K) ments using a specially designed diamond-anvil @AC)
, L at room temperature. Synchrotron radiati¢BR) x-ray
FIG. 1. () Hydrostatic pressure anh) magnetic field effects oo, e ot Photon factory BL-1B was used with a cylindrical

on the in-plane component of resistivipy, of Lay g.Sr ggVIn,0O; : . :
(x=0.48). The pressure values are those measured at room terlnrrh’jlglng plate as a detector, to obtain powder data of good

perature. Magnetic field was applied parallel to #teplane. Inset counting statistics. Melt-grown crystal ingots were crushed

. . into fine powder and were sealed in a gasket hole of the
shows the field dependence of the in-plane compokkgptof mag- . . I .
netization at 40 K Ki//ab). DAC, 0.1 mm in thickness and 0.3 mm in diameter, which

was filled with ethanol/methanol mixture as a pressure-

transmitting medium. Magnitude of the applied pressure
SrCG; and MO, powder was ground and calcined twice at were monitored by the position of the luminescence e
1250-1350°C for 24 h. The resulting powder was pressedRef. 22 from a small piece of ruby placed in the gasket
into a rod with a size of 5 mg@x80 mm and sintered at hole. Precipitation methdd was adopted in order to get a
1350 °C for 48 h. The ingredient can be melted congruentlffine powder, which gives a homogeneous intensity distribu-
in a flow of O,. Single crystals, typically 4 mm in diameter tion in the Debye-Scherrer powder ring. The wavelength of
and 10 mm in length, were obtained with two well-definedthe incident x ray is 0.68975 A, and the exposure time was
facets, which correspond to the crystallographiz plane.  for 30 min. We have analyzed thus obtained x-ray patterns
The crystal symmetry is tetragonddfmmm Z=2) at am-  with RIETAN-973 program?* and listed the prototypical re-
bient pressure without detectable impurities. A hydrostaticsults in Table I. The final refinements are satisfactory, in
pressure was obtained with a clamp-type piston cylindewhich R, is fairly typical of the published oneRj,
cell® The in-plane component of resistivity{) was mea- =2-3%).
sured by the four-probe method using heat-treatment-type Figure 2a) shows pressure dependence of the lattice con-
silver paint as electrodes. A small piece of crystalQ5  stants, i.e.a andc, of Lay o4St; ogMN, 0. Error bars(0.1%
X 1x 2mnt) was placed in a sample room, which was filled is due to misalignment of the DAC at respective pressures.
with silicone oil as a pressure-transmitting medium. TheBoth the values decreases at a similar ratén(a)/dP=
sample temperature was monitored with an AQF&7%9- —0.25%/GPa andd In(c)/dP=—0.20%/GPa. The lower
Chromel thermocouples attached at the pressure cell near tipanel of Fig. 2 shows pressure variation of the Mn-O bond
sample room. The pressure values quoted in this paper atengths, dyn.o1, dun-02, and dyn.oz, calculated from the
those measured at room temperatifiehe applied pressure structural parametersly,,.o; anddy,.o» are the out-of-plane
relaxes at a rate of 7%/100 K] Pressure-induced changes bond lengths, whilely,,.o3 is the in-plane ongsee the inset
in the p,,— T curves were reproducible in repeated pressuref Fig. 2(b)]. At ambient pressure, the three Mn-O bond
cycles. lengths are nearly the same-(.97-1.99 A), causing the

We show in Fig. 18) the in-plane componeni,, of re-  A-type magnetic ordering at low temperature via stabilization

sistivity of Lay ¢,Sr; ogVIN,0; (x=0.48) under various pres- of the d,2_,2 orbital. Surprisingly, application of pressure
sures. At ambient pressur®€0.0 GPa; thick curve the  elongates thely,.o, value (apical oxygeh dyn.o,~2.0 A
insulating behavior ofp,, is fairly suppressed at around at ambient pressure, but becomes te2.1 A above
Ty (=200 K), reflecting the long-range ferromagnetic spin~1.6 GPa. This makes a sharp contrast with the other two
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TABLE I. Room-temperature structural paramet
sures. The crystal symmetry is tetragona@/thmm Z=
0,z], 01 2a [0, 0, 0, O2 4e [0, 0,z], O3 & [0, 3, Z]
alkaline-earth ions
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ers 0 Lasr ,,,Mn,0O; (x=0.48) at various pres-
2). The atomic sites arés1 2b [0, 0, 3], A2 4e [0,
, and Mn 4 [0, 0, z] (A: the site of rare-earth and

PressurdGP3 a (A) c (A) A2(2) 02(2) 03(2) Mn(z) Ry (%)
1.3 3.86121) 19.99788) 0.316949) 0.198%7) 0.09486) 0.09523) 2.51
2.2 3.85281) 19.94037) 0.316278) 0.19896) 0.09335) 0.0953) 2.42
3.6 3.84651) 19.92248) 0.316889) 0.20117) 0.09356) 0.09573) 2.96
4.2 3.83618) 19.88226) 0.316577) 0.20146) 0.09335 0.09572) 2.72

bond lengths, i.e gyn.01 anddyn.o0z, both of which show a

V(dgyz_2) =[V(ro+rg2) +V(ro—rqe2)1/2,

negligible decrease with pressure. Such a pressure-induced

distortion of the MnQ octahedra, that is, five short and one
long Mn-O bonds, does not change Wevalue, but signifi-
cantly stabilizes theld;,2 2 orbital. Incidentally, Arygriou
et al®® have investigated pressure-induced variation of th
Mn-O bondlengths of FM La,Sr; gMn,0; (x=0.4) with use
of a pulsed neutron source. Similarly to the present cas
they have observed elongationdyj,.o(~1%/GPa) as well
as contraction ofly;,.0; anddy.o3 at 300 K.

The orbital stability can be evaluated by the Madelung
potentials calculation$?!® The Madelung potentials acting
on a hole in thed,2 2 andd;,2_ 2 orbitals are given by

V(dyz—y2) =V(ro+1eX)

and

39 c
(@) Lay 04811 9sMn207 {201
20 —_
<
Q
19.9
19.8
e v ey v s by s bev o b
0 1 2 3 4 5
Pressure (GPa)
22
- (b)
=z L Ana-on
= C
k) -
5 C
= L
2 L
3
e}
< 4
L dnn-o
tgln e o v b b
0 1 2 3 4 5
Pressure (GPa)

FIG. 2. Pressure dependence (af lattice constantsa andc,
and (b) the Mn-O bondlengthsdyn-o1, dmn-o2, and dyn.oz, Of
Lay 0.Sh ggMIN,0; (x=0.48) at 300 K. Error bar€0.1% are due to
misalignment of the DAC at respective pressures. Positions of th
independent oxygen sites, i.e., O1, 02, and O3, are schematical
shown in(b).

respectively. Heréo indicates the position of the Mn ion and
rq (=0.42 A) is the radius where the radial charge density of
he 3d orbital becomes maximunx andz are the unit vec-
ors along the crystallographia and ¢ axes, respectively.

eBased on the structural parameters, we have calculated

pressure variation of difference in the Madelung potentials
AV[=V(d3,2_,2) —V(dy2_2) | between twaey orbitals. The
results are plotted in Fig. 3 against applied pressures. With
increase of pressure, theV value (closed circlesgradually
increases, and hence tlig,> 2 orbital becomes stable. Such

a pressure variation of thaV value qualitatively explains
the pressure-induced IM transition, because the stabilized
ds,2_ 2 orbital favors the FM state.

Finally, let us compare the present pressure effects on the
orbital stability with thechemicalpressure effectS In the
inset of Fig. 3, we show experimentally obtained magnetic
phase diagram of (La ,Nd,); ASr_,Ca/)1 gMN,0; against
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FIG. 3. Pressure variation of difference in the Madelung
potentials AV [=V(dg2_r2) —V(dy2_y2)], where
V(ds2_r2) [V(dy2_y2)] is the Madelung potential for the2_ 2
(dy2—y2) hole. Theds,2_2 orbital becomes stable @V increases.
Inset (cited from Ref. 13 shows magnetic transition temperatures
of (Lay_,Nd,); ASr_,Ca) 1 gMn,0; againstAV. Circles and tri-
angles stand for Curie temperatufg, Neel temperaturely, re-
Bpectively. F, A, and P represent ferromagnetic metafit¢ype
antiferromagnetic, and paramagnetic states, respectively.
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AV (cited from Ref. 13. Circles and triangles stand for Cu-  In summary, we have investigated pressure effects on the
rie temperatur@ ¢ and Neel temperaturd y, respectively. F, structural parameters of baySn ., Mn,0; (x=0.48),

and paramagnetic states, respectively. If one sees the phddg9 potential calculation4V) based on the structural pa-

dia rF;m froni] left to rightthe dp ozbital is stabilized, PN meters has revealed that the orbital stability governs the
9 . 9 32212 X magnetic and transport properties of bilayer manganites even

the magnetic structure changes from A to F, and finally the Rynder hydrostatic pressures. Thus high-pressure structural

state appears. In the point of the orbital stability, the preseninalysis is a powerful tool to reveal the complicated phe-
compound AV~0.01 at ambient pressyriocates in theA  nomena induced by pressures even in the strongly correlated
phase near the F-A phase boundary. Application of pressurgectron systems.

significantly enhances theAV value at a rate of  1n4 Juthors are grateful to E. Nishibori and K. Kato for
~0.05 eV/GPa. Then, the pressurized compound could Ggheir help in powder preparation for the SR x-ray measure-
beyond the A-F phase boundary-atl GPa, which is con- ments. This work was supported by a Grant-In-Aid for Sci-
sistent with the experimentally obtained valugP. entific Research from the Ministry of Education, Science,
~0.7 GPa; see Fig.(d)]. Sports and Culture.
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