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Nanometer-sized regions of charge ordering and charge melting in LgCa;sMnO;
revealed by electron microdiffraction
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Electron microdiffraction study of phase transition in,)s&8a,,sMnO; revealed temperature-dependeht (
+1/2,0]) diffraction spots. Their intensity peaks &t. Quantitative electron diffraction intensity analysis
shows that they come from nanometer-sized domains with modulated transverse atomic displacements in the
orthorhombica-c plane, which has two types of Mn ions and thus charge ordering. The average domain is
~3.6 nm in diameter and-1.5 nm in height(along theb axis). The number of domains increases and then
decreases, as the sample is cooled throLigh
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Doped mixed-valent transition metal oxides exhibit com- We use electron diffractiofED) to study structural fluc-
plex temperature-dependent structural phases, which oftamations near the phase transition because electrons interact
have macroscopic crystal symmetry but with local structuraktrongly with crystals, and ED patterns can be obtained from
fluctuations that resemble more closely the phases of liquid very small volume, and thus very sensitive to local struc-
crystals: An example is the phase separation found in high+yral fluctuations. The ED experiment was carried out using
T, superconductors and related compouhddtrong ten-  an energy filtering LEO-912 electron microscopg120
dency of phase separation in manganites has also bey). single crystal ED patterns were recorded from a thin
predicted and suggested by a number of experimentalyreq of 300 nm in diameter using parallel iluminatiSihe
evidence$. However, so far, no clear picture has emergedspecimen is a polycrystalline LaCa;;sMnO;, thinned for
about the structure and_nature of phase separation. The "&fectron transparency. The sample was synthesized by mix-
ported length scale varies from subnanometer to mléron.in stoichiometric proportions of L®,, CaCQ and MnG
Structural characterization is complicated by the microstruc- ?Jratronic rade :FA)\ESAR,ISin the s?fandard solid state re-
ture of manganites, in the best case, as-grown single crystaﬁg " t% d ,P d | 9 diffracti d )
are often twinned with submicron domains. Electron diffrac-2¢10N Method. Fowder x-ray - difiraction -and - energy

tion has the unique advantage for studying such structureg.ISIoersed x-ray analysis in a electron microscope confirm a

Single crystal diffraction pattern can be obtained from eacfp!"9le-phase and chemically homogeneous structure within
domain, using a submicron electron probe. Using this apLhe experimental error. The sample was initially cooled with

proach, we observed the structural fluctuations in colossdiduid nitrogen and measured by heating the specimen using
magnetoresistiv&MR) La2/3C31/3Mn03 by measuring elec- the Gatan I|qU|d nltrogen holder. The Sample sitsail T
tron diffraction intensity quantitatively. We find that the magnetic field from the electron objective lens. An energy
paramagneti¢PM) to ferromagneti¢FM) phase transition is ~ Selection slit of 10 eV was placed around the zero-loss peak
accompanied by the formation and melting of random dropto remove the inelastic background, which usually dominates
lets of nanometer-sized domains. From the single-crystahe weak structural diffuse scattering in electron
electron diffraction data, we propose a structure model basediffraction° All diffraction patterns were recorded from the
on the structure of charge ordered L8a,Mn0O;.°> We  same area in the zone axis orientations using a beam diver-
show that there is a good agreement between the experimegence of 0.13 mrad, exposure timé s and the camera
tal diffraction intensity and the model, thus providing alength of 450 mm. Fuji 25:m imaging plates were used for
strong evidence of charge ordering in these domains. quantitative electron intensity recording. To compare diffrac-
Upon cooling, doped La,CaMnO; (with 0.2<x tion intensity at different temperatures, we monitored the
<0.45) undergoes a PM to FM transition Bt, which co-  electron beam intensity and any change in diffraction condi-
incides with a insulator-metal transitiGriThis, and related tions using the weak+(104) and *=(104) reflections. The
compounds, has attracted great attention recently because mferall fluctuations were less than 6%.
CMR and the interesting physics. Structurally, Figure 1 shows the recorded electron diffraction patterns
La; _,CaMnO; has an average distorted-perovskite strucin the [010] zone axis orientation at four different
ture, with simple perovskite structure y~c~v2a, and temperature$! The most remarkable feature in the diffrac-
b~2a,. Accumulated experimental evidences suggest botfion pattern is the nearly commensurate satellite peaks with
structural and magnetic inhomogeneitles Structural  half indices of b+ 1/2,0]); these are superlattice reflections
prob€~° revealed a gradual transition from multiple Mn-O from a superstructure with the period twice the origimal
bond lengths at high temperature characteristic of Jahnaxis. Previously, they were found (haPrCaMnO; with Ca
Teller distortions, to a low-temperature single Mn-O bondconcentration ofx=3/81% The SR intensity changes with
length. temperature, and they are most visible néar The SR sits
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FIG. 1. Evidence of the temperature-dependertl/2 type
charge ordering in LaCasMnO;. Four diffraction patterns in the
[010] zone axis orientation dg) 114 K, (b) 257 K, (c) 272 K, and
(d) 322 K are shown, displayed on an absolute intensity scale in
units of countg1 count corresponding to about 1.2 beam electrons
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The diffraction patterns were taken from the circled region of the 0 i , . y b)
sample(shown in the up-right insgtThe circle diameter is 0.am. 25 ; ; I :
Three twin domains are visible in the image. The illuminated area
covers a very small part of neighboring twitand 3, giving the 2 20 | { -
faint diffraction spots at theh(+ 1/2,0)+ 1/2) positions. § b 38

=1 ¢ t
on a broad anisotropic diffuse background, especially near § 10 } } =
strong fundamental reflections. The diffuse scattering has the s§° } }
characteristics of Huang scattering. Figur@)2shows the g °F Temperature (K) |
intensity profile from(0, 0, 4 to (2, 0, 4 in Fig. 1. Both the 0 I L L L C)
SR intensity and the background change with temperature. 100 150 200 250 300 350

The overall temperature dependence was measured using FIG. 2. Temperature dependence of diffraction intensitias.

(3/2,0, 9 SR_' The results are shown in FiggbPand (c). Intensity profiles of Fig. 1 from(004) to (204), averaged over a
The superlattice peak and background were separated by f{iq of 0.008 AL The profiles clearly show two coherence
ting the intensity distribution aroun@®/2, 0, 4 with a Gauss-  |engths. The width of superlattice reflections corresponds a real
ian function plUS a linear background. From Flg 2, we eSti-space size~36 A; (b) the superlattice peak an@) background
mateT.~270 K. Figure 2 also shows that the increase in thentensity at(3/2,0,4 position as a function of temperature. The peak
satellite peak intensity is associated with an increase in thend background were obtained by fitting the intensity profil¢apf
background, indicating that there is strain associated with tharound(3/2,0,4 using the combination of a Gaussian function and
formation of the superstructures. the linear backgrounfsee the inset irib)].

. Th? ShR IS mostlydobserved in the10| zonel agls. I_nspec—_ as a function of temperature. All these indicate that superlat-
tion of the[001] and[100] zone axes revealed anisotropic y.e refiections come from nanodomains, of nearly constant
diffuse scattering, but no SR. The diffuse scattering observed;, oo

here differs from that of Sr-substituted manganités that The diffraction pattern of Fig. 1 has the characteristics

case, incommensurate satellite peaks were observed at mug{yt come with an atomic displacement wave. Superlattice
smallerq, and the diffuse scattering disappeared almost enreflections are nearly absent in the+1/2,0,0) row, and
tirely below T.. The diffuse scattering observed in layeredstrong superlattice peaks are associated with strong funda-
Sr doped manganites is mostly quasielatidhe energy mental reflections in thé=2n rows. Both suggest that su-
resolution of this experiment is not sufficient to make thisperlattice peaks originate predominately from small atomic
distinction. displacements. In such case, kinematical diffuse scattering is
There are two coherence lengths in the diffraction patterngiven by*
The lattice reflection has a Gaussian half wid@HW) of
0:0053 A_l, of which 80% comes from the electron be_am Fk(G+q)oc(G+q)-E Aifi exd —Wi(G+q)]
divergence, the rest from the detector and small-angle diffuse i
scattering due to atomic vibrations and strain. The GHW of .
SR, subtracted off the GHW of the lattice reflection, corre- Xexp2miG-r). @)
sponds to structural domains of about:3BA in diameter.  The observed extinction ofh(*1/2,0,0) reflections andh(
No appreciable change was observed in the half width of SR-1/2k,0) reflections in th¢001] zone axis can be explained
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FIG. 3. Atomic structure model of lattice distortions proposed
for the superstructure. In this model, atoms shift A and O
depending on their positiofes indicated by the arrowThe dis-
placement pattern resembles a transverse wavekwit(il/2,0,0).

FIG. 4. A comparison between the experimental and theoretical
dynamic diffraction intensities of superlattice reflections. The re-
flection index(x axis) is based on the supercell. Theoretical inten-
sities were calculated using the structure model proposed in Fig. 3,
by the (G+q)-A term with A parallel to thec axis. Based on  and the domain thickness of 15 A.
this, we propose a modéFig. 3 for the superstructure in-
side the nanodomains. In this model, atoms are displacedere f; is the electron scattering matrix of the super-
along thec axis with a pattern that closely resembles a transstructure andS,;(1) andS;,(2) are the scattering matrices
verse wave ofj=(100)/2. Transverse atomic displacementfrom the averaged structure before and after the super-
wave was previously obtained in the charge-ordered phasesructure, respectively. All are calculated using the Bloch
of Lay,,Ca,MnO; (Ref. 5 and Lg,;CasMn0,. 18 wave theory of electron diffractiolf. The calculation was

The displacements shown in Fig. 3 result two types of Mndone by integrating Eq2) over the sample thickness, which
ions, Mn(A) and Mn(@). For the Mn@), four oxygens with  we estimate to be 840 A from the intensities of fundamental
two each at the left and right move in opposite directionsreflections. The SR structure factors were calculated using
These gives two short and two long Mn-O bonds inghee ~ A=0.14 A (they are not affected by the contractiéh The
plane, and they differ by~A/v2. The Mn@) ion is un-  thickness of nano-domaints,was treated as a parameter. The
changed and has nearly equal bond lengths. Atomic pair digalculation was compared with 21 independent superlattice
tribution from x-ray results indicate three bond lengths reflections in th¢010] zone axis. The best fit between theory
(~1.85-1.9 A,~1.97 A, and~2.1-2.15 A at 300 K and a and experiment was obtained with 15 A, which has g
single bond length at 20 K fox=0.33. Assuming that the ~1.4. The comparison between our model and experiment is
different bond-lengths are due to charge ordering, we expe&hown in Fig. 4. The agreement is good, considering that the
the shortest bond of1.9 A for the Mf*-O?~ bond. This model only contains a single structural parameter. From the
can be accounted for by introducing a contractiénfor the  intensity of SR, we estimate the volume percentage of nano-
Mn“*-O? bond in thea—c plane and a consequent dilation domains to be a few percent at 272 K with=0.14 A. This
for the Mr?"-02~ bond in the same plane. To fit the x-ray estimate is inversely proportional tv?.

data, we need\~0.14 A and5~0.06 A. For comparison, The nature of superlattice reflections cannot be explained
the mean thermal displacement of oxygen in this material i®y simple chemical inhomogeneity, however, it is possible
about 0.09 A. that fluctuations in chemical composition could act as the

To see whether the model proposed above fits the experpinning centers for charge ordering. Experimentally, it is
mental data, we carried out a full dynamical calculation ofalso not clear whether the=1/2 type charge ordering is
electron scattering from randomly distributed structural do-associated with an excess concentration of 1/6 holes per for-
mains, assuming incoherent electron scattering from eachula inside the nano-domain. Charge separation, in general,
domain. Dynamic calculations are necessary because d§ not favored energetically. The amount of Coulomb energy
strong electron scattering. Theoretically, whether the nano-equired to separate charges increases rapidly with the size
structures are static or time dependent, they can be treatéth the textbook case of a spherical charge cloud of radius
similarly by averaging over space or time or both. We usethe assembly energy is proportional td) Charge separa-
the general dynamic theory of electron diffuse scattering detion can only exist if there is a sufficient amount of energy
rived by Gjonnes? taking account of electron diffraction gained by charge ordering, which would be proportional to
before and after the diffuse scattering: the volume ¢3). In that case, the size of charge separated

domains would be dictated by the balance between the Cou-
lomb interaction and charge ordering.
di(g+h)=dz>, > > > Sng(2)S* ng'(2)F4 The experimental picture emerged from our electron dif-
g g F ¢ fraction study can be summarized in following. AboVg,
. Y " there is an average increase in the number of extended or-
(a9 a(aHg" =) S(1)S o (1), dered structural domains, as the sample is cooled toWward
(2 Below T, the average number of domains slowly decreases.
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The shape of domain resembles a droplet, with the diametgrerimental findings here raise interesting questions about the
~36 A and height~15 A (along theb axis). They are ran- underlying physical origin of these domains, their effect on
domly distributed. Recent neutron data shows that they aréhe transport properties, and the implied charge separation
also static with a lifetime larger than 1 pRef. 17 (t  associated with charge ordering.

>3 us from the NMR daté). Compared to the average  This work was supported by the U.S. Department of En-
structure, the domain has modulated transverse atomic d'%Tgy(Division of Materials Sciences, Office of Basic Energy
placements in the-c plane, similar to these found in the Sciences under Grant No. DEFG02-91ER45439.M.Z).
structure of charge ordered {#Ca,,MnOs. The rise and fall  The experiment was done at the Center for HREM, ASU and
of superlattice reflections coincide with the similar change insupported by NSF DMR9973894. The authors thank Profes-
resistivity, indicating that they are strongly related. The ex-sor J. Spence and M. Salamon for comments.
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