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PHYSICAL REVIEW B, VOLUME 63, 224302
Local and average crystal structure and displacements of La11B6 and EuB6
as a function of temperature
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1Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

2Los Alamos National Laboratory, Los Alamos, New Mexico 87545
3Department of Physics, University of Nevada–Las Vegas, 4505 Maryland Parkway, Box 454002, Las Vegas, Nevada 89154-400

4Department of Physics and National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32306
5Physics Department, University of California, Irvine, California 92697

~Received 31 January 2001; published 18 May 2001!

Measurements of both the average crystal structure from Rietveld refinement of neutron powder diffraction
data and the local structure from LaL III -edge x-ray-absorption fine structure~XAFS! are presented for a
La11B6 sample as a function of temperature (;10–320 K). These data are compared to XAFS results on a
EuB6 sample. The single-site La and B positional distribution widths and the La-B and La-La bond length
distribution widths and their temperature dependence are compared. This comparison allows an estimate of the
La and B site displacements, and we find that these sublattices are only slightly correlated with each other.
Moreover, while the temperature dependence of the displacement parameters of the average sites obtained from
diffraction fit an Einstein model well, the temperature dependence of the La-B bond length distribution width
requires at least two vibrational frequencies, corresponding to the La and B frequencies of the individual sites.
XAFS data on EuB6 indicate that the situation is the same in the Eu compound. In addition, comparisons
between data taken below and above the ferromagnetic transition temperature for EuB6 place stringent limits
on the lattice involvement in the associated metal-insulator transition and the ensuing large magnetoresistance
effect. This lack of lattice involvement in the magnetoresistance transition is in sharp contrast to the strong
lattice involvement observed in the colossal magnetoresistance lanthanum manganese perovskites.

DOI: 10.1103/PhysRevB.63.224302 PACS number~s!: 71.38.2k, 71.30.1h, 61.10.Ht, 61.12.Ld
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I. INTRODUCTION

The AB6 hexaborides possess a wide range of interes
electronic and magnetic properties, including mixed valen
heavy fermion, metallic, superconducting, and semicond
ing behavior.1 EuB6 is perhaps the least understoo
hexaboride. To begin with, although all the hexaborid
share the same crystal structure~Fig. 1!, Eu is one of the few
metals in the hexaboride series that is divalent rather t
trivalent ~Sr, Ca, and Yb are the others!. The divalent
hexaborides are believed2 to be semimetals, and EuB6 is con-
sistent with this expectation.3,4 Above room temperature i
appears to behave as a semiconductor, but as the tempe
is lowered below room temperature, the resistivity~Fig. 2!
decreases, as in a metal.5 As the temperature is lowered t
about 16 K, the resistivity then increases, followed by a p
cipitous drop. This ‘‘metal-insulator’’ MI transition at 15.
K is concomitant with a partial (;15%) ferromagnetic
alignment of the Eu spins.5 The resistivity and specific hea
also exhibit a second~albeit broad! transition at about 12.6 K
~inset of Fig. 2! at which the majority of Eu spins becom
ferromagnetically aligned. In addition, there is a large ne
tive magnetoresistance~MR! effect of about 95% in 5 T at
temperatures nearTC.

Although the magnitude and overall character of this M
effect are different in detail from the colossal magnetore
tance ~CMR! of lanthanum manganese perovskites,6 the
presence of a MI transition in the vicinity of a ferromagne
~FM! transition and a large MR effect has prompted co
parisons to the perovskites as a possible place to look
0163-1829/2001/63~22!/224302~8!/$20.00 63 2243
g
e,
t-

s

n

ture

-

-

-

-
or

clues about the nature of the behavior of EuB6.7 One impor-
tant point is that just above the transition the resista
shows a sharp increase with decreasing temperature~Fig. 2!,
consistent with a short temperature range where activa

FIG. 1. Hexaboride crystal structure. Dark atoms represen
rare earth and the light atoms represent boron. Two unit cells
shown to emphasize the shortest bond length in the struct
namely, the B-B pair between adjacent B6 octahedra.
©2001 The American Physical Society02-1
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C. H. BOOTHet al. PHYSICAL REVIEW B 63 224302
behavior could exist, as expected for polaron transport
fact, short-range magnetic order~i.e., magnetic polarons! at
temperatures aboveTC have been observed by Rama
scattering.8 A strong relationship between the magnetic p
larons and transport properties has been conjectured.5 Al-
though the existence of magnetic polarons does not req
associated lattice distortions~lattice polarons!, some evi-
dence suggests that the role of the lattice is still not und
stood. For instance, an unusually low-lying optical mode
145 cm21 corresponding to relative motion between Eu a
B atoms has been observed.7 Moreover, group theory indi-
cates that no ferromagnetic phases should exist within
measuredPm3m lattice symmetry.9 Therefore, the actua
symmetry of the EuB6 lattice must be lower, and indee
some anisotropy in certain lattice reflections has b
observed.10

Note that significant differences between EuB6 and the
CMR perovskites have been observed. For instance,
analysis of the Raman scattering suggests that the numb
Eu atoms that participate in the magnetic polarons is sm
(;3%) compared to the perovskites (*20%). Furthermore,
most of the hexaborides are crystallographically very w
ordered (LaB6 is, in fact, often used as an x-ray diffractio
standard because of its narrow diffraction peaks!, and no
change in the EuB6 lattice constant occurs nearTC to within
0.0005 Å. However, pathological disorder can exist tha
more easily observed with a local probe~the perovskites are
a good example11!, and given the evidence for magnetic p
larons and the surprising paucity of temperature-depen
Rietveld refinements of LaB6 and EuB6, a temperature-
dependent local and average structural study is still ne
sary. Therefore, we performed both x-ray absorption fi
structure ~XAFS! and neutron powder diffraction~NPD!
experiments to elucidate the average and local structure
LaB6 and EuB6 and the relationship between them.

II. EXPERIMENTAL DETAILS

Hexaboride samples were prepared by slow cooling
lute, stoichiometric amounts of the rare earth~La or Eu! and
boron in aluminum, from 1500 °C. Crystals were produc
by leaching the aluminum in a NaOH solution. A large qua
tity ('40 g) of La11B6 was required for the NPD experimen
in anticipation of using these same data for a pa
distribution function analysis in the future. Therefore, seve

FIG. 2. Resistivityr of EuB6. Inset shows]r/]T in the vicinity
of the ferromagnetic transition.
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batches were grown and mixed together and ground gent
form the final sample used for NPD. A small amount of o
of these batches ('10 mg) was used for the XAFS exper
ments. Both the polycrystalline La11B6 and the single crysta
of EuB6 used in the XAFS experiments were ground into
fine powder, passed through a 30mm sieve, and brushed
onto tape. Strips of tape were stacked such that the abs
tion step at the rare-earthL III edge corresponded to about on
absorption length.

Neutron powder diffraction data were collected on t
General Purpose Powder Diffractometer~GPPD! instrument
at the Intense Pulsed Neutron Source at Argonne Natio
Laboratory with sample temperatures between 10 and 30
Since naturally occurring boron is a strong neutron absor
we used LaB6 samples with more than 98%11B. EuB6 was
not measured in this manner since all Eu isotopes are
strong neutron absorbers. The structure was Rietveld refi
using theGSASsoftware package.12 The first four banks from
the GPPD corresponding to690° and6145° were used in
the refinement. The background scattering for each bank
modeled with a fifth-order polynomialQ2. Diffractometer
constants were calibrated by fitting a room temperature s
of nickel powder. Even with a11B-enriched sample, a larg
absorption coefficient was necessary to fit the hexabo
data, and because of a large correlation with the extinc
parameter we had to hold extinction equal to zero for th
fits.

X-ray-absorption fine-structure data were collected
beamlines 2-3 and 4-1 at the Stanford Synchrotron Radia
Laboratory from the La and EuL III edges for both LaB6 and
EuB6 samples. The data range is limited in each case by
proximity of the L II edge. A liquid-He-flow cryostat was
used for data collected between 3.3 K and 300 K. Data ab
room temperature utilized an oven with the sample in flo
ing He gas. A Si~111! double-crystal monochromator wa
used to collect LaB6 data, detuned by'50% to remove
higher harmonics. A similar Si~220! crystal was used for the
EuB6 data.

The XAFS data were reduced and fitted inr space using
standard procedures.13,14 In particular, absorption from othe
excitations~preedge absorption! was removed by fitting the
data to a Victoreen formula, and a cubic spline~five knots!
was used to simulate the embedded-atom absorptionm0. The
XAFS oscillationsx were then obtained as a function o
photoelectron wave vectork5A2me(E2E0)/\2 from x(k)
5m/m021. E0 of the samples was determined from the h
height of the main edge. Fits to the data were performedr
space after Fourier transforming~FT! kx(k). The real and
imaginary parts of this transform are complicated functio
of the scattering potentials, including a shift in the Fourie
transform peak positions from the actual bond lengths.
fitted with backscattering amplitudes and phases calcula
by theFEFF7code,15 which has been shown to be very acc
rate over a wide range of materials~for instance, see Ref
14!. XAFS amplitudes are subject to an overall reducti
factorS0

2, which was determined by assuming full occupan
of all sites and averaging initial fit amplitudes at all tempe
tures for each material. The shifts in the threshold ene
2-2
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LOCAL AND AVERAGE CRYSTAL STRUCTURE AND . . . PHYSICAL REVIEW B63 224302
DE0 between the data and the fitting standard were obta
in a similar manner.

In analyzing errors from XAFS measurements, it is im
portant to differentiate between the random errors cause
counting statistics, thermal fluctuations, etc., and the ab
lute, systematic errors caused by the fitting procedure.
much of this paper, we are more concerned with the rand
errors that occur from one temperature to the next. In th
cases, we estimate this error by collecting about three s
at each temperature point for each sample, and fitting e

FIG. 3. Neutron powder diffraction data at 300 K on LaB6,
together with the fit and residual. Panel~b! expands the low-d part
of panel~a!.
22430
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scan individually. These errors are typically quite small, a
as such are sometimes not shown in the figures. Where
propriate, we estimate absolute errors by a Monte Ca
method whereby the total error per data point is estimated
assuming the statisticalx2/n51 and that the degrees of free
dom n are given by the maximum degrees of freedom fro
Stern’s rule16 minus the number of fit parameters. Once t
total error is obtained, we estimate the error on a fit para
eter by finding the point in a fit where the statisticalx2 is
increased by a factor of 1. Generally speaking, absolute
rors on nearest-neighbor bond lengths for well-ordered
erence crystals have been shown to be;0.005 Å by com-
paring to diffraction measurements.14 Errors in bond length
distribution widths (s) are around 5% for nearest neighbo
and about 10% for further neighbors that are relatively w
isolated, such as La-La paths in LaB6.

III. RESULTS

A. NPD data and Rietveld structural refinements

An example of the room temperature NPD data from
backscattering bank is shown in Fig. 3, and the fitting res
are summarized in Table I. Anisotropic displacement para
eters for the boron site were necessary to obtain high-qua
fits, as expected from previous studies.17

Fits of the displacement parameters to an Einstein mo
were performed to verify that the displacements are do
nated by phonon vibrations and not by positional disord
Fits to the boron displacements necessarily used the isotr
form of ^u2&, namely, (̂ u11

2 &1^u22
2 &1^u33

2 &)/3. The follow-
ing equation was used for the fit:

^ufit
2 &5^ustatic

2 &1
\2

kBmAQE
F 1

eQE /T21
1

1

2G . ~1!
se
TABLE I. Final refined structure parameters for the La11B6 sample. Extinction was held at zero in the
fits because of a strong correlation with the absorption coefficient.Rp is the fit residual andwRp is the
weighted residual, as defined in Ref. 12.

General fit characteristics

Banks included 6145°,690°
Total data points 16104
Total measured reflections 264
No. of variables 11120 for background

T(K)
10 100 200 300

a0 (Å) 4.1527~1! 4.1528~1! 4.1542~1! 4.1561~1!

La occupancy 0.983~4! 0.987~4! 0.987~4! 0.983~4!

xB 0.1993~1! 0.1994~1! 0.1994~1! 0.1995~1!

^uiso
2 &(La)(Å2) 0.00157~6! 0.0025~2! 0.0042~2! 0.0056~2!

^u11
2 &(B)(Å 2) 0.0027~1! 0.0028~1! 0.0033~1! 0.0035~2!

^u22
2 &5^u33

2 &(B)(Å 2) 0.0041~1! 0.0042~1! 0.0047~1! 0.0054~1!

Absorb. coeff. 0.346~2! 0.348~2! 0.363~2! 0.379~3!

Reducedx2 3.14 2.04 1.88 1.78
Rp ~%! 3.47 3.92 3.75 3.73
wRp ~%! 4.95 5.57 5.38 5.33
2-3
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The ^ustatic
2 & term is a measure of the static or position

disorder in the material, although it can be highly correla
with other parameters in the fits, such as the site occupa
The rest of the equation gives the vibration expected for
atom of massmA with a single vibrational frequency give
by the Einstein temperatureQE. Note that, even without any
static disorder, the Einstein model predicts a nonzero^ufit

2 & at
zero temperature, as expected for a quantum mechanical
monic oscillator. In the absence of disorder, the value of
intercept is inversely proportional toQE. The data fit this
model very well ~Fig. 4!, with the La site havingQE

5140(3) K and ^ustatic
2 &50.000 35(6) Å2, and the B site

having QE5600(25) K and^ustatic
2 &50.0001(2) Å2. These

measurements of QE are consistent with previou
studies.18,19Moreover^ustatic

2 & for the La site was found to be
correlated with the La-site occupancy; fits that held the
site occupancy at unity did not require any^ustatic

2 & compo-
nent. These results attest to the lack of significant positio
disorder in this compound.

B. XAFS data and the local structure

An example of the low-temperature XAFS data is sho
in k space in Fig. 5 and inr space in Fig. 6. Figure 6 show
an example of the fit quality and the fit results are summ
rized in Table II. The bond displacement parameters
shown in Fig. 7, and the displacement parameters for L6
are also shown in Fig. 4 for comparison to the NPD resu

As can be seen in Table II, the bond lengths measu
locally with XAFS are very similar to the average distanc
between the sites measured with diffraction. The differen
in bond lengths are indicative of the absolute error betw
diffraction and XAFS measurements of'0.005 Å.14 In
other words, the local and average structures are the sam
these compounds. When comparing displacement par
eters, it is important to remember that in XAFS measu
ments the Debye-Waller factors2 is the variance in thebond
lengthdistribution, and therefore includes correlations in t
displacements of neighboring atoms. Usually one expec

FIG. 4. Mean-squared displacements for the individual sites
near-neighbor pairs in La11B6 as measured by NPD and XAFS
respectively. The anisotropic mean-squared displacements for
ron are spherically averaged:^uiso

2 &5(1/3)(^u11
2 &1^u22

2 &1^u33
2 &).

Fits are described in the text.
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smaller measurement ofs2 than of ^u2&, which is what is
observed. This will be discussed in more detail below.

In a similar manner as above, we checked the Deb
Waller factors against an Einstein model to determine if a
unusual behavior exists in either the vibrational modes or
static displacements. The fitting function is nearly identic
to Eq. ~1! except that we replacêustatic

2 & with sstatic
2 andmA

with the reduced mass for the atom pair,mAB . This model

d

o-

FIG. 5. Representative XAFS data ink space for~a! EuB6 and
~b! LaB6. Data ranges are limited by the proximity of theL II edge
for each compound.

FIG. 6. Representative XAFS data and fits inr space for~a!
EuB6 and~b! LaB6. Fit ranges are shown. Transform ranges are~a!
2.5–12.3 Å21 and ~b! 2.5–10.3 Å21, each Gaussian narrowed b
0.3 Å21.
2-4
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was found to work well for theR-R pairs (R represents rare
earth; see Fig. 4!; for instance, for La-La pairs the Einstei
model gives QE5130(3) K and sstatic

2 50.0000(3) Å2.
However, this model could not describe the temperature
pendence of the Debye-Waller factors for the neare
neighborR-B pairs. In essence, the low-temperatures2 ex-
pected from zero-point motion in the Einstein mod
indicates a rather highQE, yet the Debye-Waller factors
increase much more quickly than such a model would s
gest. No amount ofpositivesstatic

2 offset can account for this
behavior. Given the low value of static displacements for
other measurements up to this point, we assume that
structure is well ordered and try other models of the phon
density of states. Using a Debye form does not help, bu

TABLE II. Fit results for XAFS data at 12 K for the La11B6

sample and at 20 K for the EuB6 sample. These fits useS0
251.02

for LaB6 and 1.00~5! for EuB6, andDE0529.7 eV for both mate-
rials. TheR-B-B multiple-scattering peak~equivalent bond length
of 3.9 Å) and theR-B pair at 4.5 Å were included in the fits to
ensure accurate results for the main single-scattering pairs, but
parameters were severely constrained and are not reported
Errors are estimated from a Monte Carlo method. See Sec. II
details of methods.

Bond N s2 (Å 2) R (Å) RNPD (Å)

La-B 24 0.0036~3! 3.057~2! 3.0510
La-La 6 0.0011~3! 4.148~4! 4.1527
Eu-B 24 0.0039~4! 3.078~2! 3.0786a

Eu-Eu 6 0.0023~4! 4.182~4! 4.1852a

aFrom Ref. 10.

FIG. 7. Debye-Waller factors for single scattering paths
XAFS fits from various experimental runs. LaB6 data from Fig. 4
are repeated here for comparison. Estimated random errors
smaller than the plot symbols. Absolute errors are about 10%
R-B pairs and 20% forR-R pairs (R indicates rare earth!.
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we allow for two Einstein modes, we obtain the fit shown
Fig. 4 for LaB6. This fit has 20% of the spectral weight in
mode at 85 K and 80% in a mode at 570 K. A fit that allow
for a distribution of modes centered around these two E
stein frequencies gives a very large width for the lower mo
of about 50 K. Further motivation for such a model will b
given in Sec. IV.

C. XAFS of EuB6 near the ferromagnetic transition

In order to search for structural changes associated w
the ferromagnetic transition at 15 K in EuB6, we collected
data at 3.3, 10, 15, and 20 K. No obvious change occur
s2 over this temperature region~Fig. 7!. In order to look for
very small changes, we elected to fit the data at 10, 15,
20 K using either the 3.3 K or the 10 K data as a stand
rather than using theoretical standard curves, depending
the experimental run in which the data were collected. T
method has several advantages when one only cares a
changes in a sample from one temperature to the next.
instance, sinceS0

2 should be identical for each temperatur
the backscattering amplitudes can be fixed. Also, using
same material as a standard allows a better determinatio
the line shapes used in the fits, since systematic errors in
theoretical line shapes exist.14 In addition, many sources o
systematic errors can be removed with this method, suc
those that occur from monochromator glitches and bad fo
for the preedge background and/orm0 functions. This
method is still sensitive to drifts in the monochromator ca
bration from scan to scan, so the value ofE0 remains a fitting
parameter. In these fits, we will fix the bond lengths at
experimental standard value, since x-ray-diffraction m
surements indicate that the lattice parameter does not ch
within 0.0005 Å around the FM transition.10 These con-
straints leave a change ins2 as the only meaningful param
eter in the fits.

These difference fits were broken into three separate
gions. The first region is between 2.0 and 3.0 Å and cor
sponds to the Eu-B nearest-neighbor scattering. The t
region is between 3.5 and 4.3 Å, and corresponds mostl
the Eu-Eu scattering, although there is a component from
next-neighbor Eu-B scatter near 4.5 Å.@Note that the peaks
in the XAFS transforms are shifted from the actual pair d
tances due to the backscattered photoelectron phase
de(k), as described in Sec. II. This shift is roughly 0.4 Å f
R-B pairs and 0.2 Å forR-R pairs.# The second region is
between the first and the third~actually we chose betwee
3.0 and 3.6 Å) and is meant to look for changes correspo
ing to the multiple scattering Eu-B-B near 3.9 Å. The
results are shown in Table III and an example of the
quality is shown in Fig. 8. FittedDE0’s indicate small cali-
bration changes between scans. FittedDs2’s are likely due
to systematic errors not removed by this procedure,
should therefore be taken as upper limits for any poss
real changes. We consider these upper limit of changes
these temperature ranges to be about 2.431025 Å 2 for the
nearest-neighbor Eu-B pairs, 6.231025 Å 2 for the Eu-B-B
multiple scattering pairs, and 2.931025 Å 2 for the Eu-Eu
pairs.
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IV. DISCUSSION

A. General features and overall temperature dependence

The results of the fits to the NPD data indicate that th
samples are similar in structure to previously measu
samples of LaB6, although the measured room temperatu
lattice constant of 4.1561(1) Å is somewhat lower than

TABLE III. Fit results for EuB6 XAFS data using low-
temperature data on EuB6 as a fitting standard rather than theore
cal standards. Results are therefore changes in the listed param
between the temperature of the standard and the temperature
data. Errors in parentheses are obtained by a Monte Carlo me
Changes inE0 indicate small shifts in the monochromator calibr
tion. Nonzero measurements ofDs2 are likely due to systematic
errors in data reduction and collection and therefore these mea
ments should be considered as upper limits on any such pos
changes.

Temperature pair DE0 (eV) Ds2 (Å 2)

Eu-B range 2.0–3.0 Å
20–10 K 0.31~1! 4.0(12)31026

15–10 K 0.20~1! 21.8(3)31025

15–3.3 K 0.02~1! 22.4(4)31025

Eu-B-B range 3.0–3.6 Å
20–10 K 0.24~3! 6.2(16)31025

15–10 K 0.16~2! 1.1(5)31025

15–3.3 K 0.00~2! 24.5(9)31025

Eu-Eu range 3.5–4.3 Å
20–10 K 0.32~2! 2.9(3)31025

15–10 K 0.20~1! 29.6(1.2)31026

15–3.3 K 0.02~1! 28.4(1.1)31026

FIG. 8. ~a! Representative experimental standard fit for EuB6.
Fit is almost perfect, and hence difficult to see. Residual is a
shown, and repeated with a different scale in panel~b! for clarity.
22430
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canonical value of 4.1566 Å.20 This difference could indi-
cate some vacancies in the structure, and indeed our fits
slightly improved by allowing for'2% La vacancies. How-
ever, a previous study17 showed that the LaB6 lattice con-
stant is relatively insensitive to vacancies. Also, although
fit was improved by including 2% La vacancies, this val
was observed to be correlated to both the displacement
rameters and the absorption coefficient. Another possib
is that the increased boron mass affects the room tempera
lattice constant, such as may occur in Sm11B6 ~compare lat-
tice constants in Refs. 21 and 22! and Nd11B6 ~Refs. 21 and
23!. A third possibility is that the enhanced absorption of t
sample cause a lower effective flight path of the diffract
neutrons, causing a reduction in the measured lattice c
stant. Therefore, we take the measurement of 2% La va
cies and the slightly reduced lattice parameter to be con
tent with stoichiometric LaB6 for these data. Otherwise, th
sample and data quality are good, and the fits are excel
Similarly, the electronic and magnetic properties of our Eu6
sample are consistent with those in previously publish
studies10 ~Fig. 2!. The XAFS fits indicate that the local an
average structures are similar, since the La-B, La-La, Eu
and Eu-Eu bond lengths are consistent with this~for La11B6)
and previous diffraction studies~for both LaB6 and
EuB6).18,19,10

We do, however, measure previously unreported beha
for the site (̂ u2&) and pair (s2) displacement parameters fo
R-B pairs as a function of temperature, namely, that althou
the site displacement parameters for LaB6 fit an Einstein
model well the displacements as measured by XAFS for b
LaB6 and EuB6 require at least two Einstein frequencie
This unusual situation can be understood by considering
relationship between the site displacement parameters f
NPD ~the ^u2& ’s! and the bond displacement paramete
from XAFS ~thes2’s!. If one considers theu parameter as an
instantaneous displacement from the mean position of a
A, then the averageA-B bond length distribution widths2 is
given by the time averages of

s25^~uA2uB!2&5^uA
2&1^uB

2&22^uAuB&

5^uA
2&1^uB

2&22A^uA
2&^uB

2&f, ~2!

where thef parameter is a measure of the correlation b
tween the displacements of atomsA andB; for uncorrelated
displacements,f50, if the displacements are always in th
same direction~as in an acoustic phonon!, f51, and if the
displacements are always in opposite directions~as in a
ferroelectric distortion, or an optical phonon!, f521. Al-
though there are still few measurements of this sort~one
needs both local and average structure data!, it appears that
for nearest neighbors in systems where the bonding is
predominantly metallicf is generally close to 1. For in
stance, for the Hg-O~2! pairs in HgBa2CuO4, f.0.9,24 and
for Cu-O~4! in YBa2Cu3O7, f.0.85.25 For the second-
neighbor metal atoms in these systems~such as the Cu-Ba
pairs in YBa2Cu3O7) f is generally near 0.5. Pair
distribution function analysis of diffraction data can yieldf
using a single data set. In InAs, nearest-neighbor In-As p
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have f'0.8.26 For further comparison, the Ni-Ni neare
neighbors in Ni metal have a relatively lowf of about 0.3.26

In all these cases, as the bond length increases,f tends to get
smaller.

Since we collected NPD and XAFS data on simi
samples of La11B6, we can calculatef for the La-B and
La-La pairs, and these results are shown in Fig. 9. The m
nitude off for the La-La pairs is as expected from the co
per oxides,24,25 except that we measure a decrease inf with
temperature. This decrease may be an artifact of the abs
tion coefficient in the Rietveld refinement; when the La o
cupancy is held at unity, the fitted̂u2& ’s give a nearly con-
stantf of about 0.55. The La-B pairs, on the other hand,
nearly uncorrelated in their displacements, giving the
usual situation where the displacements of the relativ
short La-B pairs at 3.05 Å are less correlated than the La
pairs at 4.15 Å. Since the NPD data clearly indicate no
sitional disorder, these measurements are direct struc
evidence that the La and B sublattices are nearly uncou
in their vibrations. This result, in turn, suggests that t
dominant frequency distribution in the La-B pair vibratio
is bimodal, and, indeed, thes2 vs T data fit such a distribu-
tion well. Since the EuB6 XAFS data is so similar to the
LaB6 data, this result can be applied to EuB6, as well. Com-
parisons to optical reflectivity data are possible when o
considers that the Einstein fits to the XAFS data are to
taken as a weighted average of all other modes present
therefore cannot exactly correspond to a given mode. W
this caveat in mind, these results are in approximate ag
ment with optical reflectivity data that shows a B-B mode
EuB6 at 850 cm21 ~1223 K! and a Eu-B mode at 145 cm21

~209 K! ~Ref. 7! if the B-B mode dominates the Eu-B mod

B. Lattice involvement in EuB6 magnetoresistance transition

Now that we have established the ‘‘canonica
hexaboride structural and vibrational behavior by looking
LaB6, we turn to the question of whether there is a latt
involvement in the magnetoresistance transition of EuB6.

FIG. 9. Correlation parameter for displacements between La
B nearest neighbors and La and La neighbors. Error bars are b
on reproducibility from scan to scan. Systematic errors are e
mated to be as large as 0.1, so the apparent decrease inf may be an
experimental artifact.
22430
g-
-

rp-
-

e
-

ly
a
-
ral
ed
e

e
e
nd

th
e-

t

Previous average structural studies of the lattice par
eters and our measurements of the Eu-B and Eu-Eu l
displacement parameters~Fig. 7! show no obvious change
nearTC. In order to place limits on this lack of change, w
used the low-temperature data to fit the higher-tempera
data in the vicinity of the FM transition. The results a
summarized in Table III. We expect some change over
temperature range due to thermal broadening of abou
31025 Å 2 and 231025 Å 2 for Eu-B and Eu-Eu, respec
tively, so the maximum additional change due to any p
sible polaronic effects from these measurements
DsP

2(Eu-B)51.531025 Å 2 and DsP
2(Eu-Eu)51

31025 Å 2. For comparison, we measureDsP
2(Mn-O)53.5

31023 Å 2 in the CMR perovskite La2/3Ca1/3MnO3, which is
two orders of magnitude larger.11

This result clearly indicates a smaller degree of latt
involvement in EuB6 compared to the CMR perovskites. T
quantify this involvement, we need to know the number
Eu atoms that are involved in the magnetic polarons. T
analysis of the Raman scattering8 suggests that only 3% o
the Eu atoms are so involved. Under these circumstan
our measurement translates to an upper limit of roughly
31024 Å 2, or 0.02 Å for the distortion around each E
atom in the polaron. In the case of the CMR perovskite o
ides, the distortion is associated with a valence fluctuat
between the Mn31 and Mn41 valence states. For EuB6 we
can use the difference in lattice parameter between diva
and trivalent rare-earth hexaborides1 to estimate that the dis
tortion resulting from a valence fluctuation to Eu31 should
be about 0.07 Å. Our upper limit is well below this valu
which strengthens the case for the dissimilarity between
behavior of EuB6 and the CMR perovskites. We should ad
that the estimate that only 3% of the Eu atoms are involv
in the polarons is based on analogy to spin-flip Raman s
tering in dilute magnetic semiconductors such
Cd12xMnxTe;27 it is by no means clear that the theory can
simply extended to the case of a full lattice of magnetic io
Since the density and size of magnetic polarons are not
established for EuB6, there may be far more than 3% E
atoms involved in the polarons.28 In fact, ;15% of the vol-
ume is ferromagnetically aligned at the 15.5 K transition.5 If
this volume fraction is more indicative of the number of E
atoms involved in the magnetic polaron, then our resu
would imply an even smaller distortion (;0.004 Å) per Eu
atom.

The difference in lattice polaron size between EuB6 and
the CMR perovskites underscores the essential differenc
the mechanism for the large magnetoresistance in these
terials. The CMR perovskites have a high electrical res
tance in their normal~aboveTC) state because conduction
strongly impeded by charges trapped by local lattice dis
tions. These lattice polarons are large enough and preva
enough that other conducting pathways are excluded; tha
the system has not reached the percolation limit. When
system becomes magnetic, spin alignment encourages
charge to flow, essentially removing the lattice polarons a
putting the system beyond the percolation limit. It is ve
difficult to imagine how this basic picture can apply to EuB6
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given that the average distortion around a Eu site is m
than an order of magnitude smaller that in the perovski
Therefore, we conclude that any possible dynamic lattice
teraction is playing a very small role in the EuB6 MR, and is
probably incidental. Although in EuB6 lattice polarons are
not contributing to the magnetoresistance, we emphasize
these measurements are not sensitive to magnetic polar

V. CONCLUSION

In conclusion, we have measured the local and aver
structure of LaB6 and compared these data to local struct
data on EuB6. These lattices have similar static and therm
properties: they are crystallographically well ordered with
measurable positional disorder, and the La/Eu sublattic
vibrationally decoupled from the B sublattice. Furthermo
we have placed stringent limits on the degree of chang
the local structure around Eu in the vicinity of th
ferromagnetic/magnetoresistance transition near 15 K. T
result serves to underscore the fundamental difference
tween the CMR perovskites and EuB6: although magnetic
polarons~i.e., electrons coupled to short-range magnetic
o

s

J

22430
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der! exist in both systems, the lattice involvement in th
perovskites is orders of magnitude more pronounced, s
gesting that any possible dynamical lattice polarons in Eu6
play an incidental role.
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