View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by UNL | Libraries

University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln

Peter Dowben Publications Research Papers in Physics and Astronomy

8-1-1996

Experimental evidence for the dynamic Jahn-Teller effect in
Lao.65Ca0.35Mn03

P. Dai
Oak Ridge National Laboratory

Jiandi Zhang
University of Nebraska-Lincoln, jiandiz@Isu.edu

H.A. Mook
Oak Ridge National Laboratory

Sy_Hwang Liou
University of Nebraska-Lincoln, sliou@unl.edu

Peter A. Dowben
University of Nebraska-Lincoln, pdowben@unl.edu

See next page for additional authors

Follow this and additional works at: https://digitalcommons.unl.edu/physicsdowben

b Part of the Physics Commons

Dai, P; Zhang, Jiandi; Mook, H.A_; Liou, Sy_Hwang; Dowben, Peter A.; and Plummer, E. Ward, "Experimental
evidence for the dynamic Jahn-Teller effect in Lag.65Cag.35Mn03" (1996). Peter Dowben Publications. 45.

https://digitalcommons.unl.edu/physicsdowben/45

This Article is brought to you for free and open access by the Research Papers in Physics and Astronomy at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Peter Dowben Publications
by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.


https://core.ac.uk/display/188139267?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/physicsdowben
https://digitalcommons.unl.edu/physicsresearch
https://digitalcommons.unl.edu/physicsdowben?utm_source=digitalcommons.unl.edu%2Fphysicsdowben%2F45&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=digitalcommons.unl.edu%2Fphysicsdowben%2F45&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/physicsdowben/45?utm_source=digitalcommons.unl.edu%2Fphysicsdowben%2F45&utm_medium=PDF&utm_campaign=PDFCoverPages

Authors
P. Dai, Jiandi Zhang, H.A. Mook, Sy_Hwang Liou, Peter A. Dowben, and E. Ward Plummer

This article is available at DigitalCommons@University of Nebraska - Lincoln: https://digitalcommons.unl.edu/
physicsdowben/45


https://digitalcommons.unl.edu/physicsdowben/45
https://digitalcommons.unl.edu/physicsdowben/45

PHYSICAL REVIEW B VOLUME 54, NUMBER 6 1 AUGUST 1996-II
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Recently, it has been argued that a strong electron-phonon interaction arising from the Jahn-Teller splitting
of the outer Mnd level plays a crucial role in understanding the nonmetal-to-metal transition observed in the
La;_,AMnO; (A=Ca,Sr,Ba system. We show, by neutron powder diffraction, thag k££a, 3gMnO4 ex-
hibits an anomalous volume and oxygen/manganese displacement changeTarpimdualitative agreement
with the theoretical predictioS0163-18266)00830-2

The recent rediscovery of “colossal magnetoresistance’of a direct experimental proof has sparked lively debate
(CMR) in perovskite-based La ,A,MnO5 (A = Ca,Sr,Ba®  about the relevance of the dynamic Jahn-Teller distortion in
has generated considerable interest in these materials. In thederstanding the microscopic origin of the observed CMR
doping range of 0&x=<0.4, La _,A.MnO4 orders ferro- effect®! In this paper, we present neutron diffraction
magnetically and the temperatur€)(dependence of the re- data which demonstrate that the polaron effect scenario
sistivity is closely related to the magnetic ordering. Thesuggested by Milliset al. may indeed be realized in the
“double exchange” model, proposed some 30 years Zago,Lag sCay 3gMNO5 system. Specifically, the oxygen and Mn
has been used more receftlp explain the physics of the rms displacements, obtained by neutron Rietveld analysis,
observed nonmetal-to-metal transition. However, Millis are found to exhibit anomalous behavior arodnd in quali-
et al? argue that double exchange alone cannot account fdative agreement with the theoretical prediction.
the large resistivity drop below the paramagnetic to ferro- Our neutron experiments were performed using the
magnetic phase transition temperatdig. A strong Jahn- HB-1A triple-axis and HB-4 high-resolution powder diffrac-
Teller electron-phonon coupling must also play an essentidbmeters at the High-Flux Isotope Reactor at Oak Ridge Na-
role>8 In particular, the polaron effect, due in part to local- tional Laboratory. The HB-1A triple-axis spectrometer, op-
ization of the conduction band electrons by slowly fluctuat-erated in the two-axis mode with an incident beam
ing (dynami9 local Jahn-Teller distortions, is reduced dras-wavelength of 2.356 A and collimation of 480'-
tically below T, permitting the formation of a metallic state. 10'-30" in usual notation, was used for magnetization mea-
For medium electron-phonon coupling, which is believed tosurements. The HB-4 diffractometer has an array of 32 de-
be relevant to the composition range (82<0.4) where tectors and available instrument scattering angle between
the nonmetal-to-metal transition is observed, Milésal. 11° and 135°. When operated using the wavelength of
predict that the temperature dependence of the average rodt-0314 A, it allows a maximum wavevector transfér
mean-squarérms) oxygen displacements is linear with a (=4w/\sind) of ~11.25 A ~! to be reached.
slope that is different folr above and below . .° The large The polycrystalline sample used in the experiments was
elastic anharmonicity, coupled with the Jahn-Teller distor-synthesized by a solid state reaction. Starting materials
tions, induces a large volume change that might have beela,05, CaCO;, and Mn were mixed in stoichiometric pro-
observed1° portions and heated in QOat 1200 °C for 24 h, at 1350 °C

Although some aspects of this model such as the behavidor 50 h, and then at 1400 °C for 50 h with two intermediate
of the resistivity agree well with the existing experimental grindings. The bulk magnetization, resistivity, and magne-
results, the central prediction of anomalous temperature deeresistance are all consistent with previous resdlfShe
pendence of the rms oxygen displacements, due directly tbine black powder was loaded in a thin wall vanadium can
the electron-phonon coupling, is yet to be observed. The laclwhich was then mounted inside a larger aluminum can filled
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FIG. 1. Rietveld refinement patterns for  @Ca, 3sMnO4 at 300 K. Plus marks are observed neutron-diffraction intensities, and the
solid line is calculated intensities. The first and second set of vertical marks below the profile indicate the positions of Bragg reflections for
the cubic and orthorhombic structure, respectively. Major reflections are labeled with the orthorhombic indices. The curve at the bottom is
the difference between the observed and calculated intensities for the orthorhombic structure. The inset shows the schematic crystal unit cell.
The La/Ca, Mn, @1), and G2) atoms are represented in green, red, light blue, and dark blue, respectively.

with helium exchange gas. For measurements below roorfunction of temperature on warming. Thed Zangle of the
temperature, the aluminum can was attached to the cold firreflection, directly related to the lattice parameters, is plotted
ger of a Displex helium refrigerator. For higher temperaturein frame (b). Frames(c) and (d) show the temperature de-
measurements, we have used an Institute Laue Langevin tygpendence of the lattice parameters and unit cell volume. The
furnace without the aluminum can. The temperature accuanisotropic lattice contractions aroufd are clearly evident
racy for the Displex is abdul K while the highT furnace in the data, indicating a strong coupling between the lattice
has an uncertainty of 10 K. and magnetism.

Figure 1 shows the full pattern of the Rietveld analysis Although the sample structure, magnetization, and lattice
result at 300 K using thesas program*® We find that the ~parameters are important to study, such information will not
compound has an orthorhombic structure at all the tempera-

tures investigated with a space graBpma(Ref. 19 that is bond distances, and angles at 300 and 40 K. Numbers in the paren-

different than theécubic StrUCte%re prqposed originlallly bythesis are statistical errors of the last significant digitl)@&vin and
Wollan and Koehlerand by Yaket for this Ca composition. 0(2)-Mn are along thé axis and in thea-c plane, respectively.

The conclusion of an orthorhombic unit cell is drawn, not

TABLE |. Refined parameters for lattice constants, selected

from the the observation of line splitting, but on the basis ofpgrameter T=300 K T=40 K
superlattice reflections absent in the cubic structure as shown
in Fig. 1. The inset in Fig. 1 shows the unit cell structure,a (A) 5.45374) 5.43716)
Table | summarizes the lattice parameters, selected bond dis-(3) 7.70426) 7.67937)
tances, and angles obtained from the Rietveld analysis. ¢ (A) 5.46824) 5.44985)
Having shown that the structure of our sample is ortho-O(1)-Mn(A) 1.95626) 1.95127)
rhombic, we now focus on the temperature dependence ab(2)-Mn(A) 1.959626) 1.951224)
the order parameter and the lattice constants. Figure 2 sun®2)-Mn(A) 1.955726) 1.950725)
marizes the results. Fram@) displays the square of the Mn-O(1)-Mn(°) 159.8619) 159.4220)
sample magnetization, measured at zero field using the inten-0(2)-Mn(°) 160.9911) 161.1112)

sity change of the sum d,2,0 and(1,0,)) reflections as a
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A St profiles were then fixed to the optimum values at 40 K and
other parameters allowed to vary in subsequent refinements
:;‘ for higher temperatures. For all the refinements, weighted
> R factors R,,p) of ~7% were obtained with a reduced,
about 1.2.
Figure 3 summarizes the outcome for the temperature de-

pendence of the atomic rms displacements for all the atoms
in the unit cell. Frames$a) and (b) show the results for oxy-
Temperature (K) gen at two different sitefsee inset of Fig. JL For conven-
tional materials such as aluminum, the atomic Debye-Waller
FIG. 2. () Reduced magnetization vs temperature on warmingfactorW, therefore the rms displacement, is linear as a func-
up (@), obtained by subtracting the background and normalizingtion of temperaturé’ If higher order anharmonic effects are
the data to the intensity at 40 Kb) 26 angle vsT for (1,0, and  important, W will contain additional terms which vary as
(0,2,0 Bragg reflections(c) Lattice parameters as a function of T2 andT3. Instead of being linear, the data bear great resem-
temperature. The inset shows an expanded version cd thgice blance to theT dependence of the lattice parameters. To
constant(d) unit cell volume vsT. For HB-4 data, closed symbols yatermine whether the observed anomalous behavioW in
are measurements obtained with a Displex helium refrigerator while.5, pe entirely accounted for by the lattice expansion, we
open symbols are furnace_ results. The errors in the !attice ParaMyote thatW, in the simplest phenomenological model, is re-
eFers are less than the size of the symbol. The lattice parametrféted to volume by W(TZ)/W(Tl)=[V(T2)/V(T1)]27,
differences at roonT between closed and open symbols are due . L . .
mostly to systematic errors in the measurements. Solid lines ar\é\lherey is the Grm%?lsen constant, which for mps_t mat(_arlals
guides to the eye. IS betwe_en 2 and 3.If the obse_rved anharmonicity W is
due entirely to volume expansion, one would expect the ef-
provide a direct test of the theory of the dynamic Jahn-Telleffective y, or y.¢, computed fromN andV to be less than 3.
effect. Neutron diffraction, however, is also ideal for deter-Instead, we find thay.4=85 for T between 260 and 40 K
mining the oxygen rms displacements because of its sensand ~25 between 600 and 260 K, suggesting that the vol-
tivity to oxygen atoms. The neutron cross section for coherume expansion is too small to account for the change in
ent elastic scattering is proportional ® 2" where the W. In the theory of the dynamic Jahn-Teller efféCtthe T
Debye-Waller temperature facto"gQ)=((Q-u)?), and  dependence of the rms oxygen displacements is expected to
the rms displacementg{?)) are therefore mostly sensitive be linear with a slope that is different for temperatures above
to the Bragg intensities at large wave-vector transfers. To tesind belowT.. Our data agree with the model fairly well for
this idea, Rietveld analysis was performed o+ 300 and T aboveT,., but deviate from it at low temperatures. The
493 K data where no magnetic intensity is present in Braggresence of the nonlinedr dependence in the oxygen rms
reflections. We find that all the parameters are essentially theisplacements suggests a strong elastic anharmonicity in the
same using a full(11°<26=<135°) and a partial(60°  crystal belowT.. Such anharmonicity, although known to be
=<260=<135°) pattern. Consequently, we have only analyzecpresent, is not considered explicitly in the model of Millis
the partial pattern for all the temperatures to avoid compli-t al> Therefore, calculations that include detailed structural
cation of magnetic orderin. information, and possibly quantum effects, will be required
The procedure for analyzing the temperature dependendsefore a quantitative comparison between theory and experi-
of the HB-4 powder data is as follows. First, we simulta- ment can be made.
neously refined the scale factor, background, and peak pro- Finally in Figs. 3c) and(d), the rms displacements of Mn
file, lattice parameters, atomic positions, and Debye-Walleand La/Ca are plotted. It is clear that Mn exhibits a tempera-
factors for all the atont§ for the 40 K data set. The peak ture dependence similar to the oxygen atoms while La/Ca

0 100 200 300 400 500 600
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has the normal Debye-Waller factor behavior. Although thehas a weaker electron-phonon coupling and hence less
T dependence of the rms displacements for Mn and La/Ca ianomalous behavior in the oxygen Debye-Waller factors. For
not predicted directly in the theory, this result is not surpris-La, Ca, 3 MnO5, the smaller Ca ionic size may facilitate a
ing given that the bond lengths of the La/Cat®@41-3.11 stronger electron-phonon interaction, thereby inducing the
A) and La/Ca-Mn(3.25-3.42 A atoms are much larger than |ocalization of the conduction band electrons abdyeand

that Of the Mn—O(195 A) atoms. Therefore, the inﬂuence Of Causing the Observed meta'_to_nonmeta| transition_

the apparent anharmonicity and dynamic Jahn-Teller distor- |, conclusion, we have studied the structural and mag-

tions is greatly reduced for the La/Ca atoms. netic phase transitions in perovskite d@Cao s MnO5 by

One of the key issues in understanding the MICTOSCOPIG e ytron powder diffraction. Our results indicate that the

origin of the CMR in these perqukltes Is the pOSS|bIe Cou_compound has an orthorhombic structure at all temperatures
pling among structural, electronic, and magnetic phase tral

o Mhvestigated. An anomalous volume, oxygen, and Mn rms
sitions. Recent work by Hwangt al® has demonstrated a 9 Y9

. . : displacement change around is discovered. These results
direct linkage between the Curie temperatufe and are in qualitative agreement with the dynamic Jahn-Teller
the average ionic radius of the La sitéry) in N 9 y

o - distortions theory:®
Lag 7 4ByCapsMnO5 (B = Pr, Y). Similarly, the size of the . .
doping divalent alkaline-earth ions in La,A,MnO5 can . Note_ added After the submission of t_hls paper, related
also significantly affect its structural and magnetic proper-diffraction results on La_,CaMnOsz (x=0.25,0.5) have
ties. During the course of this work, we have learned of &€en published by P.G. Radaedli al. [Phys. Rev. Lett75,

neutron scattering experiment by Martet all® on the 4488(1995].

Lag 7SrpsMnO4 metallic ferromagnet, which has a similar We are grateful to B.C. Chakoumakos, R.M. Moon, S.E.

doping level as LgesCay3MnO;. The authors concluded Nagler, R.M. Nicklow, and A.J. Millis for helpful discus-
that for this Sr composition the oxygen rms displacements.

are independent of the temperature being above or belofjontsl'\l-rh'; IrEeZeCaOrgh8\2,/gSR :ﬂ%%neihb{u'ksh DglfvluntqerECon-
T.. We note, however, that the paramagnetic to ferromag-raC 0- ) ) with Lockheed Martin En-

netic phase transition in the kaSry sMnO3 corresponds to ergy Systems, Inc., at ORNL, NSF_ Grants No. DMR 92-
a metal-to-metal transition which, according to Milisal,5 ~ 21655 and No. OSR-9255225 at Univ. of Nebraska.
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