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Ca dopants introduce holes in the Mn e, band which allows electronic transport; such samples exhibit a
colossal magnetoresistance (CMR) when the sample becomes ferromagnetic at low T, for x in the range 0.2
< x < 0.5. Previous EXAFS studies on the perovskite manganites La; —,Ca,MnOs3 indicated a correlation
between changes in the local structure associated with polaron formation, and the sample magnetization
for these samples. We have extended the EXAFS measurements to a wider range of Ca concentrations and
to very high magnetic fields. Applying a magnetic field reduces the local distortion of each sample for
temperatures near T.. These measurements provide clear evidence for a universal relationship between the
local structure and the sample magnetization. For at least one sample (x = 0.3), there is still a significant
change of o2 with T below T. when the sample is fully magnetized, i.e. distortions are still present and
continuing to be removed as T is lowered well below T..
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When LaMnOs is doped with Ca it introduces holes into the Mn e, band which leads to novel transport and
magnetic properties such as colossal magnetoresistance (CMR) and ferromagnetism, particularly for Ca
concentrations in the range 20-50% [1]. At high T, the system is a paramagnetic insulator (semiconductor);
in this regime, the electrical conductivity takes place via hoping polarons which produce a broadened
distribution of Mn-O bond lengths. At low T, the system is a ferromagnetic metal; in this case the electrons
become delocalized and most (in some cases all) of the local distortions disappear.

For LaMnO3 there are four 3d electrons on each Mn atom (Mn™13). Three are tightly bound (in a tog
state) and form a spin 3/2 moment. The forth electron is in the half-metallic e, band and is Hund-rule
coupled parallel to the core Mn spin. Holes in this band (from doping with a divalent atom) provide the
electrical transport (See Fig. 1). In the CMR regime, the ferromagnetic coupling is mediated through the
double exchange interaction in which electrons (or holes) hop rapidly from one Mn atom to the next via an
intervening O atom [2]. If the Mn spins are parallel, the electrons can hop rapidly with no spin flip; if the
Mn spins are not parallel, it costs additional energy as the spin must also flip (See Fig. 1). As T approaches
T,, the hopping slows down — the lattice has time to partially respond and a Jahn-Teller distortion begins to
appear (with two longer and four shorter Mn-O bonds). This enhances the metal to insulator transition [3].

Much work has been done on these systems - yet the way in which the magnetization develops is still
not clear. Our earlier work [4, 5] shows that there is a connection between changes in the local distortion
(which we associate with a decrease in the polaron distortion) and the magnetization as T is lowered
through the ferromagnetic transition temperature T.; the hopping increases as the spins become aligned
and the distortion decreases. Although the concentration of holes is considerably less than 50%, all the Mn
moments become aligned - except for samples close to the boundary between the ferromagnetic metal and
the ferromagnetic insulator regimes, at roughly 18-20% Ca.
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Fig.1 a) A sketch of the holes on the Mn sites produced by Ca defects - black ovals, distorted Mn sites; open circles,
(Mn) hole sites; horizontal stripes, La; small circle, Ca. The O atoms between the Mn are not shown and the La/Ca
atoms are in layers above or below the Mn layer. b) A “cartoon” of the double exchange interaction - when moments
aligned electrons hop rapidly, no distortions. When the moments are not aligned, hopping is slower; the lattice has
time to respond and distorts.

There is a large U parameter in these systems [6] which makes it energetically unfavorable to have two
e, electrons on a given Mn site. Consequently LaMnO3 is an insulator. Holes must be present before elec-
trons can hop - and therefore before the double exchange interaction can become operative. Our EXAFS
measurements show that relatively little distortion is removed as the sample becomes magnetized until the
fraction of aligned Mn atoms is slightly larger than 2x - i.e. twice the number of holes. This leads to a
model in which the magnetization develops via pairs of Mn atoms (a hole site and an electron site).

EXAFS data as a function of T and of magnetic field B, up to 11T, were collected on fine powder
samples at SSRL using Si (111) and (220) double monochromators. The data were reduced using standard
procedures and fit [4] using theoretical functions generated by FEFF6/FEFF7 [7].

In Fig. 2a, we show the first (Mn-O) peak in the Fourier transform (FT) of the EXAFS data (r-space) as
a function of B for T ~ T, = 190K (21% Ca). As the field increases, the peak amplitude increases which
indicates a field-induced decrease in the local distortions. From these data we can extract the average
width of the Mn-O bond length distribution, o (we need a single parameter to compare with the sample
magnetization M). o2 is a measure of the mean square variation (the variance) of the Mn-O bond length
throughout the sample; it is a measure of the local distortions, and is plotted as a function of T for various
magnetic fields in Fig. 2b. o2 increases rapidly near T, and then varies more slowly with T well above
T.. Note that the range of T, for which the main change in o occurs, extends to higher T as B increases.
This follows the behavior of the sample magnetization with B - see Fig. 2c. Similar plots of o%(T) are
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Fig. 2 21% Ca sample. a) Expanded view of the first (Mn-O) peak in the Fourier transform of the EXAFS data as a
function of magnetic field near T.; b) o2 as a function of T for several magnetic fields. c) shows the corresponding
plots of M (T) for the same applied fields.
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Fig.3 a) Plot of ¢®(T) for Mn-O at various magnetic fields for 30% Ca. For this sample the magnetization is saturated
at 150K, yet there is still a distortion of the Mn-O bond. b) A similar plot for the 45% Ca sample at B = 0T.

shown for the 30 and 45% samples in Fig. 3 and exhibit the same type of behavior; for the latter we
only have data at B=0. For the 30% sample it is also clear that there is still some distortion left when
the sample becomes fully magnetized that can be removed by lowering the temperature further - thus the
double exchange mechanism is operative even when some distortion is present.

For comparison with M, we want a measure of the distortion removed as M increases. The change
in 02, Ac? is defined [4] in Fig. 2, 3, where the solid line represents normal phonon processes plus a
large quasi-static distortion (produced by the polarons at high T). Aco? is the difference between this line
and the data. When we plot Ac? vs M/M,, all the data at various temperatures and different magnetic
fields collapse onto a universal curve for a given concentration, as shown in Fig. 4a,b for the 21 and 30%
samples; for the 45% sample we have only B=0T data. The break points are approximately at M /M, =
0.45-0.5, 0.65 and 0.9 for 2x = 0.42, 0.6, and 0.9. (The solid lines in Fig. 4a,b are fits to a model in which
the distortion per site is allowed to vary - with the lowest distortion sites becoming magnetized first - this
is discussed elsewhere [8]).

The important point - particularly for the lower concentration samples - is that little distortion is removed
until the sample is roughly 50% magnetized; then a large distortion is removed as M /M, increases to 1.
For the double exchange to operate, there must be adjacent electron and hole sites so that the electron can
begin to hop back and forth quickly. The electron site will initially be J-T distorted while the hole site
is, to lowest order, undistorted. When the electron hops fast enough, the distortion disappears. Thus if
the magnetization grows initially via pairs of Mn atoms (a hole and an electron site — see Fig 5a), the net
distortion removed per magnetized site is half that of the J-T distorted electron site; however, once all the
holes are used up the distortion removed per magnetized site must be the full J-T distortion and Ac? should
increase twice as quickly with M /M,,. If there is a distribution of Jahn-Teller distortions (depending on the
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Fig. 4 Ac?vs M /M, for a) 21%, b) 30%, and c) 45% Ca. Solid lines are a fit to a model in which there is a range
of J-T distortions (not discussed). Break points approximately at M /M, = 0.45-0.5, 0.65, and 0.9, respectively.
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Fig. 5 a) Model of the magnetization process - Mn sites only. Black ovals, distorted Mn sites; open circles, hole
sites; shaded regions, magnetized clusters. In the latter the electrons hop rapidly, the open circles show the original
hole sites and the gray circles the original sites that became undistorted when the site became magnetized. b) Plot of
the electrical conductivity (ei—cona = 1/p) as a function of M /M, for several temperatures from data of Hundley et
al [9]. Multiple points at the same temperature are at different magnetic fields.

Ca distribution in the sample), then the smallest distortion (lowest strain energy) will become undistorted
first.

To emphasize the interesting connections/couplings between the spin, the charge, and the lattice we
replot some resistivity data for the 30% Ca sample [9] as the conductivity oe;—cong Vs M /M, in Fig. 5b
(Oel—cond = 1/p). There is a clear break in o¢;—cong at M /M, ~ 0.65, in agreement with the EXAFS data.
In addition there is also a break at M /M, ~ 0.3 which is close to the percolation threshold!

Thus based on these results, the magnetization could develop as follows: at low M, small clusters form
from adjacent pairs of hole and electron sites; as M grows (T decreases or B increases), unmagnetized
hole sites diffuse close enough to a small magnetic cluster that another pair can join. This will lead to
filamentary clusters of magnetic, conducting material. In this regime, the sample conductivity remains
low. When the M /M, reaches~ 0.31, 31% of the sites are magnetized and percolating clusters should
form; then the conductivity will increase more rapidly as observed (Fig. 5b). As M /M, increases further,
the number of percolating filamentary clusters increases until all the hole sites are incorporated into the
magnetic clusters. At this point, additional increases in M /M, require that Jahn-Teller distorted sites
between the filaments become magnetized - and conducting. This fills in the regions between the filaments,
the Mn local distortions decrease significantly, and o¢;—conq grows rapidly.
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